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Summary

Ab initio molecular dynamics re ect the movement of nuclei on a potential energy
surface generated byab initio methods. These simulations give access to an en-
tire series of chemically relevant properties, such as vibrational spectra and free
energies, and have thus become indispensable in, for example, biochemistry and
materials sciences. They are, however, computationally demanding, due to the ex-
pensive quantum-chemical calculations that are required at every step. In order to
overcome some of the limitations, this thesis presents steps towards e cient but still
accurateab initio molecular dynamics simulations, combining recent progress in dif-
ferent elds of computational chemistry. The time-consuming two-electron integral
evaluations are conducted on graphics processing units. Their massively parallel
architecture leads to speed-ups (with respect to calculations on central processing
units) and strong scaling is observed. Expensive electronic structure calculations
are circumvented using parametrized methods, such as the corrected small basis set
Hartree-Fock method or simpli ed time-dependent density functional theory. From
the eld of molecular dynamics, the extended Lagrangian method is adopted to sta-
bilize the trajectories and to accelerate the convergence of the self-consistent eld
algorithm. Finally, couplings between electronic states are approximated from a -
nite di erences approach to avoid the time-consuming analytical evaluations at the
time-dependent density functional theory level. As a result of these approaches,
large molecular systems become accessible at comparably low computational cost.
This is demonstrated for several illustrative applications. Excited-state dynamics
are used to explore the relaxation pathway of the rhodopsin protein and four newly
designed rotary molecular motors using the same Schi base motif. Ground-state
simulations deliver vibrational spectra of medium-sized molecules and liquid water.
They are used in addition to determine free energy di erences of molecular trans-
formations, for which a novel scheme is introduced delivering deeper insights into
the underlying process.
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Chapter 1

Introduction

Verifying, explaining, or predicting experimental observables (e.g., reaction ener-
gies, rate constants, or spectra) are the main objectives of modern computational
chemistry. Since the early 2000s, molecular dynamics (MD) have become more and
more popular for these purposes. They give access to new or more accurate prop-
erties than static calculations and are, therefore, a powerful tool when investigating
biochemical reactions, light-matter interactions, or processes in liquids or solid-state
materials.

MD methods simulate the movement of atoms in molecules, liquids, or gas mix-
tures. To do this e ciently, the Born-Oppenheimer approximation [1] is applied,
separating the motion of electrons and nuclei. The latter are treated as classical
particles propagating on the potential energy surface (PES) and obeying Newton's
equations of motion. The PES itself is determined by the electronic structure or
the applied force eld, known asab initio MD (AIMD) or molecular mechanical
MD (MMMD), respectively. The choice of the method to calculate the PES heavily
depends on the investigated system and the problem at hand. Due to their neglect
of electrons and the approximate (classical) treatment of bonds, MMMD can be
applied to large molecular systems, such as enzymes (see, e.g., applications of the
AMBER [2] program package). However, the quality of the results mainly depends
on the parametrization of the force eld and whether it is suitable to describe the
system and the regarded property [3]. Standard MMMD fails, for example, to de-
scribe chemical reactions [4]. In these cases, AIMD [5, 6] is more suitable. Here, one
usually refers to the Hartree-Fock (HF) method [7 10] or density functional theory
(DFT) [11 13] to solve the electronic Schrodinger equation [14]. Methods including
electron correlation (e.g., Mgller-Plesset perturbation theory [15] or Coupled Cluster
[16, 17]) can also be used.

MD simulations are normally conducted on a single adiabatic PES, resulting
in so-called Born-Oppenheimer MD (BOMD). This adiabatic approximation, how-
ever, breaks down when multiple electronic states are involved in the described
process (e.g., photochemistry [18], dynamics close to conical intersections [19], or
radiationless transitions [20]). For these purposes, non-adiabatic MD (NAMD) us-
ing, for example, Ehrenfest dynamics [21hb initio multiple spawning [22, 23], or
the fewest-switches surface hopping algorithm [24 27] have to be applied. In the
latter, the system is able to change the adiabatic PES during one trajectory. As
the hops from one state to another are determined stochastically, observables have
to be extracted from an ensemble of trajectories. NAMD calculations require an
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electronic structure method that delivers excited-state energies and properties (e.g.,
time-dependent DFT (TDDFT) [28, 29] or the complete active space self-consistent
eld (CASSCF) method [30]).

MD simulations provide, as aforementioned, access to a huge number of exper-
imentally observable properties. The calculation of free energies [31], for example,
requires the sampling of energies along MD trajectories, yielding reaction energies,
binding energies, or rate constants. Infrared (IR) and Raman spectra can be deter-
mined directly from sampled dipole and quadrupole moments [6, 32 34], respectively.
Vibrational averaging allows for a more realistic description of nuclear magnetic res-
onance (NMR) shifts [35] and hyper ne coupling constants, as well as g-tensor values
[36] in comparison to static calculations. MD simulations can even be used to explore
reaction paths in so-called nanoreactors [37, 38] or (in case of NAMD) relaxation
pathways of excited molecules [39 49]. This broad range of applications explains
why MD methods are nowadays applied in nearly all elds of chemistry.

They are, however, computationally more expensive than single point calcula-
tions. This is due to the large number of time steps required to sample a su ciently
large region of con guration space, involving (at least) one energy and forces calcu-
lation per step. The problem is even more severe for large molecular systems, where
not only the cost per step but also the necessary number of steps increases dras-
tically. As a consequence, e cient methods for (1) the simulation and (2) energy
and properties calculations are still very much needed to explore larger systems with
higher accuracy.

This dissertation is designed as cumulative comprising four publications, (Il ,

IV, and V) and one manuscript (Il ). In these, ways to accelerate AIMD calcu-
lations are investigated and applied to chemically relevant systems and problems.
The following approaches are used:

1. Approximate electronic structure theories (HF-3c [50] and simpli ed TDDFT
[51, 52]), which deliver good static energies (and some properties) at compa-
rably low computational cost,

2. the extended Lagrangian method [53], which reduces the number of neces-
sary self-consistent eld (SCF) cycles in HF or DFT calculations during MD
simulations and leads to more stable trajectories,

3. the Hammes Schi er-Tully approach [25] to e ciently calculate couplings be-
tween electronic states from nite di erences, and

4. e cient routines for the rate-determining two-electron integral evaluations
on graphics processing units (GPUs) in addition to central processing units
(CPUs) using the FermiONs++ program package [54 56].

The latter have, so far, only been applied to ground-state energy and forces cal-
culations. However, encouraging results from other groups indicated that dynamics
and excited state calculations can also be accelerated using GPUs [22, 23, 57 64].
Regarding applications:

1. The simulation of IR spectra of medium-sized molecules and liquid water,

2. the relaxation pathways of excited rotary molecular motors and the excited
rhodopsin protein, as well as



3. several free energy calculations,

are presented. Additionally, a novel way to map free energy changes on atoms or
regions (so-called free energy hot-spots) is introduced that also allows for a detailed
analysis of the underlying processes. In Chapter 2 the underlying theory is reca-
pitulated. The publications form the main part of this work and are presented in
Chapter 3, followed by a conclusion and outlook in Chapter 4. A brief introduction
to the publications is given below.

Publication | presents the rst AIMD implementation using the FermiONs++
program package and its e cient two-electron integral evaluations on GPUs. To
be able to simulate large systems, the extended Lagrangian scheme and the HF-3c
method are used. The resulting method is extremely e cient (e.g., MD simulations
of -carotene cost only a few seconds per step using four GPUs) and scales well with
the computational resources (strong scaling). Simulated IR spectra ofcarotene,
paclitaxel, and liquid water show satisfying agreement with experimental results.

In publication Il , the scope of applications of the GPU-based integral routines
is extended, enabling the calculation of excited-state energies and properties at the
TDDFT level of theory. Similar to ground-state calculations, decent speed-ups (with
respect to CPU calculations) and strong scaling are observed. The performance and
scaling of the method does not only depend on the size of the molecule, but also on
the locality of the excitation. With these e cient routines at hand, NAMD simu-
lations using GPUs become accessible. The photo-induced rotations of four newly
designed rotary molecular motors are investigated as a rst illustrative example.

The performance of the GPU-based NAMD simulations is further improved in
manuscript 1l , where simpli ed TDDFT schemes and the Hammes Schi er-Tully
model are used in addition. Here, hybrid QM/MM NAMD simulations of the relax-
ation of rhodopsin are discussed.

Publication IV returns to ground-state simulations, focusing on the calculation
of free energies and free energy di erences. The main purpose of this work is to in-
vestigate the use of the density of states integration (DSI) method ( rst mentioned
by Berenset al. in 1983 [65]) for free energy calculations applying AIMD simula-
tions. DSI is compared to more established free energy methods, e.g., exponential
averaging [66] and Bennett's acceptance ratio (BAR) [67, 68], using three numerical
and two chemical examples. The overall conclusion is that DSI is en par with BAR
in many cases, but requires longer simulation times (or even fails), when the systems
contain low-frequency or non-harmonic modes.

A unique feature of DSI is its ability to map vibrational free energies to atoms,
functional groups, or residues. This is further illustrated in publicationV, where
these so-called free energy hot-spots are investigated for two prototypical examples:
the free energy of binding of an inhibitor to a protein and the anomeric e ect. Apart
from delivering useful insights into the underlying processes, the resulting hot-spots
are also in good agreement with chemical intuition.






Chapter 2

Theoretical Basis

This chapter outlines the theory ofab initio molecular dynamics (AIMD) (see Sec-
tion 2.2) and the electronic structure theory necessary to conduct these simulations
(see Section 2.3). Moreover, ways to accelerate the calculations (see Section 2.4)
and elds of application (see Section 2.5) are presented as well.

2.1 Notation

Throughout this work, i;j; k; ::: denote occupieda; b; c; :::virtual, and p;q;r;::: ar-
bitrary molecular orbitals (" ). ; ; ;::: will be used for basis functions (). The
capital letters I; J; ::: represent electronic states, whilé; B; ::: stand for the nuclei.
R andr are the nuclear and electronic coordinates, respectively, ands the time.
For the sake of simplicity, matrices in the atomic orbital (AO) and molecular orbital
(MO) basis share the same symbol but with di erent indices (e.g.P vs. Ppg).
When referring to equations, gures, and algorithms, the abbreviations eq. (#),
g. (#), and alg. (#) are used, respectively. ,q is the Kronecker delta. Superscript
, T, and y symbolize the complex conjugate, the transpose, and the conjugate
transpose of a matrix or vector, respectively, while stands for the real part of a
complex number. h::j:::i denotes the Dirac notation and(:::j:::) the Mulliken no-
tation of the two electron integrals. Superscriptx (e.g., h*) denotes derivatives
with respect to the nuclear coordinates, while superscrigk) (e.g.,h®) states that
integral derivatives are contracted with unperturbed density matrices.



6 2. Theoretical Basis

2.2 Ab Initio  Molecular Dynamics (AIMD)

2.2.1 The Schrodinger Equation and the Born-Oppenheimer
Approximation

The time-dependent Schrodinger equation [14]

H(R;rt)= i~@@t( R;r;t) ; (2.1)

is ubiquitous in quantum chemistry. It describes the time-dependent behaviour of a
system, represented by the wavefunctior{ R;r;t) of electrons and nuclei.i is the
imaginary unit and ~ is the reduced Planck constant. The Hamilton operatort{)
and the total wavefunction (( R;r;t)) can be separated into contributions arising
from the electrons €l) and/or nuclei (nuc)

A= fel + T\nuc T Ve t Onuc + Velnue = Iqel + fnuc ; (2.2)

X
( R;r;t)= J(R;1) §U(r;R) (2.3)
J

T and ¥ are operators for kinetic terms and potentials, respectively. Two other
assumptions are made here [69]: (1) The total wavefunction is a sum of multiple
stationary statesJ and (2) the electronic wavefunction does not explicitly depend
on t. There is, however, an implicit dependence oR (R) and thus ont. The
variables of the wavefunctions will be omitted from now on to ease the reading of
equations. Inserting eq. (2.3) into eq. (2.1) and multiplying withh &j from the left
leads to

[T, E/] X ¢ @ (2.4)
e + nuc 4 e — j~_= nuc ; )
[ , 1J J @t |

with E, being a solution of the time-independent electronic Schrodinger equation

Ae d=E P (2.5)

Here, it is assumed that the set of electronic wavefunctions is orthonormdal ¢'j ¢'i =
13)- ¢,; describes the coupling between two statdsand J and is de ned as

CU =2h ,e'jrA ?'ir A+h |e'jr Al A §|i=2 gl /_\+h F'jr Al A f]eli . (26)

r » is the derivative with respect toR. ; is the non-adiabatic coupling vector
(NACV). It populates the non-diagonal elementsi 6 J) of €,; and mainly depends
on the energy di erence and the wavefunction overlap df and J (see g. (2.1)).
The second term of eq. (2.6) is a small scalar contribution de ning the diagonal
elements ( = J) of &, .

Solving eg. (2.4) is the main objective of AIMD, calculating the time-dependent
movement of the atoms in molecular systems. In the next subsections, dynamics at
the two special cases of g. (2.1) will be discussed: (1) Born-Oppenheimer molecular
dynamics (BOMD), where the coupling between the electronic state is assumed to
be zero €;; = 0) and (2) non-adiabatic molecular dynamics (NAMD), which is able
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— State 0
— State 1

Energy

Figure 2.1: Simplied dependence of2; on the molecular structure R): large
energy di erences lead to small (negligible) couplings, while small energy gaps lead
to large couplings.

to describe systems with multiple electronic statesd; 6 0). The rst method is
normally applied to ground-state simulations, whereas the second method is used
for excited-state processes, such as radiationless transitions.

2.2.2 Ground-State Born-Oppenheimer Molecular Dynamics
(BOMD)

In the Born-Oppenheimer approximation [1],T..cj ¢i, and thus all €;, are as-
sumed to be zero. This and setting = 0 (ground state) reduces eq. (2.4) to

_@ nuc .
@t® -
E, is electronic energy of the ground state. This equation can be used to calculate the
time-dependent change of the expectation value of an arbitrary observable, following
the Ehrenfest theorem [70]

[fnuc + Eo] Suc =i~ (2.7)

d . a. d A . i . .
SO = Sh 0] 0% = Liifuct EO] P4 K20 (@28)

[A:B] is the commutator (A; B] = AB - BA). If this is applied to the position
(R) and momentum () operator, one obtains

d o hi
ahlfé. = (2.9)
d .. .

given the fact that both operators show no explicit time-dependencen is the mass
of the corresponding nucleus. Combining egs. (2.9) and (2.10) and assuming that
the nuclei are classical particles (semi-classical approximation), leads to

2

m@R =r aAEp: (2.11)

Thus, solving eq. (2.7) in the classical limit becomes equivalent to solving Newton's
equation of motion. For this purpose, there exists an entire series of propagators,
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which are used in BOMD simulations. One of the most prominent ones, the Velocity-
Verlet propagator [71, 72], is outlined in alg. (1), which describes a pseudo-code for
BOMD simulations.

Algorithm 1 Pseudo-code of Born-Oppenheimer molecular dynamics.

Initial Values for R andp att=0
Initial Calculation of Eg andr AEg

while t<t . do

WP+ )= PO - T AE(R(Y)

~ t t
@R+ D=RMO+ — plt+ )

(3) Calculate Eg(R(t+ 1)), r aAEo(R(t+ 1))

@pM=pt+ 5) - 1 AE(R(E+ 1)

end while

Alg. (1) shows that at each step of the simulation, the electronic energy and its
derivative with respect to the nuclear coordinates needs to be calculated "on the
y". The accuracy of the propagator depends on the step size {). For ab initio
BOMD simulations a t between 0.1 fs and 0.5 fs is recommended so that even fast
movements (e.g., the O-H stretching vibration) are captured accurately. Applying
molecular mechanical (MM) methods to larger systems, one tends to freeze bonds
with a high frequency by means of algorithms like SHAKE [73]. This allows for
larger time steps. Additionally, one usually applies thermostats and barostats (e.g.,
see refs. [74] or [75]) to set the mean temperature or pressure of the MD to a speci c
value.

2.2.3 Non-Adiabatic Molecular Dynamics (NAMD)

Trajectory surface hopping [24, 25] is, similar to BOMD, a semi-classical method,
which is applied to cases where the couplir@; cannot be neglected. The nuclei are
treated again as classical particles, which propagate on the potential energy surfaces
(PESs). The PESs are given by the adiabatic electronic statds the electronic
states, which are a solution to the electronic time-independent Schrodinger equation
(eq. (2.5)). To account for couplings between these states, the system is allowed to
change its PES during a single trajectory. This is done stochastically, meaning
that the system "hops" from state | to J, when a calculated hopping probability
g3 exceeds a random number | between zero and one. Observables are then
calculated from an ensemble of trajectories using di erent series of Fig. (2.2)
illustrates the idea of this procedure.
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(@) (b)

time

g0 > ¢
> v
15
)
— State 0 — State 1 e ¢+ Curr. State ] & \

time
time

Energy

Figure 2.2: (a) Concept of surface hopping dynamics: depending on the random
number , the system remains on its PES or hops to stat@ The ratio of the resulting
trajectories ((b) and (c)) calculated from an ensemble of independent simulations
with dierent  re ects the probability g0, and thus the behavior of the system.

In order to calculateg; , the following ansatz [24] for the electronic wavefunction

X
a(r:R;t) = c(t) §(r;R); (2.12)

J
is inserted into the electronic time-dependent Schrédinger equation

Ao o(riR;0) = igt S R:Y) - (2.13)

Please note that the time-dependency is shifted to the state amplitudes)( which
de ne the "shares" of the adiabatic states in the current electronic wavefunction.
The parameters of the wavefunctions will again be omitted. Multiplying withh #'j

from the left leads to

h f'jﬁeljx ¢ §li= i~X ch F'j@ ol + i~X h & ¢ @CJ ; (2.14)
J J @t J @t
This can be simpli ed to
X . . @
[E; 13 i~Qulc = ~af (2.15)

J
The non-adiabatic coupling Q;;) can be calculated from the NACV by applying
the chain rule

Q|J = h Flj@@t ?ll =R 1J - (216)
To approximately solve eq. (2.15)¢is propagated using a unitary propagator [40]

qt+ t) UEt+ t)l); (2.17)

H({)+ H(t+ t)t

. (2.18)

U(t;t+ t)=exp
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. Z,
[
Huo()=exp — (E; E;)dt’ Qy: (2.19)
0
E, and Q,; thereby depend ont implicitly through R. The chosen time step for
this propagation (t) is usually 1000 times smaller than t [25]. E, and Q,; are,
therefore, interpolated between andt+ t. With €at hand, g; becomes accessible

Zt+ t Zt+ t
gy(t+ t)= 3 dt°@— 2 dt%f a;, Hy g; (2.20)

) ¢ @t a ¢

with a being de ned as

a=cc: (2.21)

Hops froml to J are only possible in case @; > and when the system has enough
nuclear velocity along the corresponding,; (not frustrated). After a successful hop,
p is rescaled along ; in order to conserve the total energy. Alg. 2 presents the
pseudo-code of a NAMD simulation.

Algorithm 2 Pseudo-code of non-adiabatic molecular dynamics.

Initial Values for R and p
Initial Calculation of E|, r AE;, and Q
while t<t n do
(1) Update Nuclear Coordinates : R(t)! R(t+ t)
(2) Calculate E ;(t+ t),r oE;(t+ t),andQ(t+ 1)
(3) Determine dt+ t)andg(t;t+ t)
if <g,k for random number 2 [0;1]and hop is not frustratedthen
(4) Change State : | ! K
(5) Recalculate Ex(t+ t),r sEx(t+ 1t),andQ(t+ t), if necessary
(6) Rescale p along |k
end if

end while

Alg. 2 illustrates that NAMD is computationally more expensive than BOMD. It
requires energy calculations of multiple states, gradient calculations of the ground or
an excited state, and the calculation of the couplings at each step of the simulation.
Additionally, the resulting observables are only meaningful when calculated as an
average over multiple, independent trajectories.
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2.3 Energy, Gradients, and Couplings Calculations

In the previous section, it was shown that MD simulations require energies, gradi-
ents, and (in case of NAMD) excited-state energies and properties. In this section,
their calculation will be outlined, starting with the independent particle models
Hartree-Fock (HF) and density functional theory (DFT) for ground-state energies
and gradients. Then, the calculation of excited-state energies from linear response
DFT, also called time-dependent DFT (TDDFT), is presented. In the last part,
excited-state gradients and couplings at the TDDFT level of theory will be dis-
cussed.

2.3.1 The Hartree-Fock (HF) Method

In the HF method [7, 8], a Slater determinant [76] of molecular orbitals (MOs)

1
Yiry) o U (ra)
d=pl detlh : .. X (2.22)
N!
Silrn) o T (r)

is used as the wavefunction in the electronic time-independent Schrodinger equation

Re &= Eo & (2.23)
N is the number of electrons. The resulting expression for the ground-state energy

T L
Eo= H ijﬁj' il + > Rttt 51+ Viuenoe (2.24)
i ij
can be, due to the variational principle, minimized with respect td' ;g [77]. This
leads to the HF equations

|£‘j' ii = "ijl ii . (225)

F is the Fock operator, consisting of the one-electron operatoﬁ)( the Coulomb
(J}), and the exchange i;) operator

X
F=f+ J K;; (2.26)
j
_or2 Xz,
fi= 2 (2.27)
_ z : 1, . _ z . P, .
Ji= d (22 5 Kj= dr, ()i (r2) (2.28)

r i is the derivative with respect to the electronic coordinates and, is the nuclear
charge.r;a andry, are electron-nuclear and electron-electron distances, respectively.
P., is the permutation operator switching the orbitals of electron 1 and 2. The HF
equations have to be solved iteratively, as the Fock operator acting on one orbital
(' i) includes the interaction of all other orbitals ( ;) as a mean eld.
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To do this e ciently, the MOs are written as a linear combination of atomic
orbitals (AOs)

il = Cij i; (2.29)

whereC is the coe cient matrix. If eq. (2.29) is inserted into eq. (2.25), one obtains
the Roothaan-Hall equations [9, 10]

FC = SC" ; (2.30)
with S being the overlap matrix 6§ = hj i) and" the orbital energies.F is the
Fock matrix

X
F =hjFji=h + P ( j ); (2.31)

depending onC through the density matrix (P)
X
P = C,Ci: (2.32)
Eq. 2.30 is solved iteratively in the so-called self-consistent eld (SCF) algorithm.
The nal density can then be used to calculate the HF energy
X 1 X ,
Eo = P h + > PP ( Jj )+ Vicnu: (2.33)

The equation for the HF gradients is as follows [77]:

X 1 X ) X
Eo= PR +5 PP () W S* + VX

nuc;nuc -

(2.34)

W is the energy-weighted density matrix. Please note that no derivatives of the
density or the coe cients appear in eq. (2.34). They are circumvented by exploiting
the orthonormality of the MOs

[CYSC]* = C*¥SC + CYS'C + CYSC* =0 : (2.35)

The HF method covers about 99 % of the exact ground-state energy in a given
basis. The remaining part (the electron correlation) is a result of the approximate
mean- eld treatment of the electron-electron interaction. It can be calculated using
perturbation theory (e.g., MP2 [15]), Coupled-Cluster methods [16, 17], or Con g-
uration Interaction [78].
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2.3.2 Density Functional Theory (DFT)

A di erent ansatz than the discussed wavefunction-based methods was stimulated
by Hohenberg and Kohn [11], who were able to prove that the energy of a system
can be written as a functional of the electron density

X
(r)= P (ry (r): (2.36)

The exact form of this functional, however, remains unknown, as only the Coulomb
energy Ey) and interaction of the electrons with an external potential (including the
potential of the nuclei, E¢y) can easily be written as density functionals. To tackle
this problem, Kohn and Sham [12] reintroduced orbitals (so-called Kohn-Sham (KS)
orbitals), leading to the following energy expression

Eo= Ev[f" ig]+ Eext[ ]+ En[ ]+ Ex[ ] (2.37)
with
X Z

Erlfig= ,(r) i i(r); (2.38)

z
Eext[ ]= drvext(r) (I’) ; (239)

Z Z
EH[ ]: drlerM ; (240)

&)

Exc[ 1= Es[1+Ex[ ]+ Ec]: (2.41)

Et is the kinetic energy calculated from the KS orbitalsE,. incorporates exchange
and correlation contributions, while correctingEt to the exact solution ( E1[ ] =
E&act  EL[f' ;g]). Minimizing the KS energy expression leads to the KS equations

Al 1340 ="ij" i s (2.42)
with the one-particle Kohn-Sham operator

2

Al 1(r) = % + Vext(r) + VR 1(r) + Ve[ 1(r) ; (2.43)
Vu[ J(1) = dr, (rZ) : (2.44)

12
Viel 106) = @g[ I (2.45)

As such, the KS equations are very similar to the HF equations. Both describe
the system as a sum of independent particles and are solved similarly. The main
di erence is, however, that a KS matrix ( jAs[ Jj i) is built instead of the Fock
matrix and that the KS reference system (consisting of the KS orbitals) is ought to
reproduce the fully interacting system. Due to the complex functional form d&,c,

Vi IS obtained via numerical integration on a grid.
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The results of DFT depend heavily on the chosen exchange-correlation func-
tional (E4), for which a hierarchy exist. Climbing the so-called Jacob's ladder
[79], the number of elements on which the functional depends increases, leading to
(roughly) better results. Examples are local density approximation (LDA) function-
als, which depend solely on the densityH[ ]), generalized gradient approxima-
tion (GGA) functionals, which incorporate contributions from the density gradient
(Exc[; r A 1), and hybrid functionals, which add an amount ¢,) of exact HF ex-
change Ex[; r a; f'ig]). DFT energies and properties are typically better than
HF (in some cases even comparable to post-HF calculations), while featuring the
same complexity. This is mainly a result of the implicit form of electron correlation
in V. Additionally, DFT does not require very large basis sets, which are inevitable
in post-HF methods.

2.3.3 Time-Dependent Density Functional Theory (TDDFT)
Static and Dynamic Linear Response DFT

Properties at the DFT level of theory can be derived from linear response theory. For
static (time-independent) properties, this is done by expanding the KS Hamiltonian,
the KS orbitals, and the orbital energies as follows [80, 81]:

fs = A2+ AL+ (2.46)
M OER{( A O LR (2.47)
MmO vl (2.48)

Superscript 0 and 1 thereby denote unperturbed and perturbed ( rst order) quan-
tities. If this is inserted into the KS equations (see eq. (2.42)), one obtains a set
of equations for the di erent orders of . In linear response theory, the equation of
order 1, also called Sternheimer equation, is considered

Ay P=(? Ry (2.49)
Here,"! has been set to zero, as it has no in uence dnt. Hence, the response of

a system ( 1) can be calculated from an e ective potential, which incorporates the
applied potential (Vapp1) and the response potential Vscr)

A= Ve [ 1(r0) = Vapp(ra) + Veal 1I(ry) =

Z

Vappi (1) + Vil 1(re) + Ve[ 1(r1) = Vappi(ra) + [é + e[ Ol(ra;r2)] Y(ro)dry ;
(2.50)

with
ol Ol(rs;re) = SN GEl ] (2.51)

@)  @(r)@() '
X
=" OO 0] (2.52)
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Please note that the terms for exact exchange (in case of hybrid functionals) have
been neglected here. In 1984, Runge and Gross [82] delivered a formal justi cation
for DFT being suitable for calculating time-dependent properties. In these cases,
the Hamiltonian and the wavefunction of the time-dependent KS equations

@'i(r;t) .

As[ () i(r;t) = =t (2.53)

with
Al )= 57 7+ Veulr) + Vapm(ri)+ Vil d0)+ Mol D) (259)
) =expt Lntg () ; (2.55)

are considered, using the adiabatic approximation [83]

@FB[ 4] .
@q(r)
which states that the exchange-correlation potential only depends on time implicitly
through the change of the electron density. The only explicit time-dependency is
observed in the applied potential, while the potential of the nuclei\() is assumed
to be time-independent. To obtain the dynamic response equations [28, 28],and

' i are expanded

Viel 1(r;t) = Vel oJ(r) =

(2.56)

ﬁs(t) = ﬁs[ 0](0) +  (Vappi (t) + Vscil tl]) +

"i(r;t) = expf I:("i0+ "Laootgf Xr;0)+ M)+ g (2.57)
with the Fourier transform

z .
N 1)= de Mrexpf —( 1)tg: (2.58)

I is the frequency. Please note that unperturbed quantities are time- or frequency-
independent. The linear response equation = 1) is

(Vappi( 1)+ Vel 1" P=( 2 1 R[] 2 1) (2.59)
with
X
SO S (CEED) B ORI S () N (D (2.60)

Again, the response of the system &( !)) to a frequency-dependent perturbation
(Vappi( 1)) is calculated via the response potentialVse[ 1])).
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oP

Figure 2.3: Frequency-dependent responsel((! )) of a system involving three ex-
cited states. Note that P(! ) features poles at the excitation energieg ().

The Random Phase Approximation (RPA) and the Tamm-Danco Ap-
proximation (TDA)

Eq. (2.60) consists of two sets of equations one fet and one for ! . To transform
it into an algebraic form, the response orbitals'(}(r; !)) in egs. (2.59) and (2.60)
are expanded in a series of virtual unperturbed KS orbitals

X
PR = Xgp(H) u(r) (2.61)
b

X
CH )= Yy (1) () (2.62)
b

The equation of+! is then multiplied with j' 4i from the right and the equation
of ! is multiplied with H ,j from the left. The results can be concatenated to a
single equation [28, 29]

1 0 A B X)) _ Vappu(') |
0o 1 B A Y() T V() (2.63)
with
Aigip = jj ab(a i)+ Diap ; (2.64)
Biajp = Diabj ; (2.65)
using
Dpars = (PArs) + (paif e[ °lirs) = (pars) + f 35 : (2.66)

Eq. (2.63) describes, as already mentioned above, the response of the densRy(Y(),
in form of the transition densitiesX (! ) andY (! )) to an applied, frequency-dependent
perturbation (Vappi (! )). It roughly takes the following form

X f,

| 2 12"’
P !

P(1)=

(2.67)

which is plotted in g. (2.3).
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When'! hits an excitation energy of the system!(;), P goes to in nity. Assuming
an arbitrary small perturbation for this case, eq. (2.63) reads

, 1.0 A B 1 0
o 1 B A 1 ~ 0

The rst part must thus be zero, leading to the random phase approximation (RPA)
or TDDFT equation [28, 84, 85]

(2.68)

A B X, _, 1 0 X
B A Y, ~ "o 1 Y, (2.69)
The transition matrices are usually normalized
X{X; Yy, = 1: (2.70)

To solve the TDDFT equation, eq. (2.69) is converted to an eigenvalue problem of
type [29]

=124 (2.71)
with
=(A B):(A+B)A B)z; (2.72)
o =(A B)I(X, +Y)); (2.73)
and using
(A+Biap = i a(a i)*+2(iajjb) +2f5, cl(ajib)+(abij)l; (2.74)
(A Biap = i ala i)+ &l(ajib)+ (abij)] : (2.75)

Egs. (2.74) and (2.75) now contain the more general form, which is also suitable for
hybrid density functionals. is diagonalized iteratively via the Davidson algorithm
[86], as not all excitation energies = (! ;! 5;:::) are required but only the rst
few of them. In the Tamm-Danco approximation (TDA) [87], B in eq. (2.69) is
neglected, leading to the following equation:

AX | =1 X, : (276)

Egs. (2.69) and (2.76) are identical to the time-dependent HF (TDHF) and con g-
uration interaction singles (CIS) equations, respectively, wheg, is set to one and
the exchange-correlation terms are neglected.

Despite its shortcomings [29, 88] (e.g., incapability to describe two-electron exci-
tations), TDDFT has become a widely used method for the calculation of excitation
energies, delivering good results at comparably low computational cost [89, 90].
Applying range-corrected DFT functionals, it is even possible to describe charge-
transfer excitations [91]. TDA results are often close to TDDFT results, while re-
quiring less computation time (fewer two-electron integral evaluations are needed).
Additionally, it was shown that TDA features less convergence problems close to
conical intersections involving the ground state [44, 92].
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2.3.4 Gradients and Couplings at the TDDFT Level
Lagrangian Formalism

In general, excited-state properties are calculated by taking the derivative with re-
spect to the nuclei of a functionG® which is de ned in the following sections for
gradients (G° = G,) and couplings G° = Gg, Gi;). A direct calculation of G*
would, however, incorporate the expensive calculation €*. This can be circum-
vented by calculating the LagrangianL®instead [93 96]

X X
L°= G+  Z2F, Wo(Spq  po) (2.77)
ia Pq
with Z%and W °being Lagrange multipliers forcing the MOs to be results of the KS
equations and orthonormal, respectively

— = F, = : 2.78
@% 1a ( )
@P
@Y,
The derivative
(08 ax) X 0pF® X 0 rc(x) .
LY =G + ZiaFia qu(qu pq)’ (2.80)
ia pq

contains only integral derivatives, wherZ®and W %are calculated from the following
equation

@P
=0 ; 2.81
@G (2.81)
leading to
X @F X o @8
o+ Z0 2Cq= W2 =Ecy; (2.82)
pq a q rs q >
ia @(; rs @(;
X @6
0 — .
nq = ﬁcq : (2.83)
It is possible to separate into four submatrices
0 + — 0.
i T Hj (29 = Wi ; (2.84)
at aZp * HG[Z7= Wg (2.85)
at iZ= Wy (2.86)

= Wa ; (2.87)
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using

X
HolVI= f2(pdrs)+2f5  cl(psira)  (prisalgVss (2.88)

rs

The conditional equation ofZ°is obtained by exploiting that W8 = W2

("a "DZatHL[Z9= Q) QW) (2.89)
X
(A+B)gpZjp = Ug: (2.90)
jb
This is known as the Z-vector equation. Having® at hand, W °is determined via
egs. (2.84)-(2.87). Both multipliers are then used in eq. (2.80) to obtain the desired
derivative. TDA derivatives are, again, obtained by setting8 to zero.

In the following, the calculation of the TDDFT excited-state gradients [ ) and
NACVs ( o and ;) are briey presented and discussed. The equations for the
relaxed di erences density matrices®,, Pq, P,;), energy-weighted di erence den-
sity matrices W ,, Wg, W ,;), and two-particle di erence density matrices ( |,

o, 11), as well as the right hand sides of the Z-vector equation&J(, Uq, U}3)
are listed in the appendix of publicationll .

Excited-State Gradients

In the case of the excited-state gradient calculatiorGCis de ned as follows [93]:

X, TAB X, X 10 X

G= v, B A Y 'Y, 0 1 vV,

1 :  (2.91)

Finding a stationary point of G, with respect to (X,Y,) and !, is equivalent to
solving the RPA equations with orthonormal transition densities

@G A B X , 1 0 X
- "~ = 1 = , 2.92
@x,Y,) B A Y, o 1y, “9 (2.92)
;
@G_ X, = 1.0 X, 1=XIX, YJY, 1=0: (2.93)

@y Y, 0 1 Y,

It can be used to calculate the change of the excitation energy with respect to the
nuclear coordinates, using the ansatz discussed above

1 X =1 ® - -~ X I () X I o)
D I-I - G| + ZiaFia quSpq
ia pq

X
= f P SCW' +Vv*¥WPplg
X
+ (joyt o+ YRR (2.94)

R, is equal to(X, + Y ) or X, in case of RPA or TDA, respectively. In order to
calculate P, the Z-vector equation (eq. (2.90)) has to be solved iteratively.
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Couplings between the Ground and an Excited State

Calculating the NACVs including the ground state is signi cantly simpler, asG°
reduces to [94]
X

Gy = Hopi' o o (2.95)
Pq

o =L (2.96)

L, is (X, Y,)or X, in case of TDDFT or TDA, respectively. The reason for
this is that the perturbation (x) can be shifted to the ground-state determinant.
Consequently, the orthonormality of the transition densities and the validity of the
RPA equations upon the perturbation does not have to be enforced, as demonstrated
in the previous section. The NACVs can then be derived as follows:

_ L(X) — G(X) + X 70 F_(X) X WO s
o — Lo — ol ia ' ia pg ~pq
ia pq

— X [hx POI Sx WOI + ch(x)POI]

X X
+ ( ] )X ol + S[A]X ol : (297)
with SIAX being an anti-symmetric overlap derivative
SAX = hXj i h X (2.98)

Here, the iterative solution of the Z-vector equation is not necessary, 8, can be
calculated directly from the transition densities. The term includingS*> introduces
translational variance into the NACV. Setting this term to zero is equivalent to
incorporating electron-translational factors (ETFs) [97].

Couplings between two Excited States

Calculating NACVs involving two excited states is more complicated than NACVs
with the ground state. Here,G%is de ned as follows [95, 96]:

1 X, T A B X3 X a1
G = oY B A Y, + Hopl' ol pg s (2.99)
pq
_ 1  (RL;+ LIRy)j 0
N0 0 (RiL] +LiRD)ap (2.100)
5 isequalto!; !,. The rst part of the equation forces the transition densities

to be solutions of the RPA equations and to be orthonormal

T T

B X, 71 0 X, . .

=1 =1 = :
(2.101)
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- linear response

— quadratic response

w1 w32 | wal
= w3 = Wi =W

NACV

Figure 2.4: Schematic comparison of NACVs calculated from linear and quadratic
response. Note that the quadratic response features unphysical poled gt !, =

T X, "1 0 X,

/E; v, =hy, 0 1 v, - (XX Y[TY;)=0:

(2.102)
The second part calculates the NACVs using the pseudo-wavefunction approach. If
G,; is used in the Lagrangian presented above (see eq. (2.77)), the following equation
for the NACVs can be derived [95 101]

= L® = G(X) + X 713 F(X) X W s®
1J - - 1J ia 'ia pPg ~pq
ia pg

— [hx PIJ SX WIJ + VXC(X) PIJ]

1 X
Ty

X

+ ( j )x 1 +X fXC(X)RI RY
X
+ gl (2.103)

Neglecting the last term is, again, equivalent to applying ETFs. Calculating |,
is computationally more time-consuming than the calculation of the other excited-
state properties. In contrastto o, the Z-vector equation has to be solved iteratively
and the algorithm requires more two-electron integral contractions than in case of
! |-
NACVs between excited states have also been derived from quadratic response
theory. However, the resulting couplings feature unphysical poles, when the energy
di erence between two states approaches the excitation energy of another state
("5 'y =1k)[95, 96, 102 104], as demonstrated in g. (2.4). For this reason, the

use of the presented pseudo-wavefunction approach is recommended.
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2.4 E cient Molecular Dynamics Simulations

In the last sections, it was shown that AIMD simulations are computationally de-
manding. Therefore, techniques, approximations, and algorithms to accelerate these
calculations while maintaining the necessary accuracy are essential when investigat-
ing large molecular systems. This section presents di erent approaches enabling
e cient AIMD simulations: The extended-Lagrangian scheme, the corrected small
basis set HF method, simplied TDDFT schemes, the Hammes Schi er-Tully ap-
proach, and the use of GPUs. They address di erent parts of the algorithm and
can, thus, easily be combined.

2.4.1 Extended-Lagrangian BOMD (XL-BOMD)

The main problem of AIMD simulations using HF or DFT is that both the energy
and the electron density need to be determined self-consistently at every step of the
MD simulation. This is circumvented in Car-Parrinello MD (CPMD) [105], where
the electronic structure is propagated along with the nuclei and close to the ground
state. This approach has, however, some major disadvantages [106]. The time step
has to be chosen smaller than in standard BOMD, the choice of the ctitious electron
mass is not arbitrary, and the system is only close to the ground state.

The extended-Lagrangian BOMD (XL-BOMD) method of Niklassoret al. [53,
107 112] combines the best of CPMD and BOMD. Instead of the electron density
itself, an auxiliary density is propagated close to the ground-state density [53]

PX(t+ t)=2P¥(t) Pt )+ [P() P™()]: (2.104)

If P2¥(t+ t) is used as a guess for the SCF at+ t, the number of necessary

SCF cycles is greatly reduced. The problem with this approach is, however, that
errors arising in the calculation ofP, e.g., from loose convergence criteria of the
SCF, are also propagated and ampli ed throughout the trajectory. For this reason,

a dissipative force

X
F =« aP*™(t k t); (2.105)

k=0
is added to eq. (2.104). The parameters, «, and ck have been optimized for
di erent orders K [53]. The XL-BOMD scheme does not only reduce the number
of necessary SCF cycles, it also enables stable BOMD with a xed number of SCF
cycles. In publicationl, only two SCF steps (diagonalizations) are performed at
every step of the simulations. Using this approach it is not possible to describe
dynamics involving the dissociations of bonds. The number of diagonalizations can
even be reduced to one, but this requires additional terms in the forces calculations
[111]. In all other works (I-V ), the extended-Lagrangian scheme is simply used to
accelerate the SCF convergence.

2.4.2 Corrected Small Basis Set HF (HF-3c)

As discussed in Section 2.2.1, the HF method is howadays mostly used as a starting
point for wavefunction-based methods, like MP2 or Coupled Cluster. However, it
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was shown already in the past that HF combined with a minimal basis set can lead
to (surprisingly) good results regarding small molecule geometries or interaction
energies [113, 114]. This inspired Sure and Grimme to use HF with the minimal
basis set MINIX as a starting point for the corrected small basis set HF (HF-3c)
method [50]. Three correction terms with nine empirical parameters are then added
subsequently to counteract the major shortcomings of the HF/MINIX calculation:
The lack of dispersion, the basis set superposition error, and the erroneous bond
lengths:

EHF 30 = pHEEMINK E(IjDigéBJ) + EISP. + Egre (2.106)
Egey is the D3 correction with Becke-Johnson damping [115 117E$Se: is the

geometrical counterpoise correction [118], anBlsgg IS the short-ranged term to
correct the bond lengths. All three contributions depend solely on the geometry.
The HF-3c method has been benchmarked regarding geometries, interaction en-
ergies, and vibrational frequencies [50]. It outperforms pure semi-empirical methods,
without the need of atom-type dependent corrections, e.g., for hydrogen bonds. Due
to its comparably low computational cost, it even allows for calculating small pro-
teins, which normally require the use of highly parametrized force eld methods. In
publication I, it is used for e cient AIMD simulations. The resulting IR spectra are
of good quality and are comparable to experimental spectra, when a scaling factor is
applied. This indicates that the entire PES is described reasonably well with HF-3c,
so that it is used for the free energy calculations in publication/ andV as well.

2.4.3 Simplied TDDFT Schemes

In TDDFT and TDA calculations, the evaluation of the two-electron integrals (see
egs. (2.74) and ( 2.75)) is the most expensive step. For this reason, these integrals are
approximated in the simpli ed TDA/TDDFT approaches by Grimme and coworkers
(STDA or sTDDFT) [51, 52]. The approach uses the Mataga-Nishimoto-Ohno-
Klopman damped Coulomb operators to calculate Coulomhlf) and exchange K 9

X 1 <
30 = Ko (2.107)
pgrs B (ﬁq r.AsB + (CX AB ) R S
X 1 %
Khas = g s+ s ds : (2.108)
AB AB AB

The transition/charge density monopolesd) are obtained from a Léwdin population
analysis [119]. ag is the mean of the chemical hardness of the corresponding atoms,
while ¢ and s are de ned as:

s= Wo @y (2.109)

s= M+ @ (2.110)

= (=@ are global t parameters. With J°and K °at hand, the simpli ed matrices
A%and B?are built

Adp = i a("a ")t SkKKQp I (2.111)
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Bljp = Sy GK g (2.112)

sk is 2 or O for singlet-singlet or singlet-triplet excitations. These are then incor-
porated in the eigenvalue problems (see eqgs. (2.71) and (2.76)), which deliver the
excitation energies by diagonalizing °or A%in case of STDDFT or STDA, respec-
tively. To avoid the diagonalization of the entire matrix, the single excitation space
is truncated [51].

As such, sTDA is able to predict UV- and CD-spectra with an error of 0.2-0.3 eV
[51], while being 100 to 1000 times faster than conventional TDDFT. sTDDFT
improves upon sTDA regarding the transition dipole moments [52]. The simpli ed
schemes have also been expanded towards range-corrected functionals [120] and have
been used to calculate polarizibilities and hyperpolarizibilities [121]. In manuscript
[l , it is shown that STDDFT and sTDA are also suitable for the calculation of
excited-state properties and NAMD simulations.

2.4.4 The Hammes Schi er-Tully (HST) Model

In publication |1, the non-adiabatic couplings Q,, ) are determined from the NACVs
(see eg. (2.16)). They can, however, also be calculated via a nite-di erences ap-
proach in the so-called Hammes Schi er-Tully (HST) model [25]

Qs (1) 4_1t 30, (t;t t) 30 (t t;t)

with

O (t1;t2) = h(ty)] S(t2)i - (2.114)

Q5 is thus determined solely from wavefunction overlaps of two di erent states at
two di erent times. In TDDFT, they can be approximated by using the transition
densities

X
O (t1;t2) = i0a| (t)Sia(ts;to) ;
X X X
Oy (t;t2) = B t)Sh(tut)+ X (t)X L (t2) Yi(t)Yid (t2) : (2.115)

pq ia ia

o and ; are de ned in egs. (2.96) and (2.100)Sy,(t1; t2) is the overlap between
two MOs at di erent times

Spq(te;tz) = H p(t)j' o(t2)i : (2.116)

The HST model is widely used in NAMD simulations at the TDDFT but also at
other levels of theory [39, 41]. In case of TDDFT, it greatly reduces the computation
time, as only overlap calculations and linear algebra are required. Additionally, it
was shown by Plasseet al. [45] that the nite-di erence couplings are more stable
in the vicinity of a conical intersection. In manuscriptlll , the HST model is also
applied to accelerate NAMD simulations at the (S)TDDFT level of theory.
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2.4.5 Molecular Dynamics on Graphics Processing Units
(GPUs)

The use of GPUs in addition to CPUs has become a major trend in computational
chemistry [54 60]. The reason for this is obvious: a GPU with its thousands of

threads easily outperforms a CPU with only 12 or 20 threads, especially for oper-
ations that can be parallelized. In quantum chemistry, they are usually applied to

the two-electron integral evaluations and their derivatives

X

J(M) = M (] ); (2.117)
X

K(M) = M (] ); (2.118)
X

J¥N;M)= N M (] )*; (2.119)
X

KXN;M)= N M ( | )*: (2.120)

M and N are arbitrary density matrices. In nearly all calculations, these are the
most time-consuming steps. For an e cient evaluation of the CoulombJ) terms,
the shellpair data is rearranged before it is sent to the GPUs [58]. The contrac-
tion itself is done using the J-engine algorithm [122, 123], which, although designed
for CPUs, is highly suitable for massively parallel architectures. In case of the ex-
change K) terms, the shellpair-rearrangement can be combined with a pre-selective
screening (preLinK) [54, 55]

X

PTT MG PTT ) e (2.121)

KM) N #,: (2.122)

Shellpairs () with no signi cant contribution (i.e., smaller than the given thresh-
olds #pre and #,,,) are discarded. This screening allows for an unhampered calcu-
lation on the GPUs, while leading to anO(N) scaling behavior with respect the
system size.

The use of GPUs signi cantly reduces the prefactor of these calculations, while
additionally showing a strong scaling. The latter means that by increasing the
number of GPUs, computation time can be reduced even further. The program
package TeraChem is a pioneer in this eld, featuring GPU-based energy [59],
forces [60], and excited-states calculations [61 64] that have been applied, e.g., to
BOMD [60], NAMD [62], and ab initio multiple spawning [22, 23]. In this work, the
multi-architecture program package FermiONs++ [54 56] with its e cient preLinK
scheme and OpenCL support is in focus. In publicationsand Il and manuscript
[, it is used for ground and excited-state MD simulations, showing remarkable
speed-ups and a good scalability with the computational resources.
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2.5 Molecular Dynamics Applications

As already mentioned in the introduction, AIMD simulations give access to a large
number of experimental properties. In this section, three of them are brie y intro-
duced and discussed: The calculation of vibrational spectra, free energy calculations,
and the investigation of relaxation pathways.

2.5.1 Simulation of Vibrational Spectra

Vibrational spectra are usually calculated within the harmonic approximation via
the second derivative ofEy with respect to the nuclear coordinates at a minimum
energy geometry ( AEJ™ = 0) [124]. For non-linear systems, this yields thdlr 6
eigenmodesf() of the system, with frequency ; and Ng being the number of degrees
of freedom of the system. The experimentally observable infrared (IR) and Raman
spectra additionally require an intensityl ( ¢), which is calculated from the change
of the dipole and quadrupole moments, respectively, along the eigenmodes.
Alternatively, vibrational spectra can be calculated from MD simulations. IR
spectra can, for example, be obtained as the following Fourier transform [6, 32 34]

Z
I()/ dth () (t+ )i expf i2tg: (2.123)

__is the derivative of the dipole moments with respect to the timeha( )a(t + )i is
the autocorrelation function. The mass-weighted Fourier transform of the velocity
autocorrelation function

X Z
D()=2 ma  dthva( )va( + )i expf i2t g; (2.124)
A

yields the vibrational density of state function O ( )), which can be interpreted as a
vibrational spectrum [125]. is equal tok% with kg being the Boltzmann constant
and T the absolute temperature of the system.

The MD approach to vibrational spectra has some advantages over the standard,
derivative-based approach. First of all, it requires only rst-order derivatives oEg
to calculate a spectrum. Secondly, it yields an entire spectrum and not only discrete
values forv;, featuring band shapes and even anharmonicities of the modes (see
g. (2.5)). This contrasts with derivative-based methods that assume band shapes
to be arbitrary Gaussian or Lorentzian functions while anharmonic e ects have to
be included via higher order derivatives or perturbation theory [126 128]. Finally,
the approach gives access to temperature-dependent spectra and even spectra of
certain subsystems using Voronoi dipole moments [129] or the density matrix of the
subsystem

Pew = (S )7(SZ,)TP(SL,)(S ) : (2.125)

Ssup 1S only build from basis functions, which are part of the subsystem. Subsys-
tem spectra can be used to investigate bulk materials (e.g., solvents) or solvated
molecules. Publicationl presents IR spectra of large organic molecules calculated
from e cient AIMD simulations, which are in good agreement with experimental
data. Even bulk properties of liquid water (the liquid water band) can be repro-
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— Eigenmodes
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Figure 2.5: Comparison of a spectrumd( )) calculated from MD simulations and
eigenmodes obtained from energy derivatives. The eigenmodes are discrete values
at ;, whereas the MD-based spectrum is (nearly) continuous.

duced. D( ) can, additionally, be used in free energy calculations, which are dis-
cussed in the next section.

2.5.2 Calculation of Free Energies
Overview over Free Energy Methods

The free energy Q) is one of central quantities linking theoretical calculations
and experiments [31, 130 135]. Free energies of reactants, intermediates, transi-
tion states, and products give access to reaction pathways, binding energies, rate
constants, etc. It consists of a translational, a rotational, and a vibrational contri-
bution

A = Egﬂn + Apans + Arot + Avip (2.126)

Avans and A,x can be derived solely from the geometry of the system, so that;,
and the electronic energy at the minimum energy geometngf"") are the targets

of quantum-mechanical calculations. For small molecules, the standard approach is
to calculate A,j, from the eigenmodes (see previous section), known as the normal
mode analysis (NMA) [136 138]

X
ASH = Y In[h ¢];: (2.127)
f
AQM 1X In 1 exp( h ¢)

f

h is the Planck constant. Here, it is assumed that the eigenmodes of the sys-
tem are classical (CL) or quantum-mechanical (QM) harmonic oscillators. For
larger molecules, this ansatz becomes prohibitively expensive, as the time-consuming
second-order derivative is required for all conformations of the system. Instead, the
free energy is calculated from sampled energies along MD trajectories [66]

EMN + Ayp = YInhexpf E ogi ; (2.129)
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Figure 2.6: Prototypical examples of phase space overlaps of two systems (0 and 1)
showing a good overlap in (a) and no overlap in (b). A simulation dd will deliver a
good estimate for A(0! 1) in case of (a), but a bad estimate in case of (b). For
the latter, it is necessary to divide the overall transformation@! 1) into smaller
steps (c) to increase the overlap.

with hxi being the ensemble average of the property. As normally only free
energy di erences between two system3 and 1 are considered, eq. (2.129) can be
transformed to

AQ! 1)= A1) A@)=  ‘lntexpf [Eo(1) Eo(O)gi, ;  (2.130)

with i, being the ensemble average over con gurations sampled from systém
This is known as the exponential averaging (EXP) method [66]. The quality of
A(0! 1) mainly depends on the sampling of both PES<E((1) and E((0)) using
a simulation of 0 [31]. This is presented in g. (2.6), where di erent cases of phase
space distributions of0 and 1 are discussed. As demonstrated in g. (2.6c), alchem-
ical transformations ease the sampling and lead to better estimates forA(0! 1)
[66, 130, 139]. The Bennett acceptance ratio (BAR) method [67, 68] is able to
determine the "best" free energy from two EXP calculations (A0 ! 1) and
A(l! 0)).
In publication IV , the di erent methods presented are compared to the density
of states integration (DSI) method, which was introduced by Berenst al. in 1983
[65]. Here, the free energy and free energy di erences are determined frbrf )
(see eq. (2.124)) as follows:
Z 1
A=Eo+ ! dD()Wa():; (2.131)
0
Z 1
A(Q! 1)=[Eo(1) EoO)]+ * ) d[D(;1) D(;0Wa(): (2.132)
W, is the classical or quantum-mechanical weighting function:

Wi () = In[h [; (2.133)
In 1 exp( h )

QM
WA () eXp( %h )

(2.134)
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DSl features some advantages over NMA. As it calculates the system as a (nearly
in nite) sum of harmonic oscillators instead ofNg 6, it is able to correctly describe
anharmonic modes (see g. (2.5)). Additionally, it only requires rst-order energy
derivatives. There are also some advantages when comparing to BAR. DSI does not
require alchemical transformations, since the free energy di erence is calculated from
the absolute free energies. Quantum-corrected free energies are accessible without
further calculations, which is not the case when applying EXP or BAR. Moreover,
contributions of di erent atoms or groups to the free energy can easily be determined,
as illustrated in the next section. Having said that, there are also some drawbacks:
it fails (just like NMA) in case the system features non-harmonic modes and the
occurrence of low-frequency modes leads to a slow convergence of the method with
the simulation time for larger systems. The latter might be the reason why Berens
et al. [65] solely used the method to determine quantum correctiong/, = W,SM
Wgt in eq. (2.131)), which can be neglected for low-frequency modes.

Free Energy Hot-Spots

As the D( ) is written as a sum over all atoms

X
D()= D(;B); (2.135)
B
it is possible to calculate the vibrational free energy contribution of atonB as
follows: zZ,
Awn(B)= ' dD(;B)Wa(): (2.136)

0

The atomic A, (B) can then be summed up to any meaningful ensemble of atoms,
e.g., residues or groups. This straightforward approach is not possible using the other
free energy methods, as this would require a fragmentation Bf, or the eigenmodes

f [140 142]. In publication V, this method is discussed and used to illustrate the
anomeric e ect and the binding of an inhibitor to a protein. However, great care has

to be taken when interpreting these so-called hot-spots, as only the vibrational free
energy is considered and slow modes might not be described accurately, as discussed
in the previous section. Nevertheless, the method o ers some useful insights into the
process that causes the free energy to change, which agree with chemical intuition.
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2.5.3 Investigation of Relaxation Pathways

One of the main elds of application of NAMD simulations is the investigation

of relaxation pathways of excited molecules. As already discussed above, this has
to be done by analyzing the entire ensemble of trajectories, as surface hopping is
a stochastic algorithm. Useful measures of this are the mean occupancy and the
mean population (see, for example ref. [39, 41, 49]). The population of a state is
de ned by a, (see eq. (2.21)), while the occupation is either 0 or 1, depending on
the PES the trajectory is currently propagating on. Especially the latter can be
used to determine the lifetime of an excited state. To study the geometric e ects
of the relaxation, it requires sampling of geometrical features (e.g., bond lengths,
dihedrals) along the trajectories.

In case of the rotary molecular machines studied in publicatiohl and the
rhodopsin protein analyzed in manuscriptll , the relaxation pathways are straight-
forward. The initial - excitation into the S; state allows the rotation around a
former double bond (marked blue in g. (2.7)), which is induced by steric repulsion
or the environment.

(@)

(b)

X hn \)\/\)\AN,Rhodopsm

. | R
\ﬁ,Rhodopsin

H

Figure 2.7: Photo-induced relaxation mechanisms studied in publicatidh (a) and
manuscript 11l (b). Both molecules show a rotation around a double bond (marked
blue). X is equal to either CH, NH, S, or O.
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ABSTRACT:An e cient scheme for the calculation of BOppenheimer molecular dynamics (BOMD) simulations is

introduced. It combines the corrected small basis set HaxtkeHF-3c) method by Sure and GrimdeCpmput. Chem.

2013 43, 1672], extended Lagrangian BOMD (XL-BOMD) by Niklassord.e€Cakrh. Phg€09 130, 214109], and the

calculation of the two electron integrals on graphics processing units)(@PEs). Ph2613 138, 134114; Chem. Theory

Comput2015 11, 918]. To explore the parallel performance of our strong scaling implementation of the method, we present

timings and extract, as its validation @hdlustrative application, high-quality vibrational spectra from simulated trajectories of
-carotene, paclitaxel, and liquid water (up to 500 atoms). We conclude that the presented BOMD scheme may be used as

cost-e cient and reliable tool for computing vibrational spectra and thermodynamics of large molecular systems including

explicit solvent molecules containing 500 atoms and more. Simulating 50 ps of maitotoxin (nearly 500 atoms) employing time

steps of 0.5 fs require8 weeks on 12 CPUs (Intel Xeon E5 2620 v3) with 24 GPUs (AMD FirePro 3D W8100).

1. INTRODUCTION potential energy surface of the electronic ground state. At every

The simulation of the time-dependent behavior of moleculg'ine step of lth%se s_imu:‘ations, thle elecé;;)gicd[i;gmo
systems via ab initio molecular dynamics (AIMD) has becom %ayor; IS SO vel ,#smg, or example, Haf (HF) or
powerful tool for investigating molecular properties. It can SENSItY functional theory (DFT).

used not only for sampling potential energy surfaces, but aIE§OMD simulations of large molecular systems are still

for the prediction of experimental spectra and thermodynanf aIIengin@.ObservgbIes are usually calculated as means or
properties? |ntegrals of properties, so that many MD steps are required to

The key assumption of AIMD is the separation of th@t?ta_un_ accurate results. Con_sequently, a_huge number _of
electronic and nuclear degrees of freedom. The electrofilimizations of the electronic wave function and determi-
structure is calculated quantum mechanically, whereas ?géons of the gradient of the electronic ground state are

nuclei are treated as classical particles, obeying’sNewtéfauired. o ) _
equations of motion. In thest e cient and applicable AIMD The main objective of the present work is to combine three

scheme of Car and Parrinello in £98%& electrons were recent developments from thelds of AIMD, electronic
ctitiously propagated along with the nuclei, keeping tHdructure theory, eient screening methods, and computer
system close to its ground state and avoiding the expendfgnology to an eient and accurate BOMD scheme: (1)
calculation of the electronic structure. With progresses in thBe corrected small basis set HF (HF-3c) method by Sure and
elds of electronic structure theory and computer technolog.

Born Oppenheimer molecular dynamics (BONMBEcame  Received: September 5, 2017

again more popular, in which the nuclei are moving on thaiblished: October 25, 2017

ACS Publications  © 2017 American Chemical Society 5479 DOI:10.1021/acs.jctc.7b00937
v J. Chem. Theory Comp@017, 13, 54795485
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Grimme°which is a cost-eient scheme to obtain reasonably reversible. In order to cancel out the error propagation, a
accurate interaction energies and geometries (comparablaligsipative force term is added to the right-hand sifi@ of

large basis set DFT calculations) at the cost of one HF
calculation with a minimal basis set, (2) the extended pdiss P tS ki)
Lagrangian BOMD (XL-BOMD) method by Niklasson et = & 3
al.™* which reduces the number of necessary self-consistent k=0 (

eld cycles, while still conserving the total energy of the systenfor optimized values qf , andg, for di erent orderk, the
and (3) e cient methods for calculating Coulomb andreader is referred to réf. As a consequence, XL-BOMD
exchange terms on graphics processing units (GPUs) witBimulations are (even if the number of SCF cycles is kept
our FERMONSs++ program package: constant to three or four) energy-conserving and the resulting
We start with a brief review of the three methods and theajectories are very similar to those obtained from fully
calculation of vibrational spectra. The performance and tbénverged time-reversible BOMD simulatidh®educing
parallel eciency of the resulting method are analyzeghe number of Fock matrix builds and diagonalizations per step
subsequently. To illustrate the new possibilities of our methaghds to a sigmiant acceleration of the calculation, enabling
we simulate vibrational spectra of several molecular syst@@surate BOMD simulations of large molecular systems.
ranging from -carotene and paclitaxel as representatives for2.3. Graphics Processing UnitsUsing graphics process-
biomolecules to a bulk of water molecules containing up to 5 units (GPUs) in addition to central processing units

K

atoms. (CPUs) has provided a major leap in the performance of
quantum chemical calculations throughout the past dec-
2. THEORY ade'? 1*?7 33 Key in this area is the @ent evaluation and

contraction of the two-etemn integrals, for which a

rearrangement of the shell-pair data is neé¢édgsasyleads,

in combination with the J-engftié for the Coulomb terms

and a preselective screening method (PreLinK) for the

exchange calculatiéh’ to a large speedup of self-consistent
eld and gradient calculations of both small and large molecular

HF 3¢ _ EHF/MINIX + @3By, [@EcP . E- systems, particularly for sirgilantum numbers. The integral

otal otal isp SSE B @ routines show a good paralletiency (strong scaling). GPUs

2.1. Corrected Small Basis Set Hartred=ock Method.
In the corrected small basis set Harkeek (HF-3c)
method’ three correction terms (including nine empirical
parameters) are added to a Harffeek energy calculated
with a minimal basis set MINIX.

e also been used successfully for accelerating BOMD
ulations®

2.4. Vibrational Spectra.In modern quantum chemistry,
Brational spectra (and thermodynamics) are usually obtained
rom vibrational frequency calculations, which are calculated as
second derivative of the energy with respect to the nuclear
rdinates at a minimum energy georfieWhile even

The rst term introduces the dispersion energy, using the Il%jix
correction scherfewith Becke-Johnson dampitig. The
second term is the geometrical counterpoise correction for {)
basis set superposition error (B$8H)ereas the last one is a
short-ranged term, which tackles the bond length errors of
small basis set. As the HF-3c method delivers good geometygs

vibrational frequencies, and interaction energies of 'arlﬂ?ear-scaling methods are availabie for large 3ysfeine
molecular systertiswe expect it to yield reasonably accurateyhroach assumes the potential around the minimum structure

potential energy surfaces for molecular dynamics trajectorie$y, % harmonic. so that anharmorsces must be included via
illustrated later in this work $ection 5 )

" . scaling factof&*! vibrational self-consisteetd?? or vibra-
2.2. Extended Lagrangian Born Oppenheimer Mo- g

lecul . : ard tional perturbation thedhy**
ecular Dynamics. Every step of a standard Born  ajematively, vibrational spectra can also be extracted from
Oppenheimer molecular dynamics (BOMD) S|mulat|or(13‘

. he caleulation of th b initio molecular dynamics (AIMD) simulafitng’
comprises the calculation of the ground-state energy andjfigareq (IR) spectra are, for example, obtained as the Fourier
derivative with respect to the nuclear coordinates, using,

Rnsform of the autocorrelation of the time derivative of the
example, self-consisteald (SCF) methods. To reduce the dié:’gle moment ():

number of necessary SCF cycles, it is common practice to us
linear combination of converged densRjesf previous time + Sit
steps as a guess for the SCF procedtiténder incomplete AC) () (t+) e” dt @

SCF convergence (which is always the case as a certain A d he i . f & Th
convergence criteria is introduced), these algorithms are §BIereA( ) denotes the intensity at frequency The
time-reversible and errors within the calculatidh are presented approach has been_used supcessfullly to Pred'Ct IR
propagated throughout the trajectbriBoth major short- spectra of small molecules using density functionaf’theory
comings have been tackled by Niklasson and co-workers {4 further examples, the reader is referredo tefeatures

series of publicatiol€! 2° In the resulting extended three advantages for the calculation of spectra:

Lagrangian BOMD (XL-BOMD) methddan auxiliary (1) the anharmonicity of the vibrations is taken into account

density P*") is propagated (in the spirit of the method of intrinsically, since they are determined using the
Car and Parrineﬁpalong with the nuclei and close to the calculated, nonharmonic potential energy surface;
ground-state density. (2) the method requires onlgst-order derivatives (nuclear

gradients), facilitating the applicability to large molecular
systems and even to excited S
(3) in uences of temperattirand solvents either via

PUt+ =2P S PHIS )+ (PXS PO
@

When P?(t) is used as an initial guess for the SCF continuum models or explicit solvent molecules can be
calculation at timg the overall MD scheme becomes time- included.
5480 DOI:10.1021/acs.jctc. 7b00937

J. Chem. Theory Comp@017, 13, 54795485
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Table 1. XL-BOMD Timings of-Carotene, Paclitaxel, and Maitotoxin at the HF-3c Level of Theory (Three SCF Cycles Per
Step) Calculated on up to Six Nodes

XL-BOMD Timings (s)

-Carotene Paclitaxel Maitotoxin
number of nodes SCF forces step SCF forces step SCF forces step
1 1.00 1.29 2.58 4.65 7.62 12.7 375 31.7 70.9
2 0.69 0.89 1.88 2.65 4.14 7.22 22.7 18.0 42.7
3 0.58 0.69 1.56 1.98 3.06 5.48 16.7 12.8 314
4 0.53 0.59 1.42 1.73 2.42 4.57 14.3 10.3 26.6
6 0.47 0.51 1.28 1.41 1.91 3.75 10.4 7.38 19.6

®Fach node contains two Intel Xeon E5 2620 v3 (12 threads) CPUs and four AMD FirePro 3D W8100 GPUs. The systems consist of 96 atoms
-carotene, 113 atoms for paclitaxel, and 492 atoms for maitotoxin.

In order to obtain an IR spectrum of an explicitly solvateHor the generation of the liquid water spectra, faremt
molecule, its dipole moment must be determined from thepheres (3 A, 6 A, 8 A, and 10 A around the central water
electron density of the entire systemThis property can be molecule) were cut out of a TIP3P water box generated with
calculated approximately from the density matrix of th&mberTools? For each sphere, one trajectory of 20 ps
solvated molecul®X", which is formed via awdin-like (including the equilibration time of 5 ps) was calculated using a

projection’ of P. step size of 0.5 fs. The temperature was set to 298 K, using a
b S 1 vat 12 Lo Nose Hoover chain thermostat®’ In all cases, exponential
PS= (S5 Suw ) Bsub S (5) damping and zero shifting were applied to generateathe
spectra.

Ssup IS built from the overlap mat$« using only basis

i 0,
functions located on the solvated molecule. Experimental spectra ofcarotene (Alfa Aesar, 99%),

paclitaxel (Alfa Aesar, 99.5%), and water (deionized) have
been measured in the present work as averages of 20 scans with
3. COMPUTATIONAL AND EXPERIMENTAL DETAILS 1 cm ! resolution, using a Thermo Fischer Nicolet 6700 FT-IR
All calculations have been performed usingtl®©Rs++ apparatus.

program packade’ FErmONs++ was compiled using the

GNU C++ compiler v4.8 with O3', the Intel Math Kernel 4 SEREORMANCE

Library (MKL), and MVAPICH2 for parallel calculations. © c ) )
Routines for the calculation on graphics processing unft8ree molecular systems have been used to investigate the
(GPUs) have been compiled with the Nvidia Cuda compiléerformance of the new BOMD schertarotene (§Hsg),

(in the case of Nvidia GPUs) or with the OpenCL C compilepaclitaxel (&HsNO, 4, and maitotoxin (GHzs€es)- The

(in the case of AMD GPUSs). In addition, gCP v2DETD3 sulfate substituents of maitotoxin have been saturated with one

v3.1}*'® and the LibXC library v3.0.@vere used. proton to obtain an uncharged molecule. The computation
BOMD simulations were calculated with the extendedmes of the self-consisteald calculation, the nuclear forces
Lagrangian formalism 2and3 with K = 9) and the calculation, and the overall time step during the BOMD

Velocity Verlet propag for the movement of the nuclei. Simulation of the three example molecules are listeddrl
Energies and gradients were calculated (if not stated otherwlsg)!re Ipresents the speedup and the paraltérecy of the
at the HF-3c level of theory, performing only three SCF cycl@§€F and the nuclear forces calculation.
per step (involving three Fock matrix builds and two The SCF and forces calculations within the implemented
diagonalizations). The integral and the PreLinK threshoRBOMD scheme show a good paralleiezcy for all examples,
were set to 16° and 103, respectively, which are expected toincluding medium-sized and large molecular systems. It ranges
provide H accuracy. from 0.35 for the SCF calculation-oarotene to 0.72 for the

Timings have been obtained as averages of 100 XL-BOMmces calculation of maitotoxin, both distributed on six nodes.
steps. The calculations were performed 6mades, each Here, we want to stress that all calculations have been
containing two Intel Xeon E5 2620 v3 (12 threads) CPUs argerformed using serial linear algebra routines and that the
four AMD FirePro 3D W8100 GPUs. The electranlear  evaluation of the Coulomb integrals, even on one node, is
attraction and the two electron integrals were evaluatedtremely fast (up to 20 times faster than the evaluation of the
exclusively on GPUs. All other operations (including the lineaxchange integrals). Therefore, the presented pacadietye
algebra) were performed on CPUs. The only exception is tise mainly a result of the strong scaling evaluation of the
calculation of the exchange kernels of maitotoxin for which techange integrads! which explains (1) its dependency on
hybrid CPU/GPU engifiewas used. For all cases, the CPUthe system size (larger molecules show a higienay) and
and GPU batch sizes have been optimized prior to the MR) the fact that the forces calculations are slightly more
simulation. e cient than the SCF calculations.

Vibrational spectra were calculated by sampling the dipoldhe presented BOMD routine, despite the lack of distributed
moments of the system (or, in the case of the water spheredindar algebra routines, is vergient. A BOMD simulation of
the central water molecule, using the projectin after maitotoxin, which is known as the largest, nonbiopolymer
an equilibration time and applyswg 4 The spectra of- natural product, requires 3 weeks on six nodes, calculating
carotene and paclitaxel were obtained as meawng of 100000 time steps (up to 50 ps). An equivalent simulation of
independent trajectories of 15 ps (including the equilibrationcarotene can be performed within 3 days on one node and
time of 100 fs) using step sizes of 0.1 and 0.2 fs, respectivel§. days on six nodes, indicating that speedups can even be
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Figure 1.(a) Speedup and (b) parallelogency of SCF and forces ; ;

. X : X gure 2 Experimental and simulated IR spectra ofd@)tene and
calculations during the XL-BOMD simulation at the HF-3c level % paclitaxel obtained from XL-BOMD at the HF-3c level of theory
theory (three SCF cycles per step) of the three test molecules on UR§Qee SCF cycles per step). The simulated spectra have been scaled
six nodes. with a factor of = 0.81.
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observed for subsecond time steps. We are currently wor

in . .
on an e cient linear algebra parallelization for future work. e are wo derences between the simulated and the

experimental data:
5. ILLUSTRATIVE CALCULATIONS (1) the intensity of the (H stretching modes 8000

As a rst illustrative application, we have calculated XL-BOMD __ €M %) is overestimated and S
simulations of the natural productarotene, the anticancer ~(2) some deformation vibrations (especially in the case of
drug paclitaxel, and a bulk of water molecules. In each step of Paclitaxel) do not appear in the simulated spectrum.
these simulations, only three SCF cycles were performed, siffoe reason for thest shortcoming is that the HF-3c level is
this does not &ct the energy conservation of the simulatiodess adequate for describing the change of the dipole moment
(seeFigures S1 and #Pthe Supporting Information) and the during these vibrations. This is demonstratediure S1in
resulting IR spectrum (séegure S3in the Supporting the Supporting Information, where we compare the IR spectra
Information), while yielding a speedup @2, in comparison of ethylene simulated at the HF-3c and B3ID@/def-
to BOMD simulations with full SCF convergence. Th&V(PJ°levels of theory. The intensities of thel Gtretching
extension of the step size from 0.1 fs to 0.5 fs also has modes are sigoantly larger at the HF-3c level of theory. The
signi cant eect on the spectrum (ségures S3, S9, and S10 second observation may originate from the fact that we
in the Supporting Information). For proof that the samplingompare experimental solid-state IR measurements with gas-
during these simulations is cient, the reader is referred to phase calculations. The positions, relative intensities, and
Figures S4S8in the Supporting Information, where spectra oshapes of the other peaks are described remarkably well with
the investigated systems are compared doerdisimulation  our simulated spectra.
times and trajectory numbers. To reproduce a spectrum of liquid water, fowaretit

Figure 2shows the simulated spectra -chrotene and spheres (3 A, 6 A, 8 A, and 10 A around the central water
paclitaxel, together with experimental data (see the previooslecule containing 5, 41, 92, and 171 water molecules,
section for experimental and computational details). Thiespectively) were simulated (see the previous section for
calculated spectra are in good agreement with the experimecahputational details). The resulting IR spectra are compared
spectra, when a scaling factor ef 0.81 is applied. The to an experimental spectrum of liquid wateigime a (also
di erence of to the reported scaling factor of harmonicmeasured experimentally in the present work). The IR
vibrational frequencies at the HF-3c level of theory*{0.86)spectrum of the central water molecule changesasitipi
may be due to the dirent approach for obtaining the when the size of the water sphere increases. The peak of the
spectrum (via an MD simulation) or due to the fact that d&ending vibration (1635 cm?) is blue-shifted, while the two
larger test set has been used to determine the latter value. edks of the stretching vibrations merge into one red-shifted
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(a) e ciency (strong scaling), bliag accurate molecular

' ' ' ‘ ‘ : dynamics simulations of large molecular systems at comparably
low computational cost. The method has been used successfully
to simulate infrared spectra of medium-sized organic molecules,
which are in good agreement with experimental data, when a
scaling factor= 0.81 is introduced. Since the simulation seems

to capture the potential energy surface remarkably well, it may
be suitable not only for the prediction of vibrational spectra but
also for the calculation of various other properties (e.g., free
energies). This includes also the computation of properties of
liquids and solvated molecules.
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1 Supplementary Figures

1.1 Energy Conservation

Energy Conservation: 0.1 fs
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Figure S1: Fluctuation of the total energy during an XL-BOMDsimulation performing three
SCF cycles per step (XL-3), an XL-BOMD simulation with full SCF convergence (XL-FULL),
and a standard BOMD simulation (FULL) of -carotene (NVE ensemble) at HF-3c level of
theory using a step size of 0.1 fs. The average total energytbé individual trajectories is
set to zero and the standard deviation is given in kJ/mol.



Energy Conservation: 0.5 fs
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Figure S2: Fluctuation of the total energy during an XL-BOMDsimulation performing three

SCF cycles per step (XL-3) and with full SCF convergence (XEULL) of -carotene (NVE

ensemble) at HF-3c level of theory using a step size of 0.5 fBhe average total energy of
the individual trajectories is set to zero and the standard eviation is given in kJ/mol.



1.2 -Carotene

b-Carotene: Spectra Comparison
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Figure S3: Simulated IR spectra of -carotene obtained from XL-BOMD at HF-3c level of
theory using di erent step sizes (0.1 fs and 0.5 fs) and comgence criteria (three SCF cycles
and full convergence). Five trajectories of 15 ps (includinthe equilibration time of 100 fs)
were used and the temperature of the NVT simulation was set 898 K. The spectra have
been scaled with a factor of = 0.81.



b-Carotene: Spectra Convergence
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Figure S4: Simulated IR spectra of -carotene obtained from XL-BOMD at HF-3c level of

theory (three SCF cycles per step) with di erent simulationtimes (5 ps, 15 ps, and 25 ps).
One trajectory, a step size of 0.1 fs, and an equilibrationrtie of 100 fs were used and the
temperature of the NVT simulation was set to 298 K. The spectr have been scaled with a
factor of =0.81.



b-Carotene: Spectra Convergence

Number of Trajectories

T T l

1 Trajectory

=
ey

Transmittance

5 Trajectories

3500 3000 2500 2000 1500 1000 500
Wavenumber [cr'rjl]

Figure S5: Simulated IR spectra of -carotene obtained from XL-BOMD at HF-3c level of
theory (three SCF cycles per step) with a di erent number of tajectories (one, three, and
ve). A step size of 0.1 fs and a total simulation time of 15 psijcluding the equilibration

time of 100 fs) were used and the temperature of the NVT simulan was set to 298 K. The
spectra have been scaled with a factor of = 0.81.



1.3 Paclitaxel

Paclitaxel: Spectra Convergence
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Figure S6: Simulated IR spectra of paclitaxel obtained fronXL-BOMD at HF-3c level of
theory (three SCF cycles per step) with di erent simulationtimes (10 ps, 15 ps, and 20 ps).
One trajectory, a step size of 0.2 fs, and an equilibrationrtie of 100 fs were used and the
temperature of the NVT simulation was set to 298 K. The spectr have been scaled with a
factor of =0.81.



Paclitaxel: Spectra Convergence
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Figure S7: Simulated IR spectra of paclitaxel obtained fronXL-BOMD at HF-3c level of

theory (three SCF cycles per step) with a di erent number of tajectories (one, three, and
ve). A step size of 0.2 fs and a total simulation time of 15 psijcluding the equilibration

time of 100 fs) were used and the temperature of the NVT simulan was set to 298 K. The
spectra have been scaled with a factor of = 0.81.



1.4 Liquid Water

Liquid Water: Spectra Convergence
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Figure S8: Simulated IR spectra of the central water moleaailin a water sphere (with a
radius of 8 A) obtained from XL-BOMD at HF-3c level of theory (hree SCF cycles per
step) with di erent simulation times (10 ps, 15 ps, and 20 ps) One trajectory, a step size
of 0.5 fs, and an equilibration time of 5 ps were used and thentperature of the NVT

simulation was set to 298 K. The spectra have been scaled wahfactor of = 0.81.



Liquid Water: Spectra Comparison
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Figure S9: Simulated IR spectra of the central water moleaailin a water sphere (with a
radius of 3 A) obtained from XL-BOMD at HF-3c level of theory (hree SCF cycles per
step) using di erent step sizes (0.1 fs and 0.5 fs). One trajwry of 20 ps (including the
equilibration time of 5 ps) and a step size of 0.5 fs were useddathe temperature of the
NVT simulation was set to 298 K. The spectra have been scaledtiwa factor of = 0.81.
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Liquid Water: Spectra Comparison
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Figure S10: Simulated IR spectra of the central water moletmiin a water sphere (with a
radius of 6 A) obtained from XL-BOMD at HF-3c level of theory (hree SCF cycles per
step) using di erent step sizes (0.1 fs and 0.5 fs). One trajwry of 20 ps (including the
equilibration time of 5 ps) and a step size of 0.5 fs were useddathe temperature of the
NVT simulation was set to 298 K. The spectra have been scaledtiwa factor of = 0.81.

11



1.5 Ethylene

Ethylene: Spectra Comparison
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Figure S11: Simulated IR spectra of ethylene obtained fromXBOMD at HF-3c (three SCF
cycles per step) and B3LYP-D3/def-SV(P) (full convergencén every step) level of theory.
Five trajectory of 20 ps (including the equilibration time d 100 fs) and a step size of 0.1 fs
were used and the temperature of the NVT simulation was set 898 K. The spectra have
been scaled with a factor of = 0.81 (HF-3c) and = 0.95 (B3LYP-D3/def-SV(P)).
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2 Initial Structures

2.1 -Carotene

Coordinates [A]:

C 0.01244966 -0.42928908 0.04938462
C 0.25694583 -0.43389983 1.32333423
H 0.80970298 -0.28283097 -0.63988329
C 1.57539685 -0.22403964 1.93349768
H -0.53786117 -0.60671269 2.01204765
C 1.68442711 -0.25902534 3.23543119
C 2.72185836 0.01995495 0.99057906
C 2.89660959 -0.07528164 4.02087759
H 0.80459132 -0.44013154 3.81072342
C 2.90148529 -0.12864583 5.32390651
H 3.80126783 0.10814699 3.49259898
C 4.08114496 0.04659731 6.17250506
H 1.98854943 -0.31339217 5.84458834
C 3.94591694 -0.03184354 7.47168759
C 5.38490051 0.30881343 5.46917011
C 4.98975573 0.11269254 8.47374789
H 2.97346156 -0.22205664 7.86712681
C 4.75676414 0.01739065 9.75670721
H 5.98242057 0.30408958 8.13710412
C 5.80055182 0.16193509 10.75881521
H 3.76407822 -0.17401305 10.09330911
C 5.66526878 0.08335494 12.05798727
H 6.77300307 0.35224069 10.36343880
C 6.84482933 0.25861318 12.90670809
C 4.36147293 -0.17909237 12.76118244
C 6.84960752 0.20489440 14.20973263
H 7.75777439 0.44348084 12.38612474
C 8.06159452 0.38849397 14.99542290
H 5.94489698 0.02098991 14.73775408
C 8.17036136 0.35382427 16.29743605
H 8.94152889 0.56935303 14.42028468
C 9.48883298 0.56281043 16.90768797
C 7.02338004 0.10971895 17.23969081
C 9.73295867 0.54727418 18.18169284
H 10.28416201 0.72590581 16.21803422
C 11.06120476 0.72819700 18.79547559
H 8.94196899 0.34534635 18.86582590
C -1.32135296 -0.66399516 -0.53784295
C -2.37685793 -0.02855646 -0.13907568
C -3.76393411 -0.30562870 -0.66414710
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C -2.36366575 1.08122317 0.88255602
-3.85371127 -1.63138248 -1.40568617
-4.44964910 -0.28957317 0.15922351
-4.05406233 0.49629721 -1.31612795
-2.67740829 -1.73522646 -2.36206214
-3.82915915 -2.44046371 -0.70735996
-4.77960143 -1.69562060 -1.93904233
-1.34655007 -1.74037552 -1.61090859

I oI T o T O

-2.74459486 -2.62124339 -2.95665895
H -2.69689570 -0.89818562 -3.02733163
C -1.11863104 -3.10438555 -0.94426923
C -0.23123710 -1.51118562 -2.64039565
C 11.37446890 -0.30533495 19.86546757
C 12.87076420 -0.33186051 20.17067393
C 10.58305861 0.02420473 21.13923389
C 10.96720774 -1.70278826 19.38139431
C 13.41657609 1.07122914 20.37583455
H 13.04111199 -0.93802852 21.03486443
H 13.38287631 -0.78846985 19.35036607
C 13.23375466 1.86966181 19.09215894
H 12.89697005 1.55041198 21.17765351
H 14.45270818 1.03621791 20.64262400
C 11.86950740 1.68728563 18.47063020
H 13.39177486 2.91203223 19.28011332
H 13.97637810 1.57573270 18.37421548
C 11.55890494 2.73926194 17.43400372
H -3.02277306 1.86595334 0.56670389
H -2.71846016 0.72769396 1.83236949
H -1.38409431 1.48594128 1.02025675
H 10.50980932 2.81043603 17.24280101
H 11.91468738 3.69386041 17.76646175
H 12.05415155 2.51703988 16.50721856
H 10.79281381 -0.70154676 21.89765209
H 10.84234964 0.99275939 21.51078026
H 9.53186681 0.01098359 20.94407047
H 11.25698427 -2.43503419 20.10635194
H 9.91017861 -1.77007131 19.23747766
H 11.44970916 -1.93118657 18.45375190
H 0.73393404 -1.68244323 -2.21571765
H -0.35907143 -2.19018780 -3.45777011
H -0.26834710 -0.51146907 -3.02091069
H -0.18915524 -3.10266972 -0.41360827
H -1.90006570 -3.32464231 -0.24830972
H -1.08948182 -3.87731763 -1.68413800

H 2.52815695 0.88722450 0.38847724

H 3.64160598 0.16946145 1.51183264
H 2.84026574 -0.81563215 0.32728943
H 5.61822577 -0.50302096 4.80672053

H 5.31355059 1.20164164 4.87746529

H 6.19220116 0.42449860 6.15837000
H 4.12809036 0.63255104 13.42384101
H 3.55420529 -0.29464451 12.07192569
H 4.43285861 -1.07207309 13.35265609
H 7.20872878 -0.76812420 17.82896602
H 6.91562628 0.93733601 17.91465225
H 6.10103317 -0.02295765 16.71850102
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2.2 Paclitaxel

Coordinates [A]:

O 15.68894 23.55459 9.30853
O 15.81287 29.65719 8.45683
O 13.40468 23.13785 8.04487
O 13.66559 31.43847 8.92988
O 11.84316 25.10056 6.75053
O 11.27957 22.92183 4.48568
O 15.33904 27.93590 11.43104
O 14.89455 24.61996 2.26223
O 16.96517 23.15749 4.02856
O 18.19509 25.47139 4.66759
O 14.27744 27.96112 8.23079
O 14.19171 20.98492 8.01749
0O 12.29558 26.86046 5.36613
O 17.56628 25.65774 2.46106
N 14.56699 30.07902 11.30982
C 14.68174 29.22284 8.56648
C 15.45143 24.38602 8.15052
C 13.50110 30.02776 9.09556
C 14.50265 23.55220 7.20651
C 13.97563 24.22371 5.91584
C 13.34539 29.74221 10.59931
C 12.43400 24.18275 5.79537
C 11.84834 24.25174 4.36145
C 15.49332 29.13246 11.64411
C 12.71374 24.40802 3.13631
14.15346 24.71850 3.47199
14.69562 23.79842 4.58623
16.22023 24.00886 4.53087
16.81442 25.35470 4.96225
16.55976 25.70865 6.39811
15.88346 26.84571 6.71155
15.33940 27.00498 8.10391
14.75248 25.68359 8.61465
16.82938 24.68844 7.50189
17.81199 25.26213 8.54280
17.53019 23.39882 7.06519

O o0 o0 o0 o0 o0 000000

14.47601 22.30914 4.27596
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C 15.59993 27.96092 5.75969
C 11.71549 22.82509 5.85431
C 13.43435 21.82880 8.41849
C 12.34736 21.56724 9.38923
C 11.33985 22.48099 9.67784
C 10.33828 22.15278 10.58677
C 10.35451 20.93427 11.24191
C 11.35932 20.02687 10.96377
C 12.34265 20.33518 10.03119
C 12.17664 30.47797 11.22155
C 10.95065 30.57629 10.56476
C 9.87791 31.25309 11.13399
C 10.00793 31.83076 12.37913
C 11.21090 31.74058 13.04578
C 12.27968 31.06453 12.48174
C 11.81973 26.40896 6.38046
C 11.13872 27.18481 7.46687
C 16.71749 29.66167 12.28018
C 16.66427 30.72002 13.18879
C 17.81868 31.13753 13.83690
C 19.03548 30.55095 13.53529
C 19.10009 29.51933 12.61263
C 17.94140 29.06596 11.99062
C 18.42320 25.60374 3.32230
C 19.89529 25.74309 3.07987
H 15.16627 23.88279 10.05888
H 12.61120 29.71350 8.54163
H 15.06941 22.69588 6.86985
H 14.19722 25.27422 6.01922
H 13.14478 28.67651 10.73243
H 14.76787 31.06382 11.43566
H 11.06762 25.00235 4.23170
H 14.21517 25.75778 3.80641
H 15.67245 25.21900 2.28643
H 16.27859 26.06971 4.35425
H 16.16746 27.33282 8.71910
H 11.31303 23.45050 9.20152
H 9.53106 22.84162 10.79023
H 9.57923 20.69386 11.95893
H 11.37607 19.07270 11.47077
H 13.11452 19.60724 9.81988
H 10.82137 30.13843 9.58713
H 8.93238 31.34348 10.61877
H 9.17891 32.35272 12.83531
H 11.31381 32.21170 14.00998
H 13.20619 31.03173 13.03773
H 15.74161 31.22954 13.42928
H 17.77621 31.93087 14.57134
H 19.94155 30.92231 13.99551
H 20.06383 29.08383 12.38096
H 18.00275 28.26321 11.26730
H 12.31093 25.22577 2.52791
H 12.65197 23.52449 2.50430
H 14.68841 25.73408 9.70223
H 13.71185 25.65042 8.29542
H 18.78044 25.48765 8.09474
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17.96953
18.49572
17.69632
16.95213
14.87233
13.43326
14.97357
16.02277
14.52635
16.04339
10.87952
12.34095
11.10038
10.12125
11.68846
17.48064
20.08808
20.27627
20.41636
13.77125

24.56421 9.36730
23.60736 6.60120
22.73454 7.91451
22.81777 6.36140
21.66911 5.06649
22.04626 4.14831
22.01508 3.35062
27.80580 4.77422
28.09181 5.63565
28.88920 6.11321
22.80916 6.55984
21.95832 6.06644
28.24006 7.20347
26.82392 7.61594
27.07682 8.40192
26.17473 9.01138
25.86160 2.01213
26.62537 3.59684
24.85112 3.42576
31.61639 7.98284
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2.3 Maitotoxin

Coordinates [A]:

C -17.209000
C -17.784900
C -16.743600
O -15.559700
C -14.931200
C -15.918500
C -17.171600
O -17.641500
O -18.985700
C -19.814900
C -19.456600
0O -20.515700
C -21.820100
C -22.217500
C -21.256300
O -23.563700
C -24.472900
C -24.280400
C -22.833700
C -25.922100
C -26.821100
C -26.557100
0O -25.178900
0O -28.195600
C -29.062601
C -28.896201
C -27.424301
C -30.508100
0O -31.360101
0 -29.397301
C -24.482900
O -26.057900
C -18.206300
C -19.197400
C -13.681400
C -14.023900
O -15.328800
0O -16.927900

43.906300
42.918200
42.635000
42.093600
42.948700
43.342600
41.577900
40.404800
43.506200
42.668600
42.819600
42.305801
42.805701
42.409501
43.084501
42.788601
42.116701
42.621301
42.264801
42.266101
41.548001
42.052201
41.920901
41.752901
40.950302
41.315501
41.262501
41.122402
40.312502
42.633301
44.146901
41.633501
41.989200
44.295300
42.210300
40.774200
44.300200
45.155600

18

18.540800
19.561500
20.656700
20.036000
19.076000
17.961300
21.683500
21.014200
20.032300
20.827200
22.326200
23.175400
22.889600
21.468600
20.508700
21.168300
22.046700
23.492700
23.904900
21.582000
22.592100
24.012100
24.371800
22.264500
23.082599
24.572900
24.993500
22.568599
23.374299
24.796300
23.637500
20.308000
22.736400
22.708300
18.499800
18.069800
17.088000
19.179800




C -30.651200
0O -30.076100
C -32.087900
C -32.982400
C -32.529600
C -33.578900
C -34.946000
C -35.284600
0O -34.291700
C -36.647800
C -37.686500
C -37.223700
0O -35.953200
O -38.944600
C -39.969900
C -39.638200
C -38.260300
C -41.304500
C -42.195000
C -41.960300
O -40.613800
O -43.559500
C -44.448800
C -44.357900
C -42.914600
C -45.865500
O -46.699200
C -48.022800
C -48.750800
C -47.909500
C -46.506000
0O -50.042100
C -50.055900
C -49.479700
C -48.054400
C -51.498900
0O -52.338100
O -49.466400
O -45.738000
O -48.554500
O -45.182200
O -42.850300
O -41.963100
O -33.645500
O -31.284700
S -30.153400
0 -29.015100
C -52.136500
C -51.291000
0O -52.017800
C -50.959900
C -49.811200
O -48.633800
C -47.439500
C -47.150700
C -48.367500

40.747002
39.451402
40.694402
41.927602
43.179002
44.299202
43.755802
42.515602
41.513702
41.970202
43.082702
44.295702
44.761202
42.609502
43.596102
44.877602
45.409702
43.007202
44.095502
45.427802
45.900602
43.692602
44.638802
45.990401
46.501402
44.008802
44.831702
44.347602
44.041501
43.196601
43.785201
43.469202
42.308502
42.652903
43.176602
41.764302
42.688302
41.492703
42.873601
43.192801
46.953302
47.644401
42.425701
44753801
43.651002
44.305402
44.531502
41.501301
40.686401
40.564101
39.268601
38.638201
39.403101
38.963201
37.489601
36.595801
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21.077399
20.869099
20.544699
20.744499
19.957399
20.078199
19.663999
20.497699
20.303698
20.079898
20.170499
19.354599
19.814999
19.689999
19.847099
19.073399
19.466700
19.363899
18.742199
19.458400
19.292200
18.792199
18.191300
18.921300
18.937600
18.152699
17.332100
17.112200
18.423799
19.383799
19.533499
18.189899
17.351499
15.972099
16.130699
17.291098
16.592899
15.150098
20.315299
20.659799
18.272101
19.793201
20.493399
21.432600
20.469100
19.475800
20.365000
18.666898
19.653398
20.879298
19.161497
19.977197
19.695698
20.334698
20.046297
20.300597



C -49.601600 37.166601 19.600697
O -45.988500 37.033700 20.742297
C -45.984301 37.251200 22.158097
C -46.149300 38.747499 22.466598
C -47.429500 39.277400 21.828198
C -44.667401 36.673799 22.730297
O -43.560601 37.408899 22.172397
C -42.317701 36.939999 22.694197
C -42.029801 35.512299 22.174596
C -43.130201 34.621299 22.786195
C -44.534201 35.155099 22.462796
O -40.750901 35.049298 22.663796
C -39.670301 35.926698 22.325296
C -39.838101 37.307098 22.984997
C -41.162401 37.925798 22.452498
C -38.309301 35.319498 22.663996
C -37.150701 36.285898 22.276996
C -37.436301 37.657397 22.942697
O -38.743201 38.152798 22.583298
C -36.426500 38.752297 22.606198
C -35.127700 38.727496 23.414598
C -34.426701 37.374096 23.710897
O -33.021300 37.736296 23.741697
C -32.115801 36.646095 23.837396
C -32.213901 35.745696 22.598195
C -33.648501 35.192097 22.592195
C -34.708701 36.313497 22.615496
O -31.296801 34.640996 22.737894
C -29.934501 35.044395 22.915594
C -29.763401 35.940494 24.142195
C -30.691301 37.145895 24.049696
C -29.031502 33.826795 23.077793
C -27.587001 34.281895 23.304493
C -27.480001 35.309394 24.452794
O -28.415601 36.385094 24.229795
C -26.060101 35.965293 24.609194
0O -25.817601 36.618595 23.342595
C -24.490101 37.029095 22.995895
C -23.513801 35.873094 23.209893
C -23.555301 35.384393 24.649893
C -24.976901 34.900393 24.945093
0O -22.195801 36.238895 22.814294
C -22.046802 36.524096 21.394094
C -23.070602 37.586197 20.940295
C -24.487401 37.315296 21.476895
0O -23.137602 37.645898 19.509595
C -22.304902 38.656399 18.953696
C -22.858602 39.069700 17.584097
C -22.035502 40.256801 17.102798
C -20.547903 39.892701 17.000397
0O -20.070002 39.376599 18.257996
C -20.799802 38.283599 18.891295
C -19.803502 41.223001 16.735698
C -20.370903 41.959502 15.511599
C -21.907703 42.079903 15.616300
0O -22.507903 40.792303 15.865299
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C -22.580503 42.722904 14.390801
C -21.992804 42.300606 13.074500
C -20.902704 42.848806 12.511300
C -20.096803 43.994005 13.084201
O -19.442004 44.610806 11.956602
C -18.493703 45.650206 12.261202
C -17.429003 45.057804 13.195301
C -18.052302 44.594503 14.498801
C -19.109903 43.526004 14.189000
0O -16.352702 45.983704 13.396202
C -15.637103 46.105305 12.165502
C -16.456803 46.843707 11.085403
C -17.794404 46.055007 10.919803
C -14.232403 46.679304 12.326301
C -13.555303 46.492706 10.970001
C -14.337904 47.170507 9.831402
O -15.729704 46.771408 9.829202
0O -12.205103 46.943305 10.964301
C -11.495004 46.424406 9.825600
C -12.178805 46.829308 8.500901
C -13.702905 46.637608 8.525701
C -10.024304 46.894206 9.876400
O -9.972904 48.319506 9.801502
C -14.191203 48.707207 9.832404
C -16.781403 48.320206 11.380705
C -19.235903 46.847805 12.889204
0O -19.778702 43.255802 15.430100
C -20.236703 38.929502 15.834895
C -20.459403 36.972399 18.164194
C -20.229901 38.214997 20.332295
C -20.579601 37.029396 21.255194
C -22.215802 35.194397 20.621092
C -24.104001 38.321694 23.738496
C -26.176100 37.011992 25.740995
O -25.043201 34.484692 26.305092
C -31.955501 36.481697 21.265695
C -34.824700 36.883195 25.119796
O -35.968201 35.662797 22.795195
C -37.082501 36.356199 20.732496
C -39.911701 37.233597 24.531397
O -41.057101 38.209799 21.057898
C -42.096601 35.361900 20.636896
O -45.498801 34.436199 23.227395
O -46.207901 38.946699 23.873798
O -50.749100 36.414001 19.988496
O -48.108900 35.293301 19.772596
C -9.254604 46.421504 11.127699
O -9.840103 46.966403 12.313900
C -7.777203 46.845704 11.152999
C -6.896004 46.351705 9.983098
C -5.464504 46.866104 10.198998
C -6.963904 44.812505 9.738696
C -6.189705 44.423706 8.467995
C -6.496404 43.977604 10.952495
C -6.751004 42.506004 10.782593
C -5.796504 41.569904 10.824692
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C -12.500600 42.225300 19.513400
O -12.144800 43.583400 19.790700
C -11.228600 41.438701 19.081900
C -10.145800 41.544801 20.165299
C -10.678100 41.890601 17.709500
C -9.555500 40.985601 17.175600
C -9.291900 41.150001 15.659400
0 -9.202701 42.538701 15.346000
S -7.767301 43.333101 15.360999
O -6.894201 42.545601 14.492799
C -10.403500 40.495501 14.799500
O -10.490600 39.111801 15.163900
C -10.240101 40.579001 13.256100
C -8.944601 39.907801 12.778299
C -10.342601 41.993701 12.649400
C -11.613001 42.785101 13.011100
O -11.470201 44.118801 12.514500
C -12.888201 42.196101 12.437200
C -13.145001 42.189501 11.116600
C -13.863601 41.662001 13.391100
C -14.440401 42.672100 14.342701
C -14.200401 40.357001 13.372200
C -15.157000 39.654500 14.282600
O -14.468200 38.585100 14.918800
O -7.370201 43.347901 16.767299
O -8.108201 44.649601 14.823499
0 -29.919200 43.283603 18.456700
O -30.770800 45.530903 18.973400
H -11.497604 45.328406 9.897099
H -11.966504 47.879708 8.272902
H -11.749705 46.251909 7.673200
H -14.159305 47.116910 7.650502
H -13.932205 45.568109 8.421800
H -13.543304 45.405506 10.798300
H -15.460604 45.080905 11.799700
H -13.681602 46.135703 13.103701
H -14.229502 47.721704 12.657603
H -18.490304 46.604008 10.271303
H -17.583204 45.136208 10.352002
H -17.018903 44.144205 12.737200
H -20.803903 44.717605 13.499602
H -18.564703 42.631804 13.854199
H -17.284002 44.174602 15.158200
H -18.475102 45.428103 15.072102
H -9.523505 46.511107 8.980999
H -9.322104 45.332404 11.212198
H -7.727703 47.942904 11.196100
H -7.341103 46.522102 12.107898
H -7.262604 46.841806 9.071299
H -8.012805 44.558905 9.536696
H -5.432004 44.157303 11.144495
H -7.035204 44.290203 11.853296
H -7.780604 42.194004 10.629593
H -6.049205 40.522304 10.702991
H -4.755304 41.828103 10.982492
H -6.428905 43.400207 8.160694
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H -6.455105 45.080607 7.632796

H -5.107005 44.478806 8.618795

H -5.462404 47.956404 10.309099
H -5.013403 46.443503 11.102097
H -4.818404 46.630805 9.348497
H -10.762503 46.663003 12.355300
H -10.417203 48.665405 10.594902
H -14.857703 49.157208 9.088305
H -14.434003 49.149806 10.799104
H -13.173403 49.042307 9.615604
H -16.081902 48.767305 12.090605
H -16.768803 48.916107 10.461905
H -17.770402 48.488507 11.796205
H -18.553402 47.547704 13.377705
H -19.823103 47.378206 12.131305
H -19.952902 46.558504 13.661004
H -20.552104 42.419007 11.574900
H -22.469404 41.462606 12.571899
H -22.527303 43.813704 14.484002
H -23.650103 42.478205 14.381401
H -22.159102 42.732102 16.465301
H -20.098303 41.361703 14.637498
H -22.165902 41.033000 17.871899
H -18.725803 41.053001 16.612897
H -19.880102 41.872700 17.616999
H -23.914402 39.355701 17.673398
H -22.857303 38.241001 16.868596
H -22.408202 39.560198 19.572197
H -20.463503 39.350304 14.852396
H -19.178403 38.645502 15.845695
H -20.817503 38.008602 15.881494
H -19.519003 37.057800 17.609493
H -20.310002 36.126599 18.833493
H -21.246803 36.672800 17.467494
H -22.780301 38.563796 21.341696
H -20.221801 37.323795 22.253394
H -19.929301 36.182696 20.997993
H -19.133001 38.249897 20.264494
H -20.486901 39.147497 20.854596
H -25.142501 38.165996 21.243897
H -24.943401 36.476197 20.933295
H -23.838302 35.010395 22.616793
H -25.123802 34.004693 24.333792
H -22.842101 34.562092 24.792092
H -23.227101 36.151092 25.360094
H -23.229202 34.790597 20.698092
H -22.027602 35.294898 19.552992
H -21.546802 34.425597 21.024091
H -23.159901 38.748694 23.391696
H -24.888101 39.076294 23.620497
H -23.974400 38.174793 24.809596
H -26.762600 36.627192 26.583295
H -25.203600 37.283792 26.156995
H -26.647500 37.932793 25.384796
H -27.754701 34.817093 25.395193
H -30.020701 35.389194 25.057494
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I r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r rIr>IrI>IrT>IT IT T T r T T I I I T

-29.586801 35.563796
-29.373601 33.212495
-29.095702 33.186396
-27.223201 34.728195
-26.972402 33.399895
-30.626200 37.751794
-30.376201 37.819695
-32.353301 36.059495
-34.661001 36.793098
-33.809502 34.546698
-33.794501 34.516196
-35.308500 39.245296
-34.425600 39.388697
-36.894500 39.732097
-36.193501 38.751598
-37.409200 37.557997
-39.664301 36.040299
-38.192001 34.353698
-38.254201 35.060397
-41.373800 38.886298
-42.437501 36.898498
-44.677801 36.841998
-44.750101 34.938400
-43.031802 33.582399
-42.995501 34.556798
-25.916901 34.085192
-34.400101 35.899995
-34.443600 37.566594
-35.904300 36.794195
-32.640001 37.317798
-30.946401 36.893797
-32.054002 35.785998
-40.270400 38.768799
-40.020600 38.240196
-40.736501 36.615996
-39.012301 36.810296
-41.334201 35.937700
-41.925901 34.316100
-43.058501 35.674701
-36.994001 35.348699
-37.959901 36.839799
-36.214901 36.906099
-46.808301 36.691099
-45.296600 39.314300
-48.299900 38.848600
-47.522000 40.358700
-46.625900 39.550901
-46.904200 37.396601
-45.324401 34.610998
-50.063900 38.719200
-49.489400 37.062401
-48.572100 36.460300
-46.310001 39.900998
-47.299800 34.964301
-50.572200 35.483201
-50.650600 39.297402
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22.014994
23.920292
22.190392
22.370893
23.506492
24.962096
23.245596
24.734095
21.636096
21.717894
23.446494
24.367098
22.886398
22.775299
21.536298
24.027997
21.239796
22.154095
23.729296
22.936698
23.784097
23.815897
21.411896
22.444795
23.875195
26.450892
25.344895
25.887697
25.251396
21.102096
21.199896
20.424295
20.936498
24.951298
24.894797
24.984997
20.109197
20.354795
20.221496
20.309296
20.294097
20.361797
22.616197
22.073598
22.338598
21.988699
19.889298
18.980097
24.167996
21.040997
18.513997
21.367397
24.030399
20.200996
19.768096
18.111398



I r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r rIr>IrI>IrT>IT IT T T r T T I I I T

-51.857000
-50.375100
-53.108500
-52.401300
-52.181500
-51.513500
-49.438600
-52.285100
-50.091100
-47.399200
-47.646900
-48.564700
-48.945900
-45.741500
-46.583800
-47.848100
-49.093100
-44.146200
-47.985600
-44.850400
-44.706600
-42.615100
-42.129400
-41.902800
-39.608400
-40.055700
-41.159300
-37.981100
-38.282000
-37.139200
-37.788400
-34.880400
-35.339900
-36.936800
-36.606399
-33.316400
-32.432500
-33.037800
-45.067500
-41.920900
-41.381400
-32.752600
-32.594100
-32.056500
-30.056400
-30.816800
-28.771000
-30.095600
-32.280801
-29.482301
-27.290101
-27.081101
-26.860700
-26.608201
-24.246400
-26.205200

38.642601
41.234901
41.010101
42.459401
41.462601
40.838502
41.522902
43.541002
43.419703
42.359602
43.485603
45.168902
44.997101
43.029402
44723101
42.151201
41.747603
44.789902
42.690800
43.254200
45.897301
46.843902
45.312401
44.199202
44.661602
43.826101
42.196302
46.262202
45.813702
44.025802
43.356201
43.483602
42.764901
41.122001
41.559802
45.171102
42.907803
42.151402
47.797501
47.930201
41.726901
45.051702
39.822102
40.449602
41.437502
42.165702
39.896802
39.272102
40.542802
40.632401
41.669901
40.222301
43.101201
40.471801
41.040201
43.314701
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19.234997
19.889598
18.520698
19.135999
21.213298
16.706398
17.800098
17.057999
15.481699
16.454999
15.159899
16.624800
18.928900
17.672599
20.094700
19.067099
14.289098
17.144800
21.268399
20.427899
19.956000
17.939400
20.537700
17.687599
17.996699
20.918999
18.640699
18.835200
20.487700
18.292399
21.230299
18.600699
21.566099
20.710498
19.062098
19.471400
18.898199
21.816299
18.741601
19.823001
20.839099
21.678400
20.982398
19.473099
20.474899
22.697699
22.970399
19.913499
23.169399
25.197699
26.002800
25.030000
24.103600
22.518300
21.998000
21.442800



H -22.606600
H -22.724700
H -21.808900
H -22.118400
H -19.734000
H -21.503400
H -21.371900
H -17.674600
H -18.553800
H -16.278500
H -16.465100
H -18.020800
H -14.597100
H -16.183200
H -17.930100
H -29.298001
H -26.994000
H -16.948000
H -24.362700
H -23.784400
H -25.484400
H -19.146800
H -18.263300
H -20.000600
H -17.757500
H -15.156500
H -13.365200
H -12.852300
H -11.502300
H -11.492000
H -10.309100
H -8.635000
H -9.767500
H -8.343600
H -11.368300
H -11.051501
H -9.460301
H -10.275501
H -14.916900
H -13.215400
H -14.199000
H -9.735900
H -10.552500
H -9.317300
H -11.904400
H -8.917101
H -8.058901
H -8.867200
H -11.261200
H -11.687801
H -10.713101
H -13.729801
H -15.572400
H -15.982000
H -14.068701
H -12.435701

42.644601 24.909500
41.175801 23.996700
43.895101 22.994900
41.323201 21.335400
41.620600 20.515000
42.824001 19.471900
44.175901 20.547300
42.531000 23.531000
41.063900 23.219700
41.248500 22.231300
43.547900 21.196300
41.993400 19.021000
43.859100 19.589200
42.468400 17.358100
44.123400 17.744800
42.828001 25.743700
41.703801 20.052000
40.129500 20.390000
44.446701 24.684900
44.728901 23.030400
44.469401 23.340100
44.409500 23.797400
44.672300 22.280900
44.955100 22.366200
45.463400 19.584000
45.104900 17.606500
42.776100 17.616200
41.801300 20.462300
40.378601 19.009099
41.901101 16.982300
42.921401 17.774800
41.235901 17.715899
39.935301 17.404999
40.643901 15.442199
40.937001 15.061800
39.979401 12.820700
42.586301 12.914900
41.914201 11.555000
40.738000 17.441200
40.330500 17.481100
40.129300 18.937600
42.558301 20.227899
41.280701 21.147399
40.858601 19.963599
44.008600 18.950200
39.863001 11.683999
40.456802 13.108999
38.880601 13.148399
38.736401 14.704500
42.889801 14.097500
44517201 12.977700
39.709401 12.632400
40.298200 15.060000
39.236400 13.697300
41.785701 10.714200
42.598301 10.404100
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H -14.535201 43.653500 13.866001
H -15.443301 42.400800 14.682901
H -13.794300 42.780400 15.218600
H -15.110100 38.135400 15.494400
H -28.299214 44.914616 19.871816
H -7.983093 43.877328 17.263857
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2.4 Liquid Water (r = 10A)

Coordinates [A]:

O -0.184000 -0.030000 -0.122000
H 0.773000 -0.030000 -0.122000
H -0.424000 0.896000 -0.122000
O 2.584000 5.688000 4.201000
H 1.696000 6.030000 4.099000
H 2.868000 5.488000 3.309000
O 4.760000 4.271000 5.235000
H 4.867000 5.172000 5.542000
H 3.849000 4.223000 4.944000
O 2.943000 8.565000 5.184000
H 2.823000 9.291000 4.572000
H 2.633000 7.795000 4.707000
O 5.409000 1.908000 8.566000
H 4.966000 2.689000 8.235000
H 5.968000 2.231000 9.273000
O 8.525000 1.529000 3.447000
H 7.901000 1.525000 4.172000
H 8.438000 0.662000 3.050000
O 0.073000 2.264000 9.147000
H -0.215000 2.835000 9.859000
H 0.818000 1.785000 9.510000
O 0.260000 6.206000 0.357000
H 0.178000 7.150000 0.499000
H -0.091000 6.064000 -0.522000
O 3.910000 4.823000 8.384000
H 3.570000 5.301000 9.140000
H 3.148000 4.370000 8.024000
O 8.122000 5.942000 2.415000
H 8.244000 5.900000 3.363000
H 7.737000 6.804000 2.259000
O 7.134000 8.252000 1.813000
H 6.566000 7.804000 1.187000
H 7.843000 8.611000 1.280000
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O 1.225000 3.745000 7.300000
H 0.940000 3.380000 8.138000
H 1.163000 3.013000 6.686000
O 0.718000 8.881000 1.260000
H 1.588000 9.163000 1.543000
H 0.227000 9.694000 1.145000
O 3.783000 0.612000 5.853000
H 3.654000 0.604000 6.801000
H 2.959000 0.950000 5.502000
O 5.814000 4.406000 2.663000
H 6.663000 4.843000 2.597000
H 5.447000 4.718000 3.490000
O 3.408000 8.092000 1.820000
H 3.488000 7.145000 1.932000
H 4.300000 8.422000 1.926000
O 5.641000 6.729000 0.057000
H 5.440000 5.866000 0.418000
H 5.470000 6.642000 -0.881000
O 4.439000 3.829000 0.045000
H 4.742000 3.836000 -0.863000
H 5.179000 3.479000 0.541000
O 7.658000 2.773000 1.030000
H 7.310000 2.095000 0.450000
H 7.859000 2.312000 1.845000
0O 0.212000 6.511000 3.369000
H -0.691000 6.774000 3.194000
H 0.696000 6.782000 2.589000
O 2.755000 5.568000 1.279000
H 3.464000 5.146000 0.793000
H 2.039000 5.635000 0.647000
O 2.402000 1.622000 0.319000
H 3.125000 2.163000 0.637000
H 2.675000 1.348000 -0.557000
O 1.827000 1.661000 3.912000
H 2.585000 1.774000 3.339000
H 1.365000 2.498000 3.867000
O 4.200000 2.188000 2.453000
H 4.729000 1.400000 2.323000
H 4.832000 2.867000 2.686000
O 6.393000 1.925000 5.507000
H 5.764000 1.224000 5.674000
H 5.854000 2.685000 5.291000
O 1.790000 3.697000 -6.902000
H 1.610000 2.800000 -6.622000
H 1.388000 4.244000 -6.228000
O 2.408000 6.193000 -8.294000
H 3.089000 6.457000 -7.675000
H 2.093000 5.353000 -7.960000
O 4.884000 1.880000 -4.941000
H 4.886000 2.397000 -5.746000
H 4.055000 1.403000 -4.964000
O 4.566000 3.591000 -6.934000
H 4.908000 4.435000 -7.228000
H 3.628000 3.739000 -6.817000
O 7.641000 7.930000 -1.814000
H 7.545000 6.990000 -1.964000
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H 8.484000 8.152000 -2.209000
O 2.772000 4.342000 -3.661000
H 2.378000 5.189000 -3.453000
H 2.084000 3.704000 -3.470000
O 9.346000 4.425000 -0.591000
H 8.656000 4.232000 0.044000
H 10.089000 4.709000 -0.058000
O 0.073000 2.264000 -9.628000
H -0.215000 2.835000 -8.915000
H 0.818000 1.785000 -9.264000
O 2.207000 8.882000 -4.138000
H 1.849000 9.547000 -3.551000
H 1.913000 8.050000 -3.767000
O 0.782000 2.371000 -3.461000
H 0.068000 2.571000 -2.856000
H 1.202000 1.595000 -3.089000
O 0.935000 9.913000 -1.719000
H 1.439000 9.334000 -1.147000
H 0.196000 10.197000 -1.181000
O 2.967000 8.056000 -0.824000
H 3.008000 7.758000 0.085000
H 3.822000 8.457000 -0.983000
O 4.908000 6.635000 -2.856000
H 4.378000 6.145000 -3.484000
H 5.577000 7.064000 -3.390000
O 5.395000 3.602000 -2.777000
H 5.301000 2.984000 -3.501000
H 4.815000 4.328000 -3.004000
O 8.161000 2.159000 -5.744000
H 7.713000 2.181000 -6.589000
H 7.528000 1.761000 -5.147000
O 7.671000 5.328000 -2.481000
H 8.261000 5.020000 -1.793000
H 6.853000 4.856000 -2.325000
O 1.588000 6.598000 -2.902000
H 0.693000 6.564000 -2.562000
H 2.127000 6.796000 -2.136000
O 2.092000 0.872000 -8.553000
H 2.739000 0.322000 -8.994000
H 2.512000 1.127000 -7.732000
O 1.845000 1.028000 -5.811000
H 1.496000 1.484000 -5.045000
H 1.514000 0.134000 -5.728000
O 9.357000 2.219000 -2.289000
H 9.296000 2.811000 -1.539000
H 10.297000 2.112000 -2.434000
O 2.517000 0.556000 -2.536000
H 3.065000 0.374000 -3.299000
H 2.582000 -0.235000 -2.000000
O 6.519000 1.203000 -0.832000
H 6.237000 1.707000 -1.596000
H 6.901000 0.406000 -1.198000
O 0.640000 -6.097000 2.707000
H 0.263000 -5.608000 1.975000
H 0.897000 -5.424000 3.337000
O 1.826000 -5.338000 7.401000
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H 1.419000 -5.197000 6.547000
H 2.718000 -5.622000 7.199000
O 6.098000 -1.123000 5.514000
H 5.923000 -2.040000 5.300000
H 5.244000 -0.765000 5.753000
O 4.679000 -6.527000 4.086000
H 3.905000 -7.067000 3.926000
H 5.409000 -7.046000 3.748000
O 0.718000 -9.894000 1.260000
H 1.588000 -9.611000 1.543000
H 0.227000 -9.080000 1.145000
O 7.102000 -3.298000 2.643000
H 7.093000 -2.565000 2.028000
H 6.182000 -3.545000 2.736000
O 2.703000 -8.076000 3.388000
H 2.096000 -7.336000 3.397000
H 3.178000 -7.986000 2.562000
O 10.088000 -3.235000 1.306000
H 10.189000 -3.438000 0.376000
H 9.188000 -3.489000 1.511000
O 8.730000 -0.716000 6.000000
H 8.984000 -0.754000 5.078000
H 7.781000 -0.843000 5.993000
O 4.713000 -8.115000 1.137000
H 5.480000 -8.227000 1.699000
H 4.791000 -8.811000 0.484000
O 4.209000 -0.533000 8.923000
H 4.946000 -1.081000 9.194000
H 4.594000 0.333000 8.784000
O 1.094000 -4.466000 4.798000
H 0.168000 -4.224000 4.788000
H 1.560000 -3.638000 4.676000
O 7.320000 -1.360000 0.746000
H 8.113000 -1.071000 0.294000
H 6.800000 -1.791000 0.067000
O 7.837000 -6.140000 0.610000
H 7.733000 -6.754000 1.336000
H 7.670000 -6.663000 -0.173000
O 9.823000 -1.014000 2.649000
H 10.718000 -0.675000 2.671000
H 9.855000 -1.736000 2.021000
O 3.462000 -5.641000 0.878000
H 3.900000 -5.098000 1.533000
H 3.947000 -6.466000 0.887000
O 0.677000 -2.852000 8.330000
H 1.007000 -3.720000 8.097000
H 1.106000 -2.646000 9.160000
O 5.273000 -4.521000 5.990000
H 4.973000 -4.645000 6.890000
H 5.167000 -5.380000 5.581000
O 1.204000 -0.945000 6.409000
H 1.036000 -1.578000 7.107000
H 0.338000 -0.739000 6.059000
O 2.811000 -2.252000 3.854000
H 2.285000 -1.871000 3.150000
H 2.735000 -1.627000 4.575000
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O 5.410000 -0.303000 2.729000
H 6.142000 -0.587000 2.182000
H 5.669000 -0.542000 3.619000
O 4.571000 -4.187000 2.734000
H 3.942000 -3.718000 3.282000
H 4.686000 -5.032000 3.168000
O 4.155000 -4.012000 -8.162000
H 4.458000 -4.903000 -8.341000
H 4.899000 -3.455000 -8.390000
O 5.347000 -5.287000 -4.948000
H 5.964000 -4.612000 -5.230000
H 4.486000 -4.878000 -5.040000
O 5.802000 -5.679000 -2.276000
H 4.905000 -5.455000 -2.029000
H 5.828000 -5.556000 -3.225000
O 4.630000 -8.808000 -3.701000
H 4.490000 -7.935000 -3.332000
H 3.748000 -9.150000 -3.846000
O 6.428000 -2.866000 -1.492000
H 6.399000 -2.461000 -2.359000
H 6.264000 -3.795000 -1.655000
0O 0.637000 -5.997000 -5.244000
H 0.801000 -6.466000 -6.062000
H 1.103000 -6.504000 -4.579000
0O 2.211000 -6.621000 -3.085000
H 1.827000 -7.262000 -2.486000
H 2.523000 -5.918000 -2.515000
O 2.207000 -9.893000 -4.138000
H 1.849000 -9.227000 -3.551000
H 1.913000 -10.724000 -3.767000
O 1.069000 -2.415000 -2.474000
H 1.179000 -3.356000 -2.615000
H 0.418000 -2.150000 -3.123000
O 9.061000 -4.144000 -1.074000
H 8.740000 -4.863000 -0.530000
H 8.387000 -3.468000 -1.001000
O 3.215000 -1.348000 -0.662000
H 4.017000 -1.027000 -0.249000
H 2.700000 -1.709000 0.060000
O 0.935000 -8.861000 -1.719000
H 1.439000 -9.440000 -1.147000
H 0.196000 -8.577000 -1.181000
O 7.989000 -7.454000 -2.185000
H 7.223000 -6.885000 -2.270000
H 8.170000 -7.746000 -3.078000
O 6.418000 -1.415000 -4.007000
H 5.880000 -0.690000 -4.326000
H 6.671000 -1.892000 -4.797000
O 9.274000 -0.179000 -3.748000
H 9.200000 0.724000 -3.441000
H 8.372000 -0.498000 -3.776000
O 0.677000 -2.852000 -10.445000
H 1.007000 -3.720000 -10.677000
H 1.106000 -2.646000 -9.614000
0O 1.166000 -1.985000 -7.707000
H 0.729000 -1.805000 -6.874000
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H 1.734000 -1.228000 -7.848000

O 3.451000 -4.574000 -1.645000
H 3.408000 -4.945000 -0.764000
H 3.582000 -3.637000 -1.505000

O 7.152000 -3.018000 -6.044000

H 6.911000 -2.751000 -6.931000

H 8.092000 -2.848000 -5.989000
O 3.290000 -1.628000 -4.526000
H 2.696000 -1.760000 -3.787000

H 3.282000 -2.464000 -4.991000
0O 2.921000 -4.262000 -5.575000
H 2.195000 -4.882000 -5.642000
H 2.982000 -3.868000 -6.445000
O 9.333000 -0.235000 -0.596000

H 1
H
o
H

IIOIIOIIOIIOIIOIIOIIOIIOIIOIIOIIOIIOI

o

0.259000 -0.471000 -0.553000
9.318000 0.592000 -1.077000
-4.362000 3.394000 6.706000
-3.541000 2.903000 6.749000
-4.329000 3.983000 7.459000
-8.151000 5.416000 1.898000
-9.090000 5.577000 1.983000
-7.832000 6.134000 1.352000
-5.931000 9.945000 2.412000
-5.492000 9.107000 2.266000
5.219000 10.577000 2.498000
-6.344000 7.038000 4.893000
-6.943000 7.762000 4.710000
-5.796000 6.976000 4.111000
-7.875000 2.638000 4.021000
-8.689000 2.139000 3.946000
-8.069000 3.478000 3.605000
-5.161000 7.010000 2.318000
-4.273000 7.322000 2.143000
-5.190000 6.137000 1.926000
-2.889000 8.321000 1.786000
-2.973000 8.752000 0.935000
-2.170000 8.781000 2.218000
-3.132000 3.819000 3.872000
-3.761000 3.923000 3.158000
-3.627000 4.039000 4.662000
-7.132000 2.823000 6.728000
-7.255000 2.841000 5.779000
-6.184000 2.870000 6.848000
-5.654000 1.540000 2.586000
-5.374000 0.697000 2.941000
-6.428000 1.772000 3.099000
-4.827000 4.096000 1.649000
-4.408000 3.909000 0.808000
-5.133000 3.243000 1.959000
-1.328000 9.008000 5.346000
-1.704000 8.241000 4.914000
-2.058000 9.390000 5.834000
-2.563000 6.491000 4.586000
-2.067000 6.258000 5.371000
-2.761000 5.652000 4.170000
-1.134000 5.127000 7.120000
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H -1.244000 4.973000 8.058000
H -0.373000 4.599000 6.877000
O -0.171000 3.729000 2.986000
H -0.966000 3.663000 3.515000
H 0.033000 4.664000 2.975000
O -3.739000 2.059000 9.436000
H -3.298000 2.003000 8.588000
-4.008000 2.974000 9.507000
-1.875000 1.690000 7.447000
-1.937000 0.746000 7.300000
-1.096000 1.798000 7.992000
-5.903000 0.439000 8.141000
-5.300000 1.011000 8.616000
-6.644000 1.003000 7.918000
-2.760000 0.841000 3.415000
-2.565000 1.740000 3.682000
-3.547000 0.610000 3.908000

O rrxozxxzxToOITITOTI

-0.072000 5.410000 -5.504000

I

-0.777000 5.799000 -6.022000
H 0.193000 6.105000 -4.902000
O -1.058000 4.779000 -8.905000
H -2.005000 4.813000 -8.773000

I

-0.733000 5.593000 -8.520000
-4.665000 6.884000 -5.953000
-5.078000 7.710000 -5.699000
-5.398000 6.299000 -6.145000
-1.140000 5.936000 -2.071000
-1.755000 6.444000 -2.599000
-1.460000 5.036000 -2.128000
-4.078000 5.996000 -3.475000
-4.928000 5.697000 -3.154000
-4.237000 6.240000 -4.386000
-6.983000 7.496000 -1.375000
-6.657000 6.663000 -1.715000
-6.195000 8.019000 -1.227000
-9.428000 4.425000 -0.591000

o
H
H
o
H
H
o
H
H
o
H
H
o
H -10.118000 4.232000 0.044000
H -8.685000 4.709000 -0.058000
0 -3.262000 1.132000 -2.505000
H -2.938000 0.400000 -1.979000
H -3.227000 0.813000 -3.406000
O -6.498000 4.863000 -5.711000
H -6.130000 4.043000 -5.383000
H -7.358000 4.923000 -5.295000
0 -2.331000 3.734000 -4.644000
H -2.834000 4.475000 -4.305000
H -1.516000 4.122000 -4.960000
O -4.496000 8.442000 -1.088000
H -3.914000 7.687000 -1.176000
H -4.320000 8.973000 -1.865000
O -6.284000 4.945000 -2.248000
H -6.973000 4.283000 -2.313000
H -5.564000 4.499000 -1.803000
0O -1.938000 8.155000 -3.794000
H -2.169000 7.926000 -4.695000
H -1.677000 9.075000 -3.840000
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O -3.499000 3.381000 -1.016000
H -2.622000 3.389000 -0.633000
H -3.487000 2.644000 -1.627000
-1.874000 7.318000 -6.606000
-2.824000 7.284000 -6.491000
-1.693000 8.228000 -6.841000
-2.787000 1.067000 -5.196000
-2.150000 1.680000 -4.830000
-2.640000 1.103000 -6.141000
-9.417000 2.219000 -2.289000
-9.478000 2.811000 -1.539000
-8.477000 2.112000 -2.434000
-6.780000 1.876000 -2.649000
-6.166000 2.194000 -3.311000
-6.235000 1.391000 -2.030000
-6.039000 0.439000 -6.323000
-6.913000 0.773000 -6.525000
-6.148000 -0.033000 -5.497000
-5.132000 2.646000 -4.938000
-5.460000 1.832000 -5.318000
-4.183000 2.603000 -5.062000
-3.739000 2.059000 -9.338000
-3.298000 2.003000 -10.186000
-4.008000 2.974000 -9.267000
-5.654000 0.619000 -0.254000
-5.767000 0.938000 0.641000
-4.837000 1.020000 -0.550000
-3.680000 -5.257000 5.545000
-3.790000 -6.200000 5.670000

o
H
H
o
H
H
o
H
H
o
H
H
o
H
H
o
H
H
o
H
H
o
H
H
o
H
H -3.683000 -4.895000 6.431000
O -5.931000 -8.830000 2.412000
H -5.492000 -9.668000 2.266000
H -5.219000 -8.197000 2.498000
O -7.822000 -3.890000 6.380000
H -7.382000 -3.148000 5.966000
H -7.883000 -3.648000 7.304000
0O -5.155000 -0.903000 3.736000
H -5.315000 -1.193000 4.635000
H -5.320000 -1.679000 3.201000
O -5.452000 -3.395000 2.296000
H -6.146000 -3.397000 1.637000
H -4.710000 -3.819000 1.866000
O -5.887000 -1.768000 6.371000
H -5.431000 -2.549000 6.685000
H -5.548000 -1.058000 6.915000
0O -1.860000 -3.599000 4.514000
H -2.503000 -4.254000 4.788000
H -2.247000 -3.194000 3.738000
O -3.471000 -4.707000 1.051000
H -3.697000 -5.424000 1.644000
H -3.861000 -4.956000 0.214000
0O -3.889000 -6.790000 2.713000
H -4.177000 -6.329000 3.501000
H -3.094000 -7.251000 2.981000
O -8.686000 -3.235000 1.306000
H

-8.585000 -3.438000 0.376000
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-9.586000 -3.489000 1.511000
-2.037000 -2.626000 9.252000
-1.912000 -1.803000 9.724000
-1.170000 -2.837000 8.904000
-2.402000 -2.133000 2.170000
-2.687000 -2.546000 1.355000
-2.600000 -1.204000 2.050000
-8.952000 -1.014000 2.649000
-8.056000 -0.675000 2.671000
-8.920000 -1.736000 2.021000
-0.732000 -4.741000 0.692000
-1.563000 -4.674000 1.163000
-0.555000 -3.851000 0.389000
-1.276000 -7.997000 3.196000

H
o
H
H
o
H
H
o
H
H
o
H
H
o
H -0.514000 -7.427000 3.302000
H -1.261000 -8.564000 3.967000
O -1.224000 -7.703000 0.353000
H -0.950000 -6.795000 0.225000
H -1.413000 -7.767000 1.289000
O -3.229000 -1.006000 6.980000
H -2.633000 -1.328000 6.303000
H -2.972000 -1.479000 7.771000
0O -1.207000 -0.693000 5.176000
H -1.032000 -1.379000 4.532000
H -1.905000 -0.168000 4.783000
0 -2.510000 -3.823000 -7.033000
H -3.194000 -3.153000 -7.041000
H -1.971000 -3.625000 -7.798000
o

-4.974000 -1.979000 -8.318000

T

-4.961000 -2.382000 -9.186000
H -5.527000 -1.204000 -8.422000
O -3.975000 -1.844000 -5.265000
H -4.452000 -1.037000 -5.458000
H -4.659000 -2.496000 -5.112000
O -0.992000 -4.892000 -3.036000
H -0.866000 -5.130000 -3.954000
H -0.950000 -5.723000 -2.564000
O -7.130000 -1.189000 -4.466000
H -6.616000 -1.278000 -3.664000
H -7.973000 -0.843000 -4.173000
O -8.023000 -4.637000 -3.259000
H -8.008000 -5.569000 -3.477000
H -8.730000 -4.551000 -2.620000
O -1.812000 -7.997000 -3.912000
H -2.537000 -7.404000 -4.109000
H -1.284000 -8.004000 -4.710000
O -8.589000 -2.996000 -6.165000
H -7.945000 -2.790000 -5.487000
H -8.227000 -3.757000 -6.618000
O -5.542000 -4.193000 -4.243000
H -5.207000 -3.606000 -3.565000
H -6.462000 -4.324000 -4.013000
O -2.037000 -2.626000 -9.523000
H -1.912000 -1.803000 -9.050000
H -1.170000 -2.837000 -9.870000
O -6.723000 -5.240000 -0.715000
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H -7.329000 -5.217000 -1.455000
H -7.027000 -5.972000 -0.178000
O -5.293000 -1.512000 -2.104000
H -4.340000 -1.597000 -2.154000
H -5.440000 -0.848000 -1.430000
O -3.643000 -5.723000 -1.628000
H -2.902000 -5.386000 -2.131000
H -4.406000 -5.554000 -2.181000
O -4.969000 -7.672000 -3.092000
H -4.554000 -7.517000 -2.243000
H -5.903000 -7.546000 -2.930000
O -9.500000 -0.179000 -3.748000
H -9.574000 0.724000 -3.441000
H -10.402000 -0.498000 -3.776000
O -1.972000 -2.483000 -3.419000
H -2.572000 -2.424000 -4.162000
H -1.843000 -3.423000 -3.289000
O -3.287000 -5.758000 -5.321000
H -4.101000 -5.328000 -5.059000
H -2.880000 -5.146000 -5.934000

(e}

-0.362000 -0.999000 -5.243000
H -0.856000 -0.602000 -5.961000
H -0.971000 -1.624000 -4.850000
O -2.678000 -0.357000 -7.965000
H -3.138000 0.395000 -8.339000
H -3.307000 -1.076000 -8.023000
O -9.442000 -0.235000 -0.596000
H -8.515000 -0.471000 -0.553000
H -9.457000 0.592000 -1.077000
O -2.874000 -1.008000 -0.772000
H -2.081000 -1.503000 -0.979000
H -2.581000 -0.329000 -0.164000
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Abstract: Nonadiabatic molecular dynamics (NAMD) simulations of molecular
systems require the e cient evaluation of excited-state properties, such as ener-
gies, gradients, and nonadiabatic coupling vectors. Here, we investigate the use of
graphics processing units (GPUSs) in addition to central processing units (CPUS) to
e ciently calculate these properties at the time-dependent density functional the-
ory (TDDFT) level of theory. Our implementation in the FermiONs++ program
package uses the J-engine and a preselective screening procedure for the calcula-
tion of Coulomb and exchange kernels, respectively. We observe good speed-ups for
small and large molecular systems (comparable to those observed in ground-state
calculations) and reduced (down to sublinear) scaling behavior with respect to the
system size (depending on the spatial locality of the investigated excitation). As
a rst illustrative application, we present e cient NAMD simulations of a series of
newly designed light-driven rotary molecular motors and compare their; $ifetimes.
Although all four rotors show di erent S; excitation energies, their ability to rotate
upon excitation is conserved, making the series an interesting starting point for ro-
tary molecular motors with tunable excitation energies.
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ABSTRACT: Nonadiabatic molecular dynamics (NAMD),, __Exchange of Transition Densities
simulations of molecular systems require theeet _
evaluation of excited-state properties, such as enetgigs, - @GPU

[4%

gradients, and nonadiabatic coupling vectors. Hereg w
investigate the use of grap_hlcs processing units (GPUé)WI AU
addition to central processing units (CPUs) taiently = @GPU
calculate these properties at the time-dependent degsity
functional theory (TDDFT) level of theory. Our implemef-
tation in the FermiONs++ program package uses the J-eng?rle 500 1000 1500 2000 2500 3000 3300 400 LS Simulation:

and a preselective screening procedure for the calculation of Numberiof Baeis Functions 1 Day @ 4 GPUs

Coulomb and exchange kernels, respectively. We observe

good speed-ups for small and large molecular systems (comparable to those observed in ground-state calculations) and reduc
(down to sublinear) scaling behavior with respect to the system size (depending on the spatial locality of the investigated
excitation). As arst illustrative application, we presemient NAMD simulations of a series of newly designed light-driven

rotary molecular motors and compare thdifemes. Although all four rotors showedint $ excitation energies, their

ability to rotate upon excitation is conserved, making the series an interesting starting point for rotary molecular motors with
tunable excitation energies.

=

1. INTRODUCTION coupling vectors (NACV$)?° have been implemented to
provide access to molecular properties at the TDDFT level of
theory. Having excited-state energies and properties at hand,
{rajectory surface hopping (TSH) is a straightforward way

to conduct nonadiabatic molecular dynamics (NAMD)
ulations including several electronic states.

espite many advances in telel of NAMD? **and their

Nonadiabatic processes sush efectronic excitatiohs,
radiationless transitiongnd electron transfeare of key
importance in chemistry and biology. One of the mos
prominent examples in thesdds is the rhodopsin protein,
whose chromophore undergoes a photoisomerization Wh@FB

exposed to light. This energy conversion of light to AN Vi . .

mechanical motion has inspired chemists to design synthéﬁr@ad _eld of .appllc_atlo?f’, it remains dicult or even

light-driven rotary molecular motdtstor which Bernard |mpo$S|_bIe to investigate large molecula_r systems. _The reason

Feringa was awarded the Nobel Prize in chemistry in 20 @r this is that TSH requires, because of its stochastic nature, a

together with Jean Pierre Sauvage and Sir James Fradie set ofmdependenttrajectorles including many time steps,

Stoddarf. The description of theses nonadiabatic processes'{dlIch involve expensive (even at the TDDFT level of theory)
gxcited-state energy and property calculations. One way to

an ongoing challenge in modern quantum chemistry (e.qg., ) . . . o
8). This is mainly due to the fact that (1) excited states have gcCcelerate NAMD simulations is the use of exciton fmodels.

be taken into account and (2) the dynamics of the nuclei ne¢gOther approach is the use of graphics processing units
to be considered. (GPUs)_ln addition to central processing units (CEUS) for the

To tackle the rst challenge, several quantum-chemicaflculations. It was shown that this leads toca t%%peed-
methods have been developed. Examples include the compttié for ground-state energy and forces eval asd
active space self-consisteeld (CASSCF) methdd the was al_so gfggessfully applled_ t_q excngd-state energies and
algebraic-diagrammatic construction (ADC(2)3everal ~ Propertie Sa60 as well as ab initio multiple spawirig
coupled cluster methods (e.g., Cjé%nd time-dependent @nd NAMD™" simulations. , , ]
density functional theory (TDDFT3'° The latter serves In this Work_, we present eient NAMD simulations with _
(despite its well-known limitations using tsddync- TDDFT energies, gradients, and NACVs calculated on hybrid
tional$*'“¥) as a good compromise betweemrte and
accuracy>'® As a consequence of this, not only excited-statBeceived: August 29, 2019
energies but also excited-state gratiead nonadiabatic  Published: November 25, 2019

ACS Publications  © 2019 American Chemical Society 6647 DOI:10.1021/acs.jctc.9b00859
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CPUI/GPU_architectures using the FermiONs++ program , ., , <2t
package’ °? We start with a brief summary of the theory ; =S— .
behind TSH as well as TDDFT energies, gradients, and &

NACVs in Section 2and discuss their implementation on a= cé ()
GPUs, featuring the hybrid CPU/GPU engif@r the two-
electron integrals as well as the preselective screenthd random number between zero and one expeeels the
procedure for the evaluation of exchange keétngls. MD simulation is continued on the potentlal energy surface of
Computational details are giverSiection 3In Section 4  StateJ and the nuclear velocity is rescaled alpng,

we discuss the accuracy and the performance of our GPgPservables (e.g., lifetimes of states or relaxation pathways)
based excited-state routines, investigating the scaling of 6@ P& drawn from ensembles of trajectories usirgrentli
integral evaluations and contractions. We show timings f3ft Of random numbers. In the following sections, we will
selected molecules containing more than 500 atoms. AsP4e Y summarize the calculation of the necessary ingredients
prototypical application, we investigate the photoinduce@ 1SH (excited-state energies, gradients, and NACVs) at the

rotation of four newly designed rotary molecular motors Vi%lme-dependent density functional theory (TDDFT) level of

t
dt 9{ahHy}

NAMD in Section Sfollowed by a conclusion and an outlook. N€0ry- _ L .
P y 2.2. Excited-State EnergiesExcitation energies can be
2 THEORY calculated from linear response TDDFT by solving the

i ] ) ) ) TDDFT or the random phase approximation (RPA)
All equations in this section use the standard notation fasquatiof*®>¢?

orbitalsi, j, k... denote occupied b, c.. denote virtual, apd

g, r... denote arbitrary molecular orbitals, while ... denote B 1 0 B
basis functionk.J ... denote derent electronic stateg.and BT S1RY
f.c are the rst- and second-ordexchange-correlation

functional derivatives, respectivglis the amount of exact A + B are the orbital rotation Hessians
exchangeF and S are the KohnSham and the overlap

(4)

matrices, respectivelyis the ground-state density, &nig (A+ Bligp= b o5 )i +2(idih + 2
the one-electron core Hamiltonian matrix. The two-electron ~ L. .
integrals are written using Mulliken notatigr).(Superscript Scl(jaip + ( apyi ®)

denotes derivatives with respect to the nuclear coordinates,, , _ & e
and* andt symbolize complex conjugation and adjungation, (AS B)iaip= jjab oS )+ cl( j&id+ (ab]] (6)
respectively. For the sake of simplicity, we use the same sympgh , being the energy of orbital X, and Y, are the
for matrices in the atomic orbital (AO) and molecular orbitakyansition densities for excitation and de-excitation, respec-
(MO) bases with derent indices (e.@2, VSFy). tively. Neglectingd is known as the Tamrdanco

2.1. Trajectory Surface Hopping. In nonadiabatic  approximation (TDA) of TDDFT: simplifyingeq 4to
molecular dynamics (NAMD), the electronic time-dependent

wave function of the system is assumed to be a linear A% = 14 )

combination of the time-independent electronic wavelease note thatqs 4and 7 are equivalent to the time-
functions of the individual electronic states weighted by thgspendent Hartre€ock (TDHF) and corguration inter-

state amplitudes)( action singles (CIS) equations, respectively, gtisnset
equal to 1 and all exchange-correlation terms are neglected.
(x {1, 0)= G(H (OO TDA is computationally less demanding than TDDFT because
! @ fewer two-electron integrals have to be evaluated. It may also

wherex represents nuclear coordinates ahis {the set of be more suitaple ]‘or NAMD simulations because it is more
electronic coordinates. Having the state energiesee  Stable (regarding its convergence) and thus typically delivers
Section 2)pand nonadiabatic coupling vectors (NAGVS, petter r(_asultfs, than TDDFT in the vicinity of conical
seeSection 2)lat hand, it is possible to propagate the statdntersections involving the ground state. ,
amplitudes along with the nuclei during the molecular 1PDFT is nowadays widely used for the calculation of

dynamics (MD) simulation using a unitary propagator: excitation energies, being a gBOOd compromise between
accuracy and computational Co%t. Shortcomings are,
ct+ 9§ Wt+ td) however, the inability to calculate double excitations and the
poor description of charge-transfer excitattth3o tackle
Ut t+ 1) = eXPM!(t) + H(t+ 9 ti the latter, range-corrected functionals (897°) have been
' 2 introduced.
¢ 2.3. Excited-State Energy GradientsTo determine the
Hy= eXps () dt gx. L) energy gradient of an excited dtatme has to calculate the
0 (2) change in the excitation energy with respect to the nuclear

coordinates (;). The nal equation in the AO basis has been

Here, ; is the energy dérence between two stateg ( derived by Furche et'al

1)- The applied t for the propagation afis normally 3
orders of magnitude smaller than the time step of the MD | = (h P § s W+ YO b
simulation gt).31 In the fewest-switches surface hopping

algorithm’**' cis used to calculate the probahiity}* ! of
. : + (1) "o+ f<OR R
the system switching from its current $teienother staté |
at every time step: (8)
6648 DOI:10.1021/acs.jctc.9b00859
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The calculations of the relaxecedénce density matrii), However, trajectory surface hopping (TSH) simulations using
the energy-weighted dience density matri¥V(), and the NACVs with and without ETFs lead to nearly identical results
two-particle dierence density matrix,Y are shown in the  for larger molecular systéms.

Appendix. Therst two require an iterative solution af-a 2.5. Graphics Processing Units.Graphics processing
vector equatiotl.R, is X, + Y, or X, in the case of TDDFT or  units (GPUs) signcantly accelerate quantum-chemical
TDA, respectively. calculations because they allow for atieat evaluation

2.4. Nonadiabatic Coupling Vectors. The NACV and contraction of two-electron integrals 19 and their
between two statesgndJ is de ned as derL\/6at5i;/es with respect to the nuclear coordinatgs (

16).
ra= 9) 9
M = M( )

It thus describes the change of the overlap of the wave
functions offl andJ with respect to the nuclear coordinates.

The rst formulation of the NACV involving the ground state  K(M) = M(C |)
( o ) derived by Chernyak and Mukalwtas corrected for (15)
nite basis set ects by Send etZlin 2010:
0 | = [h PSS s W+ &()ﬁ J(N, M) = NM( |)
+ (1) ® + gAa a K (N, M) = NM( |)
(10) (16)

Equations for the density matrideg (W, and ) are again ~ JandK denote the Coulomb and exchange parts, respectively,
given in the Appendix. They can be calculated directly froand M and N denote general density matrices. For the
the TDDFT transition densities so thatZwector equation ~ Coulomb part, large speed-ups can be observed when the J-
needs to be solve8A denotes an antisymmetric overlap enginé*’*is applied to the rearranged shell-paif' d@tasee
derivative comparable speed-ups for the exchan%ée part, we apply an

A s additional preselective screening (preLlifiK):

- (11)

. VO I *xIM IxJC 1) e
whereas, is dened as 17)
=L
o I (12)

. . . K(M) N pre (18)
with L, beingX;, Y, or X, in the case of TDDFT or TDA,
respectively. It determines the sigeant shell pairs (those with an expected

The calculation of NACVs between two excited states haslue above the given thresholgsand ) before their
been tackled by many publications showing expressions badistribution to and calculation on the GPUs. The two-electron
on linear and quadratic response atrdnt levels of integral evaluation can be done even mariemtly when the
theory?>?62%%6 71 The main conclusion is that the use of workload is spread among both GPUs and €PUs.
guadratic response theory leads to unphysical poles when th& ground-state calculatioksandN are solely the ground-
energy dierence between excited states matches the excitatigtate densityR), whereas for excited staldsand N can
energy of another stafe’° The use of linear response theory additionally b&, R,, orL,. However, the discussed procedure

or the so-called pseudowave function approach is (shell pair rearrangement, J-engine, and preLinK) is still valid
therefore recommended. The resulting equation in the A@nd can easily be adapted to excited-state routines when
basis is as follows: keeping in mind tha#l is not always equal fband may be

nonsymmetric.

— 1 J & |
3= —PB [h PPS s W+ ¥OH 3. COMPUTATIONAL DETAILS

. 3.1. General Remarks.The FermiONs++ program
5 o)l o A D packagé€ °* was used for all calculations presented in this
+ (1) + f/RTR § work. It was compiled using the Intel compiler (261&)d
the Intel Math Kernel Library (MKL). Routines on AMD
13) GPUs were compiled with the AMD APPSDK compiler. In

Equations for the density matridds W, and ) can again  addition, LibXC librar v4.6517 was used. In all calculations,

; iy we used the gm5 gridwith the modied Becke weighting
be found in the Appendix; is dened as scheme described in 7 and tight thresholds for the SCF
1 #(RL,+ L'R) i 0 convergence {cr = 107 using the FP-commutator), the

5= = g integrals (nt = 1019, and the Z-vector equation
2 N 0 R+ LRy (14) convergence { = 10 °%). Throughout all calculations, we

neglected the symmetry of the molecules and solely calculated
It was shown by Fatehi efathat the antisymmetric overlap singlet excitations. Excited-state energies, gradients, and
derivativesgg 1) introduce translational variance into the nonadiabatic coupling vectors (with electron transition factors)
NACYV calculations. Neglecting these termgsriGnd13is at the TDDFT level of theory were calculated esjag} 8,
equivalent to adding electron-translational factors (ETFs)0, and13, respectively.

6649 DOI:10.1021/acs.jctc.9b00859
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Table 1. Mean Absolute Errors (MAE, in Atomic Units) of Excitation Energigg Gradients ( ), and Nonadiabatic
Coupling Vectors (; ;) of Protonated Formaldimine (I) and the SchBase of Retinal (Il) Calculated at the PBEO/def2-SVP
Level of Theory on GPUs, Employing the preLinK Scheme and Usingr&it Thresholds for preLinK (), the preLinK
Gradient ( ), and the TDDFT Convergence {pprr)

screening thresholds and convergence criteria

pre 103 104 104 10° 105 105 105 105
pre 10 0% 0% 10 1t 10 1t 10° 10 0%
TDDET 105 105 108 106 107 107 107 107
I
MAE( ) 22x 104 22x 104 8.8x 10° 8.8x 10° 2.3x10° 2.3x10° 2.3x10° 2.3x10°
MAE( ) 5.8x 105 5.8x 105 3.7x 10° 3.7x 10° 6.5x 106 6.7x 106 6.6x 106 6.5x 106
MAE( o 1) 57x 104 57x 104 1.2x 104 1.2x 104 9.2x 10° 8.8x 10° 9.1x 10° 9.2x 10°
MAE( ; ») 1.0% 103 9.1x 104 47x10* 47x10* 2.8x 104 9.2x 104 55x 104 2.8x 104
]
MAE( ) 1.9% 104 1.9%x 104 9.6x 10° 9.6x 10° 1.1x 10° 1.1x 10° 1.1x 10° 1.1x 10°
MAE( ,) 2.8%x 105 2.8x 105 1.2x 10° 1.2x 10° 3.1x 106 3.8x 106 3.2x 106 3.1x 106
MAE( o 1) 1.7%x 1083 1.7x 108 7.5x 104 7.5x 104 2.0x 104 2.0x 104 2.0x 104 2.0x 104
MAE( ; ,) 8.9x 104 8.9x 104 3.8x 104 3.8x 104 1.1x 10* 1.2x 104 1.1x 10% 1.1x 10%

@A calculation on CPUs withpper = 10 7 and without CFMM or preLinK is used as a reference. Throughout this work, we will use accurate
((pe=10% Le=10% and rpper = 10 9) or tight thresholds (o= 104 ,e=10 and tpper = 10 9).

3.2. Preparation and Calculation of Systems |, II, I}l at the B97%def2-SVP level of theory. Excited-state
IV, V, VI, and VII.To illustrate the performance and/or properties and timings were calculated at the TIRAT
accuracy of our implementation on GPUs, we use protonateef2-SVP) level of theory using accurate threshgjds (
formaldimine 1), the Schi base of retinalll(), a series of 103 =10 and 1pper = 10 °). NAMD simulations
linear polyethynedl(;) and dialkylethene®\,), a motorized = were conducted at the same level of theory. The propagation of
nanocar (withoutwheel§ v),79 and one Y1) and three the nuclei was calculated using the Velocity Verlet
(VIl) pores of a covalent organic frameWaak example algorithn*?* The extended Lagrangian metfiddr the
molecules. The structured df, andV have been optimized €xtrapolation of ground-state density was used to accelerate
at the PBEG ®Ydef2-SVB>*° level of theory, whild , and SCF convergence. Transition densities and relageshde

IV,, have not been optimized to maintain their linear structure§ensities of the previous step were used as guesses for the TDA

VI and VIl have been prepared according to8fefAll andZ-vector equation, respectively. _
structures are availabléntips://www.cup.uni-muenchen.de/ ~ Twenty initial geometriesnd velocities (available at
pc/ochsenfeld/download/ https://lwww.cup.uni-muenchen.de/pc/ochsenfeld/download/

TDDFT energies and properties, df, Ill , IV,, V, VI, and ) were drawn from a 5 ps ground-state NVT simulation (200 fs

VIl were calculated at the PBEO/def2-SVP or PBE/def2-Tzvpauilibration, 0.2 fs step size, velocity rescaling thetinostat

level of theory. We used tight thresholds for preLigk=( at the same level of theory. From each initial condien,
10 4, the preLinK gradient = 10 19, and the TDDFT independent (derent series of random numbers) NAMD

convergence {pper = 10 9). Forl, II, 11l IV,, V, VI, and simulations were conducted for 1 ps (0.2 fs step size) without
. il il n n ’ Ll

VII, four, six, ve, three, six, seven, and seven states were talge?"r:'r:':r?t'?% Ehteerdmo.";taltétortgtegog‘z\rtegcgrcor;gc"'g?*tséar“ng
into account, respectively. st excited singlet state)( very step

When investgaing the accuracy, e use 3 il 20on, e overal ot and vansiter of e ol
. . — 7 . 7
performed on CPUs with tight thresholdger=10 ") as a whereas only the coupling vector from the ground state to the

reference. To allow for a fair comparison, we employed th(la . .
. . q . st excited state was calculated and used for the propagation
continuous fast multipole method (CFMWM§ and the LinK of the state amplitudesq( 3 and the calculation of the

schem®&®° for Coulomb and exchange kernels (and their_ i,

derivatives) on CPUs when comparing CPU and Gpljmppmg probabilitye(] 3.
performance. Coulomb and exchange kernels on GPUs wgrepERFORMANCE
calculated with the J-endit{é and the preLinK schente}

respectively. Timings of integral evaluations and entire routingtsﬁ%]éAce?%?SCy;ndelgi;(ézrjgigfévvi:grtiévsl'thaann danarlgls(lasrties
were determined as an average over independent 9 prop

calculations on two Intel Xeon CPU E5 2640 v4 @ 2.2 troduced by their calculation on GPUs and the use of the

. 52 . . . .

GHz (20 threads) CPUs and four AMD FirePro 3D W8100 reLinK schemé’? for integrals and integral derivatives.
GPUs. The scaling behavior is determined as the slope of the o
corresponding lodog plots Supporting Informatiprusing H{_~ = H
the timings ofll , and IV,, with n = 40, 50, 75, 100. The WH HM
parallel eciency is determined as the ratio between the
measured and ideal speed-ups. M, v,

3.3. Preparation and Calculation of the Rotary
Molecular Motors. The structures of the four rotary Figure 1. Structures of the linear polyethynes,Xlland
molecular machine€,(N, S, andO) have been optimized dialkylethenes (Y.

n-1

6650 DOI:10.1021/acs.jctc.9b00859
J. Chem. Theory Comp@019, 15, 66476659



Journal of Chemical Theory and Computation

E-8 J(P)@CPU

®-® J(X+Y)@CPU

10 H

V¥ J(P)@GPU
AA JX+Y)@GPU

Computation Time [s]

1000

1500

Number of Basis Functions

—~
(gl
N

2000 2500 3000 3500 4000

(b)

[S]
f=]

Computation Time [s]

P
=

(o]
=]

[\~
(=)
T

E-B K(P)eCPU
®-® K(X +Y)@CPU

V¥ K(P)@GPU

A4 KX +Y)@GPU

0 500

1000

1500

2000 2500 3000 3500 4000

Number of Basis Functions

E-H 'J<(P,P,;@CPU l ' v 'J{(P.P,)I@GPU i _ E-E 'Ki(P.P,I)@CPU : I v II«(P.P,;@(}PU l
w100 ||®-® JX+Y.X+Y)@CPU A4 J(X+Y.X+Y)@GPU 2 0 ®-® K(X+Y,X+Y)@PU A4 K(X+Y. X+Y)@GPU ||
[ - o 60 E
g s} 1 £
& & 50 ]
g //’ =1
2 60 s E _g 40 E
8 22" Sl
3 40 F x5 . = J
=1 e e =]
: Sl Hl -
o Np M e l S} T
| il
0 A s —a 0
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000

Number of Basis Functions Number of Basis Functions

Figure 2.Timings of (a, ¢) Coulomb and (b, d) exchange integral evaluationsdd,and their derivatives with respect to the nuclear
coordinates (c, &g 16 of polyethynel(l ) withn=1 100 calculated at the PBEO/def2-SVP level of theory on CPUs (dashed lines) and GPUs
(solid lines). For details on the calculations and the computational s€tapfises 3.4nd3.2

Therefore, we compare calculations of the smallesh&szhi The e ect of the preLinK gradient thresholg.d on the
(protonated formaldimine, GNH3, 1) and the Schibase of  error is not straightforward (right sideTable ). However,
retinal (GHsdN*, II) with GPUs and preLinK to calculations we recommend it to be at least as tight as the integral threshold
on CPUs without prescreening or the continuous fast t = 10 9. Because the dirence betweern, = 10 n
multipole method (CFMM). (For computational details, seeand . = 10 10 is negligibly small, we apply the latter
Section 3.2 The mean absolute errors foredént thresholds  throughout this work.
are listed imable 1 4.2. Scaling with the System SizeTo compare timings

The choice of the preLinK threshold, for excited-state on CPUs and GPUs and to investigate tleetee scaling
calculations should always depend on the applied convergehebavior of the excited-state integral routines on GPUs, we use
threshold for the TDDFT equationtfper). If the chosen  integral timings of linear polyethyriis)and dialkylethenes
threshold is too loose, then the iterative solution of th€lV,) (for structures, seegure ). In Figure 2we compare
TDDFT equation does not converge (especially for larg€EPU and GPU timings of Coulomiriqure a,c) and
molecular systems), while g that is too tight does not exchangeRjgure b,d) calculations at the PBEO/def2-SVP
improve the result whenpper is not adjusted accordingly level of theory. We show contractions of the ground-state
(Table ). The latter is also attributed to the smadice of density § K(P)), the transition density of thest excited
preLinK on these relatively small systéiisin our state ¢ K(X; + Y;)) (Figure a,b), the integral derivatives
calculations with the FermiONs++ program package, theavolving the ground state and the relaxedtatice density of
“‘ideal 4. is 2 orders of magnitude larger thagper. A the rst excited statd (K (P, P,)), and the transition density
tightening of these two parameters (left sidéabfe ) of the rst excited stateJ(K (X; + Yy, X; + Yy) (Figure
systematically leads to smaller errors. However, the errors2md). The same integrals are showRignire 3 where we
the coupling vectors of the large system do not fall befow 10compare the timings bf , andIV, on GPUs. The ective
a.u., marking the numerical limit of these second- to thirgcaling behaviors of the integral evaluations are shown in the
order properties. The use of the tight thresholgg{ = Supporting InformatiorDe nitions of the integral contrac-
10§, pre= 10 4 should thus, in general, be sient because tions are given ieqs 15and16. Details of the calculations are
all errors are below fGa.u. A looser preLinK threshold,{ given inSections 3.4nd3.2
=10 a.u.), which is expected to gikkaccuracy for ground- For the Coulomb and exchange kernels of the transition
state properties, is still accurate for excited-state properties aetsities, we observe similar speed-ups (up to a factor of 5) as
could be used in extensive application calculations such fasthe ground-state kerneéfsgiure a,b). The accelerations of
NAMD simulations, where observables are determined #we gradient kernels stem (nearly exclusively) from their
ensemble averages. Coulomb part, which is extremelycient on GPUsKigures
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Figure 3.Timings of (a, c) Coulomb and (b, d) exchange integral evaluationsdd,and their derivatives with respect to the nuclear
coordinates (c, &q 16§ of polyethine (ll}, solid line) and dialkylethene {Idashed line) with=1 100 calculated at the PBEO/def2-SVP level
of theory on GPUs. For details on the calculations and the computational setafipsee3.and3.2

2c). We also see minor speed-upKfox; + Y, X; +Y,)
(Figures @). The evaluation oK (P, P;) is signicantly

currently developed for GPUs in our g
molecule I{l,,0, a speed-up of two for the entire

lations of the ground-state and excited-state energy a

Upor the largest

double bond instead of a conjugated system is excited. This
leads to massive speed-upguie P of the excited-state
slower because the GPU routine has to be called twice. Thisi&change integrals and reduces their scalingcasityi

due to the fact that the analytical exchange evaluation @Bupporting InformatipnFor the exchange integral deriva-
GPU$® °* does not exploit the full symmetry of the two- tives, we even observe sublinear scaling behavior as a result of
electron integral. Please note that this problem can be solM@@ preLinK screening. Theeet on the Coulomb integrals is

by applying a seminumerical exchange scheme, whichsjgaller, mainly because of the fact that these routines take only
a few seconds even for the largest investigated molecules.

He 3 , ) ) 4.3. Example Calculations.To demonstrate the applic-
determination of an excited-state gradient involving Calcklbility of our excited-stateroperties routines in the

rmiONs++ program package- we study four molecules

gradient is observed. Here, it should be stressed that t¢ interest in modern excited-state research and show their

linear algebra and the evaluation of the exchange-correlatmﬂings at the PBEO/def2-SVP and PBE/def2-TZVP levels of

kernels are performed entirely on CPUs.

When comparing the ective scaling behavior of the
Coulomb integrals dfl ,, (Supporting Informatipnone can

the scaling of the CPU integrals. This is due to the form
quadratic scaling of the J-engine employed on GPUs, .
comparison to the (asymptotically linear scaling) CFMMEXPOSed to light.

theory on GPUsTable 3. We investigate the Scluase of
retinal (1), a model system of the chromophore in rhoddpsin,

grpanocé? (V) using a rotary molecular motor, and ofig (
nd three YII) pores of a covalent organic frameork,

Y¥hich catalyze the formation of hydrogen from water when

Details of the calculations and the

method. This larger scaling behavior is, however, irrelevantc@§Putational setup are again listegeirtions 3.and3.2
the prefactor of the routines is greatly redueedré 2,c).

The scaling of the exchange integrals is slightly reduced

exploiting the preLinK method on GPUs. We obsehe : app
and 1.0 scalings for the integrals and the integral derivatividth exact exchange (e.g., PBEQ) or triplesis sets. In our
examples, the calculations of excited-state properties at the

of these system sizes, respectively.

Table 2shows that with the presented implementation on
@gUs, excited-state properties and dynamics become acces-
sible even for large systems and when applying DFT methods

The excitation ifil , is delocalized over the entire molecule, PBE/def2-TZVP level of theory are even faster than at the
leading to similar scaling behavior for the ground-state amBEO/def2-SVP level of theory mainly due to the fast
excited-state properties. To show the performance of a syst€aulomb contractions discussed above. The only exception
is t( 1) of VI, for which the Z-vector equation converges

with local excitation, we also investibgtewhere only one
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Table 2. Molecular Structures and Computational Timtgs)) of the Schi Base of Retinal (Il), a Motorized Nanocar (V),
and One (VI) and Three (VII) Pores of a Covalent Organic Framework, Calculating Ground-State EnEgpesd(
Gradients &), Excited-State Energies () and Gradients (,), and Nonadiabatic Coupling Vectors () at the PBEO/def2-
SVP and PBE/def2-TZVP Levels of Theory on GPUs

E:&%?
% gﬁ* % ﬂﬁ*ﬁ\bg:
Fo "ﬁ%ﬁ‘
I1

VI \%

Il Y, VI Vi
formula GoHaN* CsiH2eS CraH10N3z0 Ca1H21Neo
Natoms 51 81 276 594

PBEO/def2-SVP
t(Ep)/step 1.3 4.4 17.8 67.7
t( p/(step and state) 1.6 6.3 34.4 179.5
t(Ep) 12.36 54.5 140.9 334.3
t( 9 65.4 247.9 668.4 1392.6
t(o 0 24.3 123.4 375.2 914.8
t(1 2 82.7 349.4 959.0 1858.0
PBE/def2-TZVP
t(Ep)/step 1.8 15 51.5 272.6
t( ,)/(step and state) 2.1 17 30.2 95.3
t(Ep) 6.0 5.2 65.3 241.9
t( 9 52.5 47.9 576.7 1942.9
t( o ) 12.3 10.1 124.4 377.0
t(1 2 56.1 52.7 523.2 1060.3

3Please note thH{Ey) andt( ;) are given per step (and state). For details on the calculations and the computationaBsetiqnssa@eand
3.2

(a) (b)
1.0 Fil— R N i 1.0 [ ¥ - v
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Figure 4.Parallel eciency of selected GPU integral routines for the calculationdl oéndVI. The computational time of the integral
evaluation using four GPUs is given in parentheses. For details on the calculations and the computati@witsetup, see

slowly at the PBE/def2-TZVP level of theory (seven instead algebra and the evaluation of the exchange-correlation kernels

four iterations). are performed entirely on CPUs. The entire calculatiins of
When comparing CPU and GPU timings of the entireandVIl at the PBEO/def2-SVP level of theory tdkmin and

calculations, we observe speed-ups of three and eight for 5 h, respectively, enabling NAMD simulatiotisafd the

andViIl, respectively. This clearly shows that the use of GPWslculation of excited-state propertiegliobn a reasonable

becomes more attractive with increasing system size, wheretiime scale and yet good accuracy.

integral evaluations dominate the overall computational time.4.4. Scaling with the Computational Resources.In

However, even for relatively small moleitulee already  Figure 4 we show the parallel @ency ofYK(X, + V)

obtain a speed-up of two. These speed-ups exclusively s{grigure &) andJ/K (P, P) (Figure #) forll, VI, and rotary

from the Coulomb and exchange calculations as the linemwolecular machir@ (C,H.4N), which will be investigated
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in the next section using up to four GPUs. The Coulomb
integrals ofll and C are not analyzed because their - —
computational time is too short. = = -

Figure 4again shows the suitability of GPUs for large
molecular systems. For the time-consuming integral evalua-
tions ofVI, we observe a nearly perfect scaling of >0.9. This
also indicates that adding even more GPUs will still lead to
decent speed-ups of the calculations. The parallehey
observed in the case of the smaller molecules is lower but still I -
remarkable considering that some computational times are
<1 s. This strong scaling makes the use of GPUs also attractive C N S )
for small to medium-sized molecules, as shown in the rotary

molecular machine example presented in this work. Figure 6.Singlet excitation energies of the four rotary molecular
machines, N, S andO) calculated at the TDA (wB97/def2-SVP)

level of theory. For details on the calculation§estien 3.3
5. ILLUSTRATIVE EXAMPLES: ROTARY MOLECULAR

MACHINES

. . . . Inf;
As a prototypical example, we investigate the properties an
the dynamics of four newly designed rotary molecular
machines. For structures andhd@®ns, se&igure 5 Similar
to previous ab initio studigs®* our machines contain a C
N* motif, which is also present in the chromophore o

rhodopsin. Upon excitation, the molecule should rotate aroury A Lo
- . ergies increasB < C < N < O) and the directions of the
the central CC double bond. Theuoride substituent should adients and NACVs change slightly. This is due to the

. . : ; r
accelerate this rotation because of the steric repulsion, Whe%lagrent electronegativities of the substituents §< N <

the pgckerlng of the. sni-Amembered rng shpulnénpe the 0) and the fact that S, N, and O atoms have free electron pairs.
direction of the rotatict’** Here, we want to investigate the To study their eect on the light-induced rotation, we
in uence of the; atom'orgroup).(adjacent to the central doubkeonducted NAMD simulations (105 trajectories fo} each
g?_lnd I(\)lrlll thSe I|ghé—dgven r)c()taguon totnl the '{lnoleculed (\;Ve us'f’otor). InTable 3we list the percentage of the trajectories that
2 " ’I , an as enoted @sN, S and O, showed a rotation Y as well as the ratio of clockwise and
respecuvely. . . counterclockwise rotation3. (The direction of the rotation
When calculating the excne_d-state properties and dynam been determined using the dihed(&ke the&upporting
%f the rotary molegularTnBaA%Qizesdlwe swgcgetot_the ZTS‘mmlnformationfor plots.) The time-dependent occupation of the
anco approximation ( - AS discusse ction 2, lig(state (calculated as an average over all trajectories) and

this accelerates the calculation and leads to more sta F) for the trajectory with the fastest rotatio,df, S,
trajectories close to conical intersectiti#h comparison of S dO, respectively, are showrFigure 7 ”

the excited-state_energies and_properties_ at the TDA_and RPA=o " all system, we observed (1) the expected rotation
levels of theory is presented in $gporting Information 5604 the central @ bond, which can be detected using
where we show mean efiences as well as plots of the giner  or g(x F) and (2) the relaxation from ® the

di erence density, thast excited-state gra_d|ent, and the ground state g8 Movies of the rotations are available at
NACV between the ground state and theexcited state. We https://www.cup.uni-muenchen.de/pc/ochsenfeld/download/

observe an averageetence below 19a.u., with the state The deca: ; ;
. X P : . y of thg Bopulation Figure &) seems to correlate
ordering and the shape of relaxeerdince densities not being \yith the rotational speed of the corresponding rotary

a ected. The comparison of TDA and CASSCF energiggojecular machinéigure ). C shows the fastest rotation
(Supporting Informatipralso proves the suitability of TDA ang the fastest decay, followedStand O, which behave

= -
T

Excitation Energy [eV
(2

rmation. Additional details on the calculations are listed
ection 3.3

In Figure 6we show the excitation energies, f, S, and

O. Changing the substituent has aneénce on the bright S
fstate of the rotary molecular motor. While therence
density plots look similar for all molecules, the excitation

for the investigated problem. Trends between the systems rly identically. The rotationMfis the slowest, so is the

the energies close to the conical intersection agree remark ¥ay of the,Sccupancy. The trend in the rotational speeds
well. Moreover, we apply the looser accurate threshglds (- (N <5< 0 < C) can easily be explain€dotates slower than

10, pe=10", and ppry = 10°) because they introduce ¢ pecause the nuclear repulsion between X and F is smaller. In
only a maximum average error of a fewal0. Gupporting  the case d§ the repulsion of the S atom should be similar to
that of the CH moiety, but the time for the rotation increases

(a) (b) because of its larger mass. The rotatidh isfeven slower
cew 8 cw because of the hydrogen bond between the NH moiety and the
X = F atom.
c | cHy d(X'F)( However, this trend cannot be observed when looking at the
N | NH “( )B rotational e ciency (, seeTable 3. AlthoughC shows the
s|s largest number of trajectories featuring a rotation (70%), the
010  y=@+pr

of SandO ( 55%) is signcantly smaller than theof N
(61%). The reason for this might be the slightlgreint

Figure 5.(a) Structures of rotary molecular machihé S andO coupling vectors between the ground state ansthecited
and (b) denitions of the XF distanced(X F)), the dihedral angle ~ State Gupporting Informatiynin contrast to refé3 and44,

(), and the direction of rotation: clockwise (CW) and counter-we do not observe an irence of the puckering of the ring on
clockwise (CCW). the rotation. The ratios of CW and CCW rotatiahsa e
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Table 3. E ciency (, Determined from the Percentage of can tune the excitation energy of these systems without losing
Rotating Molecules in the NAMD Simulations) of the Four their ability to rotate by changing the hetereocycle. For future
Rotary Molecular Machines (C, N, S, and O) and Ratis [  applications, we consider extending the current implementa-

n(CW)/ n(CCW)] of CW and CCW Rotations tion toward decoherence correctibasd triplet states.
c N S o NOTATION
70% 61% 54% 56%

All equations in this section use the same notation as in
Section 2 g, are the third order exchange correlation
nctional derivatives. The linear transformatiérasd H

e dened as follows:

r 0.68 0.78 1.19 1.68

close to 1 for all four rotors, and no general trend is visible Fb
) . I
the plots Supporting Informatiyn

Changing X thus has an interestingceon the rotary HiqVI = {2(pfr9+ 2 S ¢ (BsrdS (pr g} Vi
molecular machines. While the excitation energy changes " s pars
signi cantly, the ability of the molecule to rotate around the Sp -
central C C bond is (nearly) preserved. These systems may HodV1=  {d(pss ( prgh v

rs

thus be a good starting point for the design of a series of
molecular rotors with tunable excitation energy. Our GPU-
based routines aide these investigations by accelerating NAMD
simulations even for these small systems. Because of the strong=XCITED-STATE ENERGY GRADIENTS

scaling (shown iRigure ¥, we observe speed-ups in Coulomb The unrelaxed dérence density matrix is calculated as
and exchange integral evaluations (even when their computfagows:

time is shorter than 1 s), leading to a total speed-up of two

(19)

with respect to a calculation entirely on CPUs. One trajectory 1 ¥ (RIR + Lf L); 0

took 1 day on two Intel Xeon CPU E5 2640v4 @ 2.20 GHz T, = > . .

(20 threads) CPUs and four AMD FirePro 3D W8100 GPUs. 0 RR + L)y (20)

6. CONCLUSIONS To obtain the Lagrangian multiplgiit is necessary to solve

Throughout this work, we have examined the use of graphit® following Z-vector equation:
processing unit's (GPUs) for the evaluation of two-e_lectron (A+ B Z= SU

integrals in excited-state energies and property (gradients and. 12t~ ¢

nonadiabatic coupling vectors) calculations at the time-

dependent density functional theory (TDDFT) level of theory. | _ I T

Similar to ground-state calculations, we observe that the use oHa = {RHIR+ Liinb U}

GPUs along with the J-endin® and the preLinK P §

schem&°" leads to decent speed-ups of the integral S  {R,HIR]+ LLH} 1 }+ HIT]
calculations while additionally showing a reduced scaling j

behavior depending on the locality of the examined excitation. xc

These speed-ups may even become larger with our currently +2 _ {qajbkﬂb Iﬂ

developed seminumerical exchange s¢hBmesing GPUs, Ibke (22)

nonadiabatic molecular dynamics become maiene for  golving this Z-vector equation thus leads to the calculation of

large but also small molecules (as the a result of the stropg which is used to determine the relaxeereiice density
scaling) without a loss of accuracy or the introduction ofnatrix @)):

further assumptions. Asrat example, we investigated a series _
of newly designed rotary molecular machines showing that onefl = T+ 4 (23)

(21)

Occupation

0 200 400 600 800 1000 0 50 100 150 200 250 300
time [fs] time [fs]

Figure 7.(a) Time-dependent decay of the occupancy of #tet& determined as a mean of all nonadiabatic molecular dynamics simulations. (b)
Change ird(X F) during one selected trajectorCoN, S andO, respectively, showing the rotation of the molecule around the cedtral C
bond. The maxima (18@otation) are marked by the vertical dashed lines.
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Using the calculated matrices, the energy-weighteehde o T T T
density matrixW,) can be formed: Ti =57 (R R+ RR+ [+ G L.
| _ |
W= { Rt LRl o= Z(R' R+ RR+ LG+ Lk (30)
a
& I 1y To obtain the Lagrangian multiplfgyit is necessary to solve
S 4 R'aqa+ ka l}‘ the following Z-vector equation:
A + B . .|J: S 1<
Hi-j'—[ Rl + 2 ]kdcﬁt«R}i o ( )l]a ib Ua 31)
— 1 <
W= R'aLi'b+ LR . Ud= 5 {ReHER]+ LtL)
i b
1 ~
+ {RaRF b + 5 {RIHER]+ LHGL]
[ b
« o 1 <
Wo=  {RHIRI+ LHf )+ 2, $5  {RHIRI+ LHTLI)
j j
(24) <1 s
S {RHIRI+ LHTLT} + HITJ
The calculation of the ective two-particle dirence density j
matrix is
+2 ) a]bkcqb F& (32)
2P D+ 2RRS [¢PP 'PP ok
% Z,; is used to calculate the relaxe@rdince density matrix
+RR+ RRS LiL+ 'Ly s (P
Ry= Tyt Z; (33)
NONADIABATIC COUPLING VECTORS BETWEENThe calculation diV,; is
THE GROUND AND AN EXCITED STATE 1
1J _ |
First the Lagrangian multipliefg and Wy need to be Wj S_ d RifR:a+ LlaLJé-
determined. In order to obtaiy, the following Z-vector
equation has to be solved: Rii |+ L:Ja'qla}
(A+ BjaZp= L +HIR] + 2
ib (26) ij d ol ]kcI(BkCRE
An iterative solution ef] 26is not necessagy, is equal td&R, 3 1 {Ril LjJ n Lil F?}
and the relaxed dirence density matri,) is calculated as 2 HHaga ™ Ha
follows: !
1 S {RM. LR,
Pi=2a= —R a
| (27) 1
InJ |
The calculation iV, is presented iaq 28 Wab' 4 { ReRip* LiaLia'
I
W' = HTRI RaRb+ lalg
wi =0, 1
ab v ARkt LRE
Wi = ELila"' iR (28) 1 I
+5  iRat LRb,
o is dened as i
. w_ 1 I 45
o _ l(zpﬂ PS E B R PP Wz = > {RHIR] + LHI L}
2 (29) i
1 J IS
+ = {RIHIR]+ LaHILI} + iZ.
NONADIABATIC COUPLING VECTORS BETWEEN 2 i ;[ I LRI i
TWO EXCITED STATES
The unrelaxed dérence density matriX,{ is calculated as (34)
follows: ;;is dened as
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1 Structures

All optimized structures and initial conditions (structure and velocity) are available at

https://www.cup.uni-muenchen.de/pc/ochsenfeld/downl oad/.
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Figure S1: Log-log plot of the timings of (left) Coulomb and (ght) exchange integral evalu-
ations and their derivatives with respect to the nuclear cadinates of polyethine (Il ,) with
n = 40;50; 75,100 calculated at PBEO/def2-SVP level of theory on CPUs. Thegbe of the
linear tis equal to the e ective scaling behavior of the rodine.
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Figure S2: Log-log plot of the timings of (left) Coulomb and (ght) exchange integral evalu-
ations and their derivatives with respect to the nuclear cadinates of polyethine (Il ,) with
n = 40;50, 75, 100 calculated at PBEO/def2-SVP level of theory on GPUs. Theabe of the
linear tis equal to the e ective scaling behavior of the rodine.
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3 lllustrative Examples

3.1 Validation

Table 1: Mean absolute errors (MAE; in atomic units) of excite state energies!(, ), gradients
('), and non-adiabatic coupling vectors (;, ;) of the four rotary molecular machines C,

N, S, and O) calculated at RPA and TDA (! B97/def2-SVP) level of theory on GPUs,
comparing two di erent thresholds for preLink #p), the preLink gradient (#,.), and the

TDDFT convergence ¢rpprr ).

Screening Thresholds and Convergence Criteria

Hore 10 ®vs 10 #
#ire 10 1%ys 10
H#TDDET 10 5vs 10 6
C
RPA TDA
MAE(!,) |3.19 104 6.55 10
MAE(!,) | 4.03 10 ° 434 10 °
MAE( o ,) | 9.89 10 * 271 105
N
RPA TDA
MAE(!,) |1.98 10* 290 10°
MAE(!,) | 2.42 10 ° 122 105
MAE( o ,) | 9.43 10 * 6.34 105
S
RPA TDA
MAE(1,) |3.91 104 109 10°©
MAE(!,) |2.84 105 8.33 10 ©
MAE( o ,) | 7.85 10 * 432 105
O
RPA TDA
MAE(!,) |1.94 10* 9.07 10’
MAE(!,) | 2.82 10 ° 7.30 10°
MAE( o ,) | 6.35 10 * 359 105




Table 2: Mean absolute errors (MAE; in atomic units) of excitaon energies (), gradients
('), and non-adiabatic coupling vectors (;, ;) of the four rotary molecular machines C,

N, S, and O) calculated at RPA and TDA (! B97/def2-SVP) level of theory on GPUs,
comparing RPA and TDA.

RPA vs. TDA

C N S o)
MAE(',) | 649 103 817 103 541 10° 6.70 103
MAE(!,) |6.43 104 586 104 528 104 4.60 10 *
MAE( o ,) | 873 103 814 10° 881 10° 8.86 103

on

Excitation Energy [eV]
o

Excitation Energy [eV]

e

-
T

C N S o C N

Figure S4: Excitation energies of the four rotary molecular athines C, N, S, and O)
calculated at (left) RPA and (right) TDA ( ! B97/def2-SVP) level of theory.
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Figure S5: Comparison of relative $and S energies of the four rotary molecular machines
(C,N, S, andO) calculated at TDA (! B97/def2-SVP) and CASSCF(2,2)/def2-SVP level of
theory. The two geometries were obtained from geometry optizations of the ground state
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3.2 Relaxed Dierence Densities

Figure S6: Plots of the relaxed di erence densities of the tsexcited state (P;) of (up) C
and (down) N calculated at (left) RPA and (right) TDA ( ! B97/def2-SVP) level of theory.



Figure S7: Plots of the relaxed di erence densities of the tsexcited state (P;) of (up) S
and (down) O calculated at (left) RPA and (right) TDA ( ! B97/def2-SVP) level of theory.



3.3 Excited State Gradients and Non-adiabatic Coupling Vectors

C
Eo+ ! o 1
RPA TDA RPA TDA
N
Eot+ !y o 1

RPA TDA RPA TDA

Figure S8: Excited state gradients of the rst excited state £, + ! ;) and non-adiabatic
coupling vectors between the ground and the rst excited sta ( o ;) of (up) C and (down)
N calculated at RPA and TDA (! B97/def2-SVP) level of theory.
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Eot+ !y o 1
RPA TDA RPA TDA

Eo+ !y o 1
RPA TDA RPA TDA

Figure S9: Excited state gradients of the rst excited state £, + ! ;) and non-adiabatic
coupling vectors between the ground and the rst excited sta ( o ;) of (up) S and (down)
O calculated at RPA and TDA (! B97/def2-SVP) level of theory.
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3.4 Dihedrals

Figure S10: Dihedrals during the non-adiabatic molecular dyamics simulations ofC, N,
S, and O. Blue lines indicate simulations starting from a dihedrab 0 and red a dihedral
< 0. All rotors show no clear preference towards clockwise Q) or counterclockwise ¥ 0)

rotations.
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3.3 Manuscript Ill: Combining Graphics
Processing Units, Simplied Time-Dependent
Density Functional Theory, and
Finite-Di erence Couplings to Accelerate
Non-adiabatic Molecular Dynamics

L. D. M. Peters, J. Kussmann, C. Ochsenfeld,

"Combining Graphics Processing Units, Simpli ed Time-Dependent Density
Functional Theory, and Finite-Di erence Couplings to Accelerate Non-adiabatic
Molecular Dynamics",

in preparation

Abstract: Starting from our recently published implementation of non-adiabatic
molecular dynamics (NAMD) on graphics processing units (GPUsJ[Chem. The-
ory Comput. 15, 6647 (2019)], we explore further approaches to accelerate initio
NAMD calculations at the time-dependent density functional theory (TDDFT) level
of theory. We employ (1) the simpli ed TDDFT schemes of Grimmeet al. [J. Chem.
Phys. 138, 244104 (2013)Comput. Theor. Chem.1040-1041, 45 (2014)] and (2)
the Hammes-Schi er Tully approach J. Chem. Phys. 101, 4657 (1994)] to obtain
non-adiabatic couplings from nite-di erence calculations. The resulting scheme
delivers an accurate physical picture while virtually eliminating the two computa-
tionally most demanding steps of the algorithm. Combined with our GPU-based
integral routines for SCF, TDDFT, and TDDFT derivative calculations, NAMD
simulations of systems of a few hundreds of atoms at a reasonable time scale be-
come accessible on a single compute node. To demonstrate this and to present a rst,
illustrative example, we perform TDDFT/MM-NAMD simulations of the rhodopsin
protein.
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Non-adiabatic molecular dynamics (NAMD) simulations using tjectory surface hopping
(TSH)* have become a powerful tool to describe dynamics of moleausgstems involving
multiple electronic states. Their eld of application ranges from the description of rather
small molecular machine¥® over medium-sized photoswitché&!! to the dynamics of entire
photoactive proteing?*3, They can be used with a variety of excited-state methods,g, the
complete active space self-consistent eld (CASSCF) meth#d the algebraic-diagrammatic
construction (ADC(2))°, several coupled cluster methods (e.g., CC?) as well as time-
dependent density functional theory (TDDFT)!"18, Also triplet states!® can be included.

However, the greatest challenge remains the large computatal cost of NAMD simula-
tions, which is a result of the expensive excited-state maids mentioned above and the fact
that TSH requires not only one but a series trajectories to dermine observables as ensem-
ble averages. This problem can be tackled by using semi-enspl method$®, employing
exciton modelg°, or using graphics processing units (GPUs) to accelerate tlealculations
of ground- and excited-state energies and propertf®@8tl, Based on our recent work on
the latter, we explore in our present work the use of simplié TDDFT schemes$?3 and
the Hammes-Schi er Tully (HST)?2 model in addition to GPU-based integral routines. They
tackle the two major bottlenecks of NAMD: The calculation of tle state energies and the
couplings between the states. After a brief summary of the gesponding theory and their
validation for the investigated problems, we show timingsral use our approach to sim-
ulate the photo-induced rotation of the retinal chromophoe in the rhodopsin protein at
TDDFT/MM level of theory. Details on the methods (thresholds convergence criteria etc.)
and the computational setup can be found in the Supporting formation.

In TSH!? a system is allowed to switch the potential energy surface B%) within one
trajectory. The occurrence of such a surface hop depends drethopping probability: If
it exceeds a randomly drawn number between zero and one, thajectory continues on a
di erent PES with a rescaled nuclear velocity. The averagefanultiple trajectories with
a di erent series of random numbers describes the behaviof the system. The hopping
probability itself is calculated from the change of the sta energies and the non-adiabatic
couplings @Q), which can also be obtained as the product of the non-adiati@ coupling
vectors () and the nuclear velocity R)

@ @

QlJ:hlj@tJi:hlj@ i R= 3 R: 1)



| is the wavefunction of the electronic statéd . While can be calculated using response
theory, Q cannot be determined analytically.
Energies of all considered states, gradients, and coupkngre thus the main ingredients
of a TSH algorithm. The rst can be obtained from TDDFT by solving the TDDFT or

random phase approximation (RPA) equations:343°

2 30 1 2 30 1

4 A BS@X'A:!|41 OS@X'A; )

B A \q o 1 Y,
with !, being the excitation energy of statd. A and B are the orbital rotation Hessians
and X, and Y, are the transition densities for excitation and de-excitabn, respectively.

NeglectingB in eq. (2) is known as the Tamm-Danco approximation (TDA)*, leading to

AX | =1 X,: 3)

The calculation of excitation energies with egs. (2) and (3p time-consuming, mainly be-
cause of the evaluation of the two-electron integrals iA and B. To accelerate these calcu-
lations, we apply the simplied RPA and TDA methods by Grimmeand coworkerg?3337,
Here, Coulomb and exchange kernels are approximatetf for Coulomb andK °for exchange)
using the Mataga-Nishimoto-Ohno-Klopma#f#® damped Coulomb operators together with

the transition/charge density monopoleg) obtained from a Lewdin population analysi4?

0 X N 1 : M
Joars = o Qs ;
P Tuw (6 wm) )
0 X N 1 - M
qurs = %q T Os - (4)
NM NM NM
p, g, ... are arbitrary molecular orbitals. r is the interatomic distance, is the mean of

the chemical hardness of the atomdhl and M. and are global t parameters, whilec,
is the amount of exact exchange. This leads to the followingpproximate orbital rotation
Hessians:

A%jb = 5 oala )t SkKigjb ‘Jijoab;
Bi%jb = SkKi(;bj CXKi(k))aj: )

3



i,], .. denote occupied and, b, ... virtual molecular orbitals. s, is 2 or O for singlet-singlet
or singlet-triplet excitations and , is the orbital energy ofp.

The excitation energies (9 are then obtained by diagonalizingA° in case of sTDA or
(A° B9Yz(A%+ BY(A° B9Y: in case of SRPA. To avoid the diagonalization of the entire
matrix, the number of included con guration state functiors (CSFs) is truncated using
the thresholds#ycsk, #scsr, and #cse.3? Only primary (with an energy below#pcse) and
secondary CSFs (with an energy betwee#ycsr and #cse and a signi cant coupling to
the primary CSFs> # scsp) are considered. The sTDA scheme greatly reduces the cost of
excited state calculations, giving access to absorptionegtra of large molecular system¥.
The sRPA scheme yields better transition densiti€3, leading to better transition dipole
moments and even enabling the calculation of higher order nigmical response propertie®&

Excited-state gradients { ) and 's can then be derived from egs. (2) and (3) using
linear response theory®* The resulting equations depend on the excitation energiesich
transition densities. In case of STDA/SRPA, we use the calcuied ! °, X?, and Y ? in the
standard algorithms, as the derivatives 08° and K °with respect to the nuclear coordinates
are, so far, neither implemented nor tested. To validate teiapproach, we compare optimized
structures of biphenyl () at the TDDFT and sTDDFT level of theory in tab. (1) and show
I s and 's of protonated formaldimine (I ) and the Schi base of retinal (Il ) in g. (1).
Additional plots and a screening of the thresholds#,csr, #csr, and #scse) are shown in the

Supporting Information.
TABLE 1. Comparison of optimized S; structures of biphenyl (1) calculated at RPA, TDA, sRPA,

and sTDA (PBEO/def2-SVP) level of theory listing the central C-C dist ance (c) and the dihedral

g
Cc

‘RPA TDA sRPA sTDA

C[A] |1.42 144 144 1.44
j j[10.02 0.03 0.02 0.01



(a) RPA (b) SRPA  (c) RPA (d) SRPA

(e) RPA (f) STDA

(9) RPA (h) sTDA

FIG. 1. (a - d) RPA and sRPA excited-state gradients of the second exded state (a + b, green)
and non-adiabatic coupling vectors between the ground and the second eixed state (c+d, red) of
Il at the PBEO/def2-SVP level of theory. (e - h) RPA and sTDA excited-state gradients of the
rst excited state (e + f, green) and non-adiabatic coupling vectors baween the ground and the

rst excited state (g + h, red) of Il atthe ! B97/def2-SVP level of theory.

All four optimized structures of | in tab. (1) are nearly planar and feature a similar central
C-C distance. The gradients and coupling vectors based onBDFT results in g. (1) are
also in good agreement with the RPA and TDA properties. The dy di erences are the
weaker couplings ofll and Ill and the fact that ! 1 of Il has a larger contribution in the
six-membered ring and a smaller in the conjugated system. Baare the result of the slightly
di erent excitation energies (1 : 9.76 eV (RPA), 9.87 eV (sRPA)jllIl : 2.74 eV (RPA), 3.17 eV
(sTDA)) and transition densities. In case oflll , two other observations can be made (see
Supporting Information): sRPA performs worse than sTDA andPBEQ>*7 /def2-SVP58:5°
is, in contrast to ! B97°%/def2-SVP, not able to capture the charge transfer charactesf the

excitation.



Tab. (1) and g. (1) indicate that simplied TDDFT might also b e used for NAMD
simulations which require, however, time-consuming callagions of the couplings between
the states. To circumvent the analytical calculation ofQ via , we apply the numerical

HST model?

Qu(t+ 7t) 2_1t[0” (tt+ t) Oy(t+ tt)]=

2—1t[h (O o+ i h L+ 1)) a(0)i]: (6)

Assuming that the excited-state wave functions can be obta@d from the ground-state

Kohn-Sham orbitals ( ,) and the transition densities,Oq and O,; take the following form:

X
Ooi (t1;t2) = 2 (t)Sa(tto) ; (7)

X
Oy (t1;t2) = ||qu (t1)Spg(ts; t2)+
pq

X
C XaXat)  Ya(t)Ya(t) ; 8)
with
Spq(ta;tz) = h p(t)j o(t2)i ; (9)
o =L (10)
0 1
T T .
by = 1—@ (RI Ly + I—| RJ)U 0 A : (11)
2 0 (RIL] + LiIR])a

R, andL, are (X, +Y,)and (X, Y,),respectively, in case of RPA anX, in case of TDA.
The HST model is nowadays widely used in NAMD simulatio§§®® because it reduces the
computational time (as shown below) and leads to more stabteajectories in the vicinity

of conical intersection$*



A validation of the presented numerical scheme for couplisgused in the HST model is
shown in the Supporting Information, where we have calculatl numerical and analytical
's for formaldehyde. Additionally, we have performed NAMD simiations of Il , using the
HST model and analytically calculated 's as well as RPA, TDA, sRPA, and sTDA. After
excitation to the S, state, the molecule shows a fast conversion to the State, which goes
along with the elongation of the C-N bond. Further relaxatio to the & state is achieved
via a rotation around this bond. In g. (2) the increase ($! S;) and decrease (8! &)
of the § occupation is shown. The change of occupation for all states well as energies

and couplings of selected trajectories are listed in the Spprting Information.

(@) (b)

FIG. 2. Change of § state occupations of protonated formaldimine (I ) calculated as an average
of all NAMD simulations at (a) RPA (PBEO/def2-SVP) level of theory using analyt ical and nu-
merical couplings and (b) RPA, TDA, sRPA, and sTDA (PBEO/def2-SVP) result s using numerical

couplings.

In all sets of trajectories, we observe a similar behavior of, indicating that the HST
model and the simpli ed TDDFT are valid approximations for this example. This is re ected
in the S; occupations, which are very similar for all cases. The onlyi drences are a
slightly di erent S ,-S; coupling when applying the HST model, and a slower decay of the
S; occupation in case of the simplied TDDFT methods which is, heever, also visible
in case of TDA. All of the observed trends are also re ected in #h couplings and 's.
Furthermore, the results agree well with previously publised data obtained from TDDFT
and CASSCF simulations’® Please note that the simulations using sTDA or sRPA are not
NVE simulations. Rescaling the nuclear velocities to enforea NVE ensemble has, however,

no e ect on the average properties of the system.

7



Tab. (2) presents the impact of the approximations on the p&rmance of a NAMD
simulation of IIl . It shows that HST and sRPA virtually eliminate the computational cost
of the calculations of excited-state energies and couplsglin combination with the GPU-
based integral evaluations, the total speed-up in caseMf,ots =2 is 4 with respect to the
CPU-based RPA implementation using analytical 's. A NAMD simulation of Il involving
5000 steps (e.g., 1 ps simulation using 0.2 fs time steps) dhnos be conducted within 5
instead of 21 days. The acceleration becomes even larger when more texicstates and
couplings are considered (e.g., a factor of more than 20 bk in case 0fNoqs = 7). This
and the fact that the performance of GPUs is better for large ntecular systems (see, ref. 9)
makes the presented approach interesting for the investitian of systems involving hundreds

of atoms and plenty of electronic states.

TABLE 2. Computation times of ground-state energy (Eo) and gradient (Eg), excited-state ener-
gies () and gradient (! 1), and couplings (Q) calculations of the Schi base of retinal (Il ) at
RPA and sRPA (PBEO/def2-SVP) level of theory, using a di erent numbe r of roots (Nqots) and
couplings (M) as well as analytical and numericalQ's. Asterisks mark calculations
that have been performed entirely on CPUs. All calculations were condated on two Intel Xeon

CPU E5 2640 v4 @ 2.20 GHz (20 threads) CPUs and four AMD FirePro 3D W8100 GPUs.

N roots Q RPA/sRPA |t(Eo) + t(EF) t(!) t(! 1) t(Q) | t (Total)
2 analytical RPA 34s 28s 101s 201js 6 min
2 analytical RPA 26s 19s 62s 128s 4 min
2 numerical RPA 26 s 19s 62s<1s 2 min
2 numerical SRPA 26's <1s 62s<1s| 15min
3  analytical RPA 26s 36s 62s 309s 7 min
3 numerical RPA 26 s 36s 62s<1s 2 min
3 numerical sSRPA 26 s <1s 62s<1s| 1.5min
7  analytical RPA 26's 51s 62s 1822/s32.5 min
7  numerical RPA 26s 51s 62s< 1s| 2.5min
7  numerical SRPA 26 s <1ls 62s<1s| 1.5min




As a rst application of our proposed scheme, we have calcutt 42 NAMD simulations
of the rhodopsin protein (V) at the STDA/MM ( ! B97/def2-SVP) level of theory. The
chromophore oflV undergoes ais-trans isomerization, when exposed to light (see g. (3)).
For a review of calculations on this system, the reader is egfed to ref. 65. The change of

the dihedral ; (de ned in g. (3b)) and the state occupations are shown in g (4).

@ (b) =

=3

oIl
)
AN

@ H

:H H

®‘Rhodopsin © é_ . _§

—

H

FIG. 3. (a) Structure of the chromophore of rhodopsin (V ). (b) Important dihedrals ( 1 and )

in and (c) the bicycle pedal isomerization mechanism oflV . The part of the molecule shown in

(b) and (c) is located by the rectangle in (a).

() (b)

FIG. 4. NAMD simulations of IV at sTDA (PBEO/def2-SVP) level of theory using the HST model:
(a) Change of the dihedral i indicating trajectories with no rotation (black), half rotation (red) ,
and full rotation (blue). (b) Change of the state occupations of IV calculated as an average of all

trajectories.



Five out of 42 calculated trajectories feature ais-trans isomerization (see g. (4a),
a movie of the isomerization is available athttps://www.cup.uni-muenchen.de/pc/
ochsenfeld/download/ ). Three of them reach ; = -90 at 280 fs, which coincides
with the crossing point of the state occupations (see g. (4 This hop time (t) is sig-
ni cantly higher and the yield (y) of 12% signi cantly lower than the experimental (t =
1477 1.0 fs; y =0.63 0.01) results reported in ref. (13). Our analysis ofll (see
g. (1)) indicates that the weaker gradients and couplings fosTDA or the general problems
of TDDFT with the system (see also ref. 65{67) may be the reasdor this. However, our
approach describes the direction and mechanism (see g. |3bf the isomerization correctly.
In contrast to previous work?*385 our method requires, besides, , and the QM/MM
ansatz, no further parameterizations and/or reductions ahe system. One trajectory oflV
takes 5-7 days on two Intel Xeon CPU E5 2640 v4 @ 2.20 GHz (20 threads) @$and
four AMD FirePro 3D W8100 GPUs.

We have introduced a combination of GPU-based integral routes, simplied TDDFT
schemes, and numerical couplings for e cient NAMD simulatios. For all investigated
systems ranging from small organic moleculeH | to proteins (IV ), excited-state properties
and dynamics are described qualitatively correct with a sy cantly reduced computational
cost. The latter is due to the vanishing computational timedor TDDFT energies and
couplings calculations. The present approach may be usedgoalitatively explore relaxation
pathways and predict trends (e.g., e ects of mutations or derent isotopes) within these

reactions.
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1 Computational Details

1.1 General Remarks

All calculations employ the FermiONs++ program packagé®®. It was compiled using the
GCC compiler v7.1 and the AMD APPSDK compiler for the GPU routires. In addition,
the LibXC library v4.0.14° was used. Tight thresholds were applied for the SCF conver-
gence (107 using the FP-commutator), the integrals (101°), the preLinK method (10 3),
the preLinK gradient (10 1°), the TDDFT convergence (10°), and the Z-vector equation

convergence (10°). We did not exploit the symmetry of the molecules.

1.2 Excited-State Calculations

In all calculations (single point, timings, NAMD simulationg, we solely calculated singlet
excitations using the gm5 grid, either the PBE01? or the ! B97'! method, and the def2-
SVP1213 pasis set. Forl, Il , Il , IV, and formaldehyde, three, three, two, two, and seven
excited states were taken into account, respectively, if hastated otherwise. In case of
STDA/SRPA, the global t parameters , , andc, were set according to the literaturet*'6
The choice of the thresholds for the truncation of the CSFs arghown in tabs. (2), (4), (6),
and (8). In case oflV , the same thresholds all were used with#,csr [eV] increased to 7.
Optimized ground-state geometries (available atttps://www.cup.uni-muenchen.de/pc/

ochsenfeld/download/ ) were used for the single point excited state calculations.

1.3 Timings

Timings were determined as a mean of 350 NAMD steps bf at the PBEO/def2-SVP level
of theory on two Intel Xeon CPU E5 2640 v4 @ 2.20 GHz (20 threadsPOs and four AMD
FirePro 3D W8100 GPUs. To determing(! ;) and t(Q) in case 0fN,os = 3;7, 20 NAMD
steps were performed. The simulations started from the optized ground-state geometry

couplings were calculated.

in the rst excited state. At every step, all (Mreos*) Nroas

3



1.4 Excited-State Optimizations

Excited-state optimizations of I at the RPA, TDA, sRPA, and sTDA (PBEO/def2-SVP)
levels of theory were started from the optimized ground-stageometry following the gradient
of the § state. The nal structures are available athttps://www.cup.uni-muenchen.de/

pc/ochsenfeld/download/

1.5 QM/MM Calculations of Rhodopsin (1V)

The crystal structure of bovine rhodopsin(PDB 1F88)!” was used as a starting geometry.
The chromophore was parametrized with the antechamber vB7suite of ambef® and the
GAFF2 force eld was applied. Before the NVE simulation discusseid the next subsection,
the entire structure was rst relaxed at the MM level of theoy using the NAMD suite!® (1000
steps) and then at the QM/MM level (a few hundred steps). In dIQM/MM calculations,
we used the same QM region (see g. (S1b)) and kept all atomsteide a radius of 10A

(from the chromophore) frozen (see g. (S1a)).

1.6 Initial Conditions

Initial geometries and momenta for the NAMD simulations ofl and IV (available at https:
IlIwww.cup.uni-muenchen.de/pc/ochsenfeld/download/ ) were obtained from ground-state
NVT simulations at the PBEO/def2-SVP level of theory using the élocity Verlet propaga-
tor2°2! and a velocity rescaling thermosta®® set to 298.18 K. The time step was 0.1 fs in
case ofll and 0.2 fs in case ofV . 21 geometries and momenta were taken from a 10 ps
production run (every 500 fs) after an equilibration of 1 psin case ofll , the equilibration
was performed at a constant temperature of 298.18 K, whilg¢ was slowly heated from 10 K
to 298.18 K in the rst 900 fs. The overall rotation and transation was removed at every

time step of the simulation.



(@) (b)

Figure S1: (a) Structure of rhodopsin IV ) showing the QM region (red), the active MM
atoms (blue), and the frozen MM atoms (grey). (b) Expanded @w of the QM region.



1.7 NAMD Simulations

NAMD simulations of Il and IV were conducted at the PBEO/def2-SVP and B97 level
of theory, respectively, using the fewest switches surfabepping algorithm?24, Again, the
Velocity Verlet propagator was applied and the overall rotton and translation were removed.
In case ofll, ve independent trajectories of 100 fs were started from eh of the 21 initial
conditions at the second excited state using a time step ofl0fs. Three couplings Qo1,Qo2,
and Q;,) were calculated either analytically or numerically (HST mdel) and RPA, TDA,
SRPA, and sTDA were used to calculate the excited-state enéeg and transition densities.
In case oflV , two independent trajectories of 1 ps (time step of 0.2 fs) westarted from each
of the 21 initial conditions. Here, the rst excited state wasthe initial state and only one
coupling (Qo1) was calculated using the HST model. The excitation energiesd gradients

were obtained at the sTDA level of theory.



2 Biphenyl ()

Table 1. Comparison of RPA, TDA, sRPA, and sTDA excitation energgs of | at the
PBEO/def2-SVP level of theory.

| RPA sRPA TDA sTDA
' [eV]| 5.09 5.04 510 505
l,[ev]| 510 511 527 511

Table 2: In uence of the thresholds#,cse, #csr, and #scse on the rst STDA/SRPA excita-
tion energy ofl calculated at the PBEO/def2-SVP level of theory. The bold nuiners have
been applied to calculations of throughout this work. Only primary con guration state
functions (CSFs) with < # ,csg and secondary CSFs with< # cs¢ and a signi cant coupling
to the primary CSFs (> # scsf) are considered.

#Hocse [eV] 7 7 7 7 7 12
#scsk le4 le4 le4|le5 le51e4

sTDA [eV] | 5.07 5.05 5.05| 5.07 5.05| 5.05

sRPA [eV] | 5.14 5.04 5.04| 5.07 5.04| 5.04




RPA TDA SRPA STDA

Figure S2: RPA, TDA, sRPA, and sTDA excited-state gradients of th rst excited state
(top, green) and non-adiabatic coupling vectors between ¢hground and the rst excited
state (bottom, red) of | at the PBEO/def2-SVP level of theory.



3 Protonated Formaldimine (I1)

Table 3: Comparison of RPA, TDA, sRPA, and sTDA excitation energs of Il at the
PBEO/def2-SVP level of theory.

| RPA sRPA TDA sTDA
I [ev]| 7.86 807 7.87 807
|, [eV]| 976 9.87 10.487 10.40
l;[ev]| 10.87 11.06 10.92 11.06

Table 4: Inuence of the thresholds#pcsr, #cse, and #scse on the second sSTDA/sRPA
excitation energy ofll calculated at the PBEO/def2-SVP level of theory. The bold nuiners
have been applied to calculations ofl throughout this work. Only primary con guration

state functions (CSFs) with < # ,csg and secondary CSFs with< #cse and a signi cant
coupling to the primary CSFs & # scsF) are considered.

#ocse [eV] 12 12 12 12 12 12
#csk [eV] 12 20 30 100 1000 10000
Hscse le4 1le4 1le4 1le4dle4d le4
sTDA [eV] | 11.06 11.06 10.81 10.4310.40 10.40
sRPA [eV] | 10.66 10.61 10.32 9.90 9.87 9.87

#ocse [eV] 12 12 12 20 20 20

#cse [eV] 20 100 1000; 50 100 1000
#scsE le5 leb5 leHle4d le4 1le4

STDA [eV] | 11.06 10.41 10.3T 10.52 10.42 10.39

SRPA [eV] | 10.61 9.89 9.85 10.01 9.89 9.86



RPA TDA SRPA STDA

Figure S3: RPA, TDA, sRPA, and sTDA excited-state gradients of th second excited state
(top, green) and non-adiabatic coupling vectors between ¢éhground and the second excited
state (bottom, red) of Il at the PBEO/def2-SVP level of theory.

analytical numerical

Figure S4. Change of the state occupations of calculated as an average of all NAMD
simulations at RPA (PBEO/def2-SVP) level of theory using (I&) analytical NACVs and
(right) the HST model.

10



RPA sRPA

TDA STDA

Figure S5: Change of the state occupations d¢f calculated as an average of all NAMD
simulations at RPA, TDA, sRPA, and sTDA (PBEO/def2-SVP) level of theory using the
HST model.
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QOl QOZ

Q2

Figure S6: Couplings Qo1, Qo2, Q12) during a selected trajectory ofll calculated RPA
(PBEO/def2-SVP) level of theory using analytical non-adiabtic coupling vectors and the
HST model.
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QOl QOZ

Q2

Figure S7: Couplings Qo1, Qoz, Q12) during a selected trajectory ofll calculated RPA,
TDA, sRPA, and sTDA (PBEO/def2-SVP) level of theory using the HSTmodel.
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4 Schi Base of Retinal (1)

4.1 PBEO/def2-SVP

Table 5: Comparison of RPA, TDA, sRPA, and sTDA excitation eneris of Il at the
PBEO/def2-SVP level of theory.

|RPA sRPA TDA sTDA
I, [eV]| 238 233 2.69 2.56
1,[eV]| 328 321 348 3.38

Table 6: In uence of the thresholds#pcse, #csr, and #scse on the rst sSTDA/SRPA excita-
tion energy ofllll calculated at the PBEO/def2-SVP level of theory. The bold nuiners have
been applied to calculations ofll throughout this work. Only primary con guration state
functions (CSFs) with < # ,csg and secondary CSFs withx # cs¢ and a signi cant coupling
to the primary CSFs (> # scsk) are considered.

#ocsk [eV] 5 5 5 5 5 5 5 5 5 10 10
#csk [eV] 5 10 20 50 100 5 10 20 50| 20 50
#scsE le4 le41e4 le4 le41le5 1le5 1le5 lebhle4d 1le4
sTDA [eV] | 258 256 256 255 2554 258 255 250 249252 251
sRPA [eV] | 235 2.33 233 233 233|235 232 227 2.23 229 2.28

14



RPA SRPA

TDA STDA

Figure S8: RPA, TDA, sRPA, and sTDA excited-state gradients of th rst excited state
(top, green) and non-adiabatic coupling vectors between ¢hground and the rst excited
state (bottom, red) of Il at the PBEO/def2-SVP level of theory.
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4.2 | B97/def2-SVP

Table 7: Comparison of RPA, TDA, sRPA, and sTDA excitation eneris of Il at the
I B97/def2-SVP level of theory.

‘ RPA sRPA TDA sTDA
l,[ev]] 274 3.08 290 3.17
I,[eV]]| 411 446 429 457

Table 8: In uence of the thresholds#pcse, #cse, and #scse on the rst STDA/SRPA exci-
tation energy of Ill calculated at! B97/def2-SVP level of theory. The bold numbers have
been applied to calculations ofll throughout this work. Only primary con guration state
functions (CSFs) with < # ,csg and secondary CSFs withx # cs¢ and a signi cant coupling
to the primary CSFs (> # scsr) are considered.

#ocse [eV] 5 5 5 5 5 5 5 5 5 10 10
#csk [eV] 5 10 20 50 100 5 10 20 100| 20 50
#scsk le4 le4d41e4 le4 le41le5 1leb5 1le5 lebhle4d le4
sTDA [eV] | 3.51 3.22 3.17 3.17 317 351 320 3.12 311311 3.11
sRPA [eV] | 3.42 3.13 3.08 3.08 3.08] 3.42 3.12 3.02 3.0$ 3.02 3.00
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RPA SRPA

TDA STDA

Figure S9: RPA , TDA , sRPA , and sTDA excited-state gradients of the rst excited state
(top, green) and non-adiabatic coupling vectors between ¢hground and the rst excited
state (bottom, red) of Il at the ! B97/def2-SVP level of theory.
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5 Validation of the Finite Di erences Calculation

of Couplings

In order to validate the nite di erences calculation of cowlings, we compare analytical and

numerical non-adiabatic coupling vectors (). The latter are calculated as follows:

X . .
wR) T OAR) RRYXEREE B DRER

X J J
3 (R) Xila(R)x'a(R-'- R) Xa(R R)

ia 2 R
>f vi () Ya(R * R) RYi;(R R)
X . .
27 XLRIXAR) VARV (R) ZBRRE R) OalRR_R)
iab

2 R

XLRXAR) VAR (R) HRRE R _RR_R) )

ija

Opa(R1;R2) = h (Ry)j (Ro)i (3)
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Analytical Numerical Analytical Numerical

Figure S10: Numerical and analytical excited-state gradiest(! 5 and! %) of formaldehyde
calculated at the PBEO/def2-SVP level of theory.

02 04
Analytical Numerical Analytical Numerical

14
Analytical Numerical

Figure S11: Numerical and analytical non-adiabatic couplingectors ( oz, o4, @and 14) Of
formaldehyde calculated at the PBEO/def2-SVP level of thegr
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ABSTRACT

We explore and show the usefulness of the density of states function for computing vibrational free energies and free energy differ-
ences between small systems. Therefore, we compare this density of states integration method (DSI) to more established schemes such
Bennett's Acceptance Ratio method (BAR), the Normal Mode Analysis (NMA), and the Quasiharmonic Analysis (QHA). The strengths
and shortcomings of all methods are highlighted with three numerical examples. Furthermore, the free energy of the ionization of ammo-
nia and the mutation from serine to cysteine are computed using exteiviaitio molecular dynamics simulations. We conclude that

DSl improves upon the other frequency-based methods (NMA and QHA) regarding the treatment of anharmonicity and yielding results
comparable to BAR in all cases without the need for alchemical transformations. Low-frequency modes lead to larger errors indicating
that long simulation times might be required for larger systems. In addition, we introduce the use of DSI for the localization of the vibra-
tional free energy to speci c atoms or residues, leading to insights into the underlying process, a unique feature that is only offered by this
method.

Published under license by AIP Publishiry.

I. INTRODUCTION or Monte Carlo " (MC) simulation referring to the Normal Mode
Analysis™ " (NMA) and the Quasiharmonic Analysis™' (QHA),

Free energy differences are closely connected to experimentedspectively. Energy-based methods calculate free energy differences
thermodynamic data (e.g., binding af nities, reaction energies, androm sampled energies along MC or MD simulations, applying
activation barriers of molecular transformations) as they incorporateexponential averaging theory(EXP), thermodynamic integration
contributions from the internal energy as well as from entropy.  (TI), or Bennett's acceptance ratio metho@BAR).

Methods to calculate free energies or their differences are, there-  All mentioned methods have, despite their great success and
fore, of great interest in computational chemistry. Roughly, they carbroad elds of applicatiori, “~well-known shortcomings. The use
be divided into two groups: (1) frequency- and (2) energy-basedf NMA, for example, requires the search for the minimum energy
methods. geometry (or geometries). Itis, therefore, usually applied to small- or

In the rst group, the free energy is calculated from frequen- medium-sized molecules, using quantum-mechanical (QM) meth-
cies of molecular vibrations (or rotations)These frequencies can ods. Free energy methods, using data from simulations (QHA,
be obtained from the second derivative of the energy with respect t&EXP, TI, BAR), usually require a large number of steps to con-
the nuclear coordinates at the minimum energy geometry or fromverge, which is connected to the universal problem of sampling the
the covariance matrix taken from a molecular dynamics(MD) phase space suf ciently to estimate the ratio of partition functions.

J. Chem. Phy$5Q 194111 (2019); doi: 10.1063/1.5079643 150 194111-1
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This challenge has been tackled in many publications,applying,  the center of mass translation and the overall rotation of the system
e.g., alchemical transformations or enhanced sampling techniquef each step of the molecular dynamics simulation.
As this may still require long simulation times, the levels of the-
ory for these calculations range from molecular-mechanical (MM)A. Review of free energy methods
over semiempirical to combined quantum-mechanical/molecular-
mechanical (QM/MM) methods, depending on the size of the simu-
lated system and the problem at hand. Additional shortcomings are ~ The partition function of a canonical ensembI&\(T) is
the harmonic approximation in NMA and QHA and the neglect of de ned as
vibrational quantum effecisin EXP, Tl, and BAR. QEs dxexg U “xee. (4)

An alternative approach has been proposed by Beetras.
by calculating free energies and free energy differences as a weightdé) is the potential energy at a given nuclear structyrevhereas
integral over the density of states function, which is determinedthe kinetic energy terms are part of the proportionality constant.
from sampled nuclear velocities along MD simulations. Although Equation(Z) can thus be transformed into
already developed in 1983, this method [named integration of the
density of states method (DSI) in the following] has only been Ao 1
used occasionally for absolute entropy calculationsor the cal-

culation of solvation enFropigs. Therefore, its convergence with  Ug(x) andU1(X) are the potential energy functions of systems 0 and

i o s It St v Do Tl vrsgno ooy (X e drece
- , tween the potential energies of the two systetds=U;  Ug s

expect the sampling problem to be as crucial in DSI as in the othegg|culated so that

simulation-based methods as the vibrational partition function can o A

again only be approximated (in this case via the density of states Ao 1 In"exp U”xesey, (6)

function). .

I wor, we compare DS 10 th estabished metnods men 1 B0 dencies (e ereenble aveageh over cong
tioned above and validate its use for (1) free energy calculations 0Enderlying disptribution of U istoo wide f)gr an ef .cient caIZuIation’
T e e e ot 0 hat  couplng parameter> [ 1) & nroduce, wher
EF;(P BAR, NMA, QHA ar;d DSi (Sec )an intﬁoduce our novely gradually transforms system 0 into system 1 and thus creates a better
ansatz to obtain atomic contributions of vibrational free energy overlap of the distributions
changes using DSI (Set. B). Having listed the computational U xe ~ 1 eUgxe+ Uz Xe. (7
details in Secl!, we compare the free energy methods in Sec. ) ) ) ]

For this purpose, we (1) investigate three numerical examples, (2Jhis transformation, which can be, for example, a chemical reac-
determine the ionization potential of ammonia, and (3) calculate thetion or an arti cial (so-called alchemical) transformation, is then
free transformation energy from serine to cysteinevacuofrom  Separated intdvl suf ciently small steps of size i, and the free
ab initio MD simulations " using HF-3c.” Conclusions are drawn energy difference of each step is calculated individually leading
in Sec./. to

1. Energy-based methods

1 Rdxexp U1 xee
RAxexg U Xes '

(5)

M 1
A L In“exp Ui Xeee 8
Il. THEORY 0 1 iQo p i . (8)

The free energyA) and the free energy difference between with

two systems 0 and 1 @o 1) can be calculated from the partition U'xe U, "x U’ x " 1 o Uxe i U'xe (9)
function (Q) as

A 1 In Q, (1) and w1

I
n & ) o
Qo In the additive scheme of Eq2), forward ( Ao 1) and backward

where is equal to 1kgT) with kg being the Boltzmann constant ( A: o) calculations of the free energy differ in almost all cases,
and T being the absolute temperature. It is generally assumed thaagain due to the different distributions.This error can be reduced
A can be separated into contributions of translatiof4ns), rota- by increasing the sampling of the system or by applying the double-
tion (Arot), and vibration A,i,) as well as the energy of the electronic wide sampling scheme.

1. (10)
Ao 1

ground state ) A more sophisticated approach to obtain the “best” free energy
from forward and backward calculations has been derived by Ben-

A E+Agans+ Aot + Avib nett in 1976 [see Eql1)].”" It minimizes the variance of A and is
E N Quans Qrot Quin®, (3)  equivalent to its maximum likelihood estimator, as shown by Shirts

and Pande in 2003,

where and Q,i, are the corresponding partition func-
Qtrans, Qrot, Quib p gp Pr;jo LM+ U('): N Ao 1°

tions. In this article, we restrict ourselves to the calculation of vibra- 0 | ’ (11)
tional free energies. In the simulations, this is realized by removing PR OfT M+ UB  + A
J. Chem. Phy$5Q 194111 (2019); doi: 10.1063/1.5079643 150 194111-2
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M In No 1 (12) 3. Integration of the density of states method

N1 o The vibrational partition function Q) can also be calculated
f is the Fermi functionf” xe ﬁ U§ 1 and UE ,are  asa product of the partition functiong( ) of the single vibrational
independent forward and backward perturbations, respectively; andnodes with frequency . It is assumed that these partition func-
No 1 and Ny o are the corresponding numbers of frames. The tions can be written as classigt) or quantum @) harmonic

resulting Bennett's Acceptance Ratio method (BAR) is known tooscillators

be more robust than EXP or thermodynamic integration (TI) - . i (19)

schemes. h

2. Frequency-based methods oM exp % h e (20)
Frequency-based methods assume that the potential energy 1 exg h o

function can be approximated by a sum dfr 6 harmonic

X ) o The logarithm of the vibrational partition function can thus be
oscillators (harmonic approximation)

calculated from the following integrai:

Ne 6 a
Uxe Q ki X xo Xj xJ-O-, (13) In Quib 50 dD” eIn"q . (21)

ij

D is the density of states function, which singles out the specic
frequencies of the investigated system, while an in nite number of
harmonic oscillators (classical or quantum) is considedself is
determined as the mass-weighted Fourier transform of the nuclear
velocity autocorrelation

H: @E (14) ~ Na PN ~ i2t
T @’ D"« 2 lemjs dt'y;” evi” +tee e . (22)

where N is the number of degrees of freedom of the system
and k; are the force constants. In the Normal Mode Analysis
(NMA), the Hessian matrix (the second derivative of the energy
with respect to the nuclear coordinates) at the minimum energy
con guration (x°),

is diagonalized, yielding the normal modes which are then used
to calculate the vibrational free energy either classically (CL) o
quantum-mechanically (QM)

i andy; denote the mass and velocity vector of the nucjetespec-
tively, whileNa is the number of atoms. Integration over the entire

density of states functions yields the number of degrees of freedom
CL 1

Avib In h i, (15) a
v Q ' Ne s dD” . 23)
1 h ’
ASQ" 1Q In # , (16) Insertion of Eq. into Eq. (1) yields the following expression for
i exp ;h i the free energy:
whereh is the Planck constant. While NMA works well for small 1 . .
systems, great care has to be taken in the case of large systems. Here, A E+ 50 dD” sWa" . (24)

NMAs have to be performed at all (relevant) local minima and the ) ) ] ) oL
results have to be weighted by the Boltzmann factor of the respectivé/a s, depending on the insertayl the classicaW™) or quantum
minimum. This task becomes harder with increasing system size. (WS ) weighting function
The search for minima is not required in the Quasiharmonic
i \ it : WSS e In h (25)
Analysis (QHA) " 'as it is performed after a molecular dynamics A '
or Monte Carlo simulation. Assuming ergodicity and that allare

Boltzmann distributed, i can be obtained by diagonalizing the mass oM~ 1 exg h e
: ; : W™ In——— . (26)
weighted covariance matrix A exg ih e
2
1 1 1
Mz M2 ' Mz x 0, a7 If one assumes thdd consists of delta functions at the frequencies
. o . , , _ of the normal modes () of a system, Eq24) with WS- and W™
whereM is the kinetic energy matrix andis the covariance matrix, g equal to Egs.15) and respectively. The difference between

the integration of the density of states method (DSI) and the other

i X Xxiee X xeee (18) : ! .
frequency-based methods is, thus, that insteallpf 6 harmonic
" esymbolizes the average over all trajectory frames. The frequenciescillators
obtained this way can then again be transformed into vibrational free Ne 6
energies with Eqs15)and(16). Quib 'Vll a i (27)

Frequencies obtained with QHA are always equal or lower to
those of the NMA since 'F approxmate_s_ all possmle_mlnlma aIOnrqsimula‘[ion time) weighted by the density of states function
one coordinate as well as its anharmonicity with one single harmonic
oscillator. This leads to a lower curvature of the potential energy Qb M oD (28)

surface than actually present. .

an arbitrary large number of harmonic oscillators (depending on the

J. Chem. Phy$5Q 194111 (2019); doi: 10.1063/1.5079643 150 194111-3
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are assumed to describe the system (harmonic approximation).  Ill. COMPUTATIONAL DETAILS
From Eqg. , one can easily obtain the expression for free

) A. Classical and molecular dynamics simulations
energy differences y

. The free energies of the numerical examples have been obtained
Ac 1 E+ 's d D W e, (29)  from classical NVT simulations of a particle (of mass 1 u) in a one-
0 dimensional harmonic {n), Morse /), and double-well {p)
where D=D; Dgand E=E; E,. potentials, respectively,
~ 1 -
B. Atomic contributions to the density of states VH X Ekx ' (34)
functions
-~ - ~ 2

Our ansatz to determine atomic contributions to the vibrational Va'™xs De "1 exg axe?, (35)
free energy uses the fact that the density of states function from 1
Eq.(22)can be rewritten as a superposition of atomic functions V'S ébszx 0.5% (36)

Na .
D"« Q2mjg dty" sy +teee'?!

i1

Na

The exact values fdt, Dg, a, andb are listed in the
| To obtain an exact reference, we have integrated £q.
numerically on a grid using 1° points and a step width of 0.01
D" . (30) Bohr. For4the harmonic oscillator, this procedure leads to an error
i1 below 10~ kJ/mol.
The free energies of the molecular systems have been obtained
This essentially means that the vibrational partition function can befrom Born-Oppenheimer molecular dynamics simulations at the

written, without any further loss of generality, as HF-3c” level of theory using the FermiONs++ program pack-
N age” “with DFTD3 v3.1" " 'and gCP v2.02. The center of mass
Quib MA M g o translation and the overall rotation of the system have been removed

i at every step of the simulation.
All simulations use the Velocity Verlet” propagator and the

|\N/|A QJV“’ (31) random rescaling thermostat by Bussi, Donadio, and Parrinello,

j keeping the average temperature at 298.15 K. A different thermostat,

because like a Langevin-thermostat, would in general have been better suited
Na . . to sample our small systemsHowever, the random changes of the

Mg ol q o0 (32) nuclear forces would severely impact the velocity autocorrelation

j function and render our analysis impossible. Initial velocities have
Thus, the vibrational free energy can be written as a sum over atomigeen drawn from a Maxwell-Boltzmann distribution at 298.15 K.
contributions Energies, velocities, and coordinates were written to les every 1 fs.
N The numerical examples are simulated for 110 ps (10 ps equilibra-
Avib In Qui tion time, 0.1 fs time step) or, in some cases, 1010 ps (10 ps equili-
N bration time, 0.1 fs time step). The simulation times of the molecular
lln@t Q}"bﬁ systems are 310 ps (10 ps equilibration time, 0.1 fs time step) in the
j A case of ammonia and 202 ps (2 ps equilibration time, 0.2 fs time
Na _ step) in the case of serine and cysteine. For evewindow, we
'oIn@® have calculated ve independent trajectories and an equidistant
j of 0.1 has been applied. To show the convergence behavior of DSl in
Na the ammonia example, we have additionally conducted 10 indepen-
Q A}"b- (33) dent trajectories of 910 ps (10 ps equilibration time, 0.1 fs time step)
i for NHz and NH3.

The above partitioning of the vibrational free energy is not restricted o . .

to atoms. It can without any further assumption be grouped into B- AP initio  alchemical transformations

any meaningful collection of atoms such as residues or functional  Alchemical transformations are normally used in a molec-
groups. This ansatz can be used as an aide to interpret and localdar mechanics (MM) context, where transforming one system
ize the changes occurring in the system, as shown in our previouf) into another system (1) is equal to gradually turning on (or
work.”” Please note that it uses the vibrational free energy only an@ff) contributions to the potential energyHere, we want to use

not the total free energy. For the partitioning of the latter, approx- this concept withab initio calculations, which do not allow for
imate schemes existbut have been discussed to lead to unreliablesuch a fragmentation of the energy. To circumvent this problem,
results.””~ Our only assumption along with the harmonic approx- we use an ansatz developed by Reéthal.” We perform two
imation is that the regions with the most prominent changes in the energy and forces calculations (for systems 0 and 1) at every step

vibrational free energy are also those which contribute the most taf the simulation and continue the trajectory along a weighted
the change irE and thus the total free energy change. forceF ,
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F "1 <R+ Fy, (37)  the numerically calculated Hessian at the minimum energy geome-
whereF, and F; denote the determined forces of system 0 and sysdry [Eg. (14], while ; for the QHA were calculated as presented in
tem 1, respectively. Consequently, we use the weighted mass, tefad.
perature, center of mass velocity, inertia tensor, and total angular ~ The vibrational parts AJ5'and AR are calculated as
momenta in our thermostat and when removing the overall trans- DS DS
lation and rotation. In this work, we follow the single-topology A A E (38)
ansatz.” In the case of the serine-cysteine transformation, this
means that both systems (0 and 1) share the same structure, with the AY AR E (39)
oxygen in system 0 being replaced by a sulfur in system 1. The useglf

a dual-topology ansatz (the OH-group in system 0 and the SH-grou S We_h"?“’e SImuIat_ed several_repllcas for easindow, we cond_uct
in system 1 have different structures, while the rest of the moleculé&; statistical analysis calculating the average free energy difference

is shared) is also possible.” " However, when it is applied to A€) as N
simulations without explicit solvent molecules, an MM region, or * pAe QE QP A (40)
geometrical constraints, the dual-topology ansatz leads to unstable NeNp 3 v

trajectories. The reason for this is that, when 0 or 1, the

OH- or SH—group is not “seen” by the shared part of the molecule
leading to unphysical geometries (large C—O or C—-S bonds) and co
vergence problems of the self-consistent eld algorithm. Constralntsd
or surroundings will prevent this.

where Aj is the free energy dlfference between the replicay|

'of the educt and product, respectively, add andNp are their total

numbers. We, additionally, calculate the standard deviation of the

ifferent Ajj. We do not list the inherent statistical error calculated

by Shirts and Pandesince there is no analog for DSI.

C. Free energy calculations IV. RESULTS AND DISCUSSION
The density of states functiorD]j was calculated from the

sampled velocities using E¢22) and subsequently rescaled so

that Eq. yields the Blp 6 vibrational degrees of freedom In order to prove that DSI yields the same results as other

for the complete system. To allow for an easy comparison espdfee energy methods and to investigate the effect of the shape and

cially between chemically identical atoms, single atom spectra wereurvature of the potential on its accuracy, we carried out classical

rescaled so that Eq22) yields three. AP was calculated follow-  simulations in an one-dimensional harmonic [Et#4], a Morse

ing the integration in Eq or and for the molecular exam- [Eq.(36]], and a double-well [Eq36 ] potential and calculated three

ples addingk. E is determined as the potential energy at the mini- free energy changes for each potential (for details, seelSedhe

mum geometry, which was for the intermediate system&(0@1) free energy changes consist of changes in the curvature of the poten-

obtained by performing a geometry optimization with the weighted tial caused by variation of parametétsa, Dg, and b, resembling

forces [see Eq37] until F 0. APARis determined from the changes in molecular angles, bonds, and dihedral angles, respec-

sampled potential energies by solving Efjl). In the case of the tively (the exact values are listed in the

serine-cysteine transformation, the free energy change due to th€he resulting” Aes calculated using DSI, BAR, QHA, and NMA

mass change of the atom (oxygen to sulfur) was corrected by aas well as the exact results are shown' it and !l. For the

analytically derived constant for each window. For the derivation,simulation-based methods, we also provide the standard deviation

see the . ANMA and  AQ™A were obtained using Egs. of Afrom multiple trajectories. Aes of the individual -windows,

and . The frequencies () for the NMA were determined using potential plots, and density of states plots can be found in the

A. Numerical examples

TABLE .ICalculated free energy changes (average and standard deijafiorkdfmol) of the harmonic and anhar-
monic potential (three transformations each) using NMA, QHA, BAR, and DSI. The exact result obtained from numerical
integration is given as a reference. The wavenumbé) iefers to the curvature of the potentialOat

Potential Wavenumbers NMA QHA BAR DSl Exact

1000 2000 1.718 1.7580.041 1.7090.013 1.7200.002 1.718
Harmonic 500 1000 1.718 1.7800.068 1.7550.013 1.7320.003 1.718
100 500 4488 0.056 4.6140.042 4.166 0.015

100 500 3.990 3.996 0.048 3.858 0.024  4.007 0.002 3.990

1000 2000 1.718 1.7960.041 1.7350.015 1.757 0.002 1.766
Anharmonic 500 1000 1.718 1.8750.076 1.787 0.015 1.766 0.004 1.764
100 500 4.635 0.043 4.806 0.032 4.260 0.011

100 500 3.990 4.104 0.070 3.8850.030 4.047 0.002 4.033

#Trajectories with longer simulation times.
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TABLE lICalculated free energy changes (average and standard dejgtiorkdfmol) of the double well potential

(three transformations) using NMA, QHA, BAR, and DSI. The exact result obtained from numerical integration is given as a
reference. The wavenumber {irtprefers to the curvature of the potentiaaiDouble well potentials can be seen as

“worst-case” examples for the frequency-based methods.

Potential Wavenumbers NMA QHA BAR DSI Exact

2000 2500 0.553 0.5920.062 0.581 0.004 0.598 0.005 0.608
Double well 1500 2000 0.713 4.2430.076  0.8100.008 0.9100.014 0.825
1000 1500 =0.159 0.147 1.2690.008 1.682 0.036 1.068

1000 1500 1.005 =0.151 0.042 1.2240.008 1.611 0.029

2Trajectories with longer simulation times.

cPlease note thatEis for all numerical cases QHA to approximate the potential and to calculate the free energy.
zerosothat A= Ayp. presents the same for DSI. The difference is that not a
Comparing the methods that use sampled data along classingle but a series of harmonic potentials (illustrated by the red and
sical simulations (QHA, BAR, DSI) in the harmonic and anhar- blue areas) weighted by the density of states functions [also plotted
monic cases (see ), DSI performs best, showing smaller in ] are assumed to describe the system.
errors and standard deviations. In the latter case, it even out- The NMA harmonic oscillator, derived from a nite differ-
performs NMA, which is only exact, when harmonic potentials ence calculation around x = 0, mimics the fast vibration, while
are investigated. The error of all three simulation-based methodshe QHA harmonic oscillator, derived from the distribution of x,
increases with decreasing curvature (wavenumbers) of the inves-
tigated potentials. The standard deviations of BAR and DSI also
increase, while it remains constant in the case of QHA. The rst
reason for the larger errors (and standard deviations) is the sam-
pling error as slower vibrations require longer simulation times to
be sampled accurately. The second reason is the choice of the ther-
mostat. As already discussed in Séc” , we are bound to veloc-
ity rescaling thermostats when applying DSI. These thermostats,
however, introduce errors in the free energy calculations, espe-
cially for systems with only a few degrees of freedom and for slow
modes. Consequently, we observe a decrease in the errors when
the relaxation time of the thermostat is increased (resulting in a
weaker thermostat). Longer simulation times tackle both problems
discussed above and, therefore, improve the errors (and standard
deviations of BAR and DSI) for the low-frequency harmonic and
anharmonic cases signi cantly (see footnote aliable ), which
are then in good agreement with numerical test potentials found
elsewhere.
For the frequency-based methods, the double well poten-
tial is a “worst-case” example as it cannot be described exactly
within the harmonic approximation. It features two types of move-
ments: the movement within one well and the slower move-
ment over the barrier (the inversion). With decreasing curvature
(wavenumber), the barrier height shrinks, increasing the proba-
bility of the inversion. This set up is not problematic for BAR
as it relies on energy averages and distributions and uses inter-
mediate systems (@ @1) to enhance the sampling ef -
ciency. This explains the small error and standard deviation
in , which is comparable to the values of the other
examples.

For NMA, QHA, and DS, it serves as a good showcase to illus Double well

trate the conceptual differences between these methods and to shq ed in DSI
how well the actual potential can be approximated.-n )
we have plotted the double well potential (1000 &nand the
corresponding harmonic potentials, which are used by NMA and
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is dominated by the slow vibration. In this example, the rst is a identical. Only the standard deviation is larger in the cumulative case
good approximation (most likely due to error compensation), while due to the noise between the intermediate states. The convergence
the latter leads to erratic results { ). The density of states of the direct DSI result and the cumulative BAR result are shown
function shows that both vibrations are considered in DSI as twoin
peaks with the same intensity appear in the spectrum. In this case, The standard deviation on both curves decreases with increas-
both vibrations have the same probability due to the low barriering simulation time. After 250 ps simulation time (per trajectory),
height of around 2.5 kJ/mol RT. When larger barrier heights both methods yield the same result within one standard deviation of
are applied, the intensity of the fast vibration becomes signi cantlythe BAR curve, and at300 ps, the mean results are nearly identi-
larger than the intensity of the slow vibration (see the cal (see also ). Even longer simulations (up to 900 ps) do
). Note that the parameteb changes not only the not substantially affect the average DSI result, while the standard

barrier height but also the curvature of the potential at the samedeviation is reduced (see Fig. S7 of the 1
time. However, even when 210 trajectories of 900 ps are used in the DSI

In this example, longer simulation times lead to better DSI calculation, the standard deviation is still approximately two times
results, but the difference to the exact result is still signi cantly largerlarger than the one observed in BAR featuring an (almost) equivalent
than in BAR. This indicates that even an arbitrary large humberamount of data points. If one takes into account that no alchemi-
of harmonic oscillators are incapable of describing the system coreal simulations (one energy and force calculation per step instead of
rectly. However, the description of the system in DSl is physicallytwo) are required for DSI, we could say that (for this example) the
more correct than in the case of NMA and QHA, and the result- standard deviations of DSI and BAR behave similarly with respect to
ing free energy estimation is signi cantly better than in the casethe computation time, while the average free energy change seems

of QHA. to converge faster in the case of DSI. At this point, we also want to
mention that there are two factors which can decrease the accuracy
B. lonization energy of ammonia of DSI: Too short simulations and too long intervals between the
As a rst molecular example, we have chosen the ionization ofsampllng of the nuclear velocities are applied (see Figs. S7 and S8 of

ammonia (NH; NH3). (Alchemical)ab initio molecular dynam- the

. ) . The results of DSI and BAR for the intermediatewindows
ics simulations have been performed at the HF-3c level of theory,. -

. . . differ usually by about one standard deviation, except for 03.4.
(see Secll for details). The results for the overall reaction and for

the individual -windows are listed in The histograms of the improper dihedral of ammonia (Fig. S4 of

proves that the BAR result can be improved by tak- |t2 iimilar to the double We)llrse v:tilntlhvsé fr?;\fgzsiscfgzzz :P\eC‘?'/‘Stem
ing into account intermediate -windows as the cumulative result . . Y . N
(using all intermediate windows) differs from the direct result which explains the larger error. In the other windows, the barrier

(using only the two end points) while featuring a 10 times smaller' either too high for a frequent inversion of the molecule or van-

spread. This is not the case for DSI. Since all contributions of th ishes entirely. The gure also sh_ows_that for: O'Q t_he simulation .

; . . ) as not spent equal amounts of time in the two minima of ammonia,

intermediate -simulations forE and D cancel out, the results are - ) .
which should bias the BAR results. In general, we observe arelatively

high standard deviation for the DSI free energies of the intermedi-

TABLE llICalculated vibrational free energy changes (average and standat%tﬁe\iiwlndows' The reason for this could be that mixed potential

ation of Ay in kJ/mol) of the ionization of ammonia (direct from the rst (&Y Surfapes tend to be more anharmonic or even nonharmonic
last -value and cumulative over all windows) and the interwéntiates using (€.9., the -window 0.3  0.4), showing larger errors and slower

BAR, DSI, and NMA. convergence.
“window ADS PR ANA
0.0 01 =0.26 1.05 =1.08 0.03

0.1 0.2 =0.45 0.82 =0.94 0.03

0.2 0.3 =0.31 0.65 =0.44 0.04

0.3 04 =0.96 0.59 0.22 0.04

0.4 05 0.90 0.79 0.35 0.06

0.5 0.6 =0.48 1.06 0.08 0.05

0.6 0.7 =0.24 0.86 =0.03 0.03

0.7 0.8 =0.39 0.55 =0.11 0.02

0.8 0.9 0.36 0.42 =0.17 0.03

09 1.0 =0.41 0.30 =0.22 0.03
Cumulative =2.24 2.70 =2.36 0.12

n-

Direct =2.24 0.77 =250 1.56 =1.97 pect to the
mation from
Quantum corrected =13.76 5.06 o =13.26 ultis
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Additionally, the DSI method offers two features that are not TABLE IVCalculated vibrational free energy changes (average and standard devi-
accessible in energy-based methods. One can easily calculate #@t@n of A;yin kd/mol) of the mutation from serine to cysteine (direct from the rst
quantum corrected free energy change (see the last lineline 111) to the last-value and cumulative over all windows) and the interwattiates

i ADSI ’ using BAR, DSI, and NMA.
and one can map the change’inA;; eto each atom or when deal-
ing with Ia_rge_r problems, groups of atoms or molecules. In the_ case Window ADS ABAR ANMA
of the ionization of ammonia, the hydrogen atoms and the nitro- vib vib vib

gen atom gain vibrational free energy (0.59 kJ/mol and 0.46 kJ/moI0 0

respectively) since the bonds in NHre weaker than in Nkl This 8% - %7096 282 _ 006566 ggg
is also re ected in the power spectrurb(see ), where nearly ' ' _ 5. ' -n '
; - 02 03 =2.10 3.70 =0.74 0.26
all modes of NH are red-shifted in NH. 03 04 0.40 4.03 -043 031
also shows the results of NMA and QHA as vertical ' ’ Ny ' —n '
. ; 3 - 4 05 =3.37 3.80 =0.35 0.32
dashed lines. As one can see, the frequencies estimated with NM 0.6 0.59 3.47 =0.27 0.10
are in good agreement with and are always positioned at the upper 0' 0'7 -1 '66 3'57 - 0.48 0.10
bound of the peaks ilD. This is due to the fact that NMA does not .’ 0.8 - 1.26 4.38 - 0'35 0'10
consider any anharmonicity in the bond vibrations, which causes they’ 0'9 0 66 4'31 _ 0'35 0'05
slight decrease in the vibrational frequency and the vibrational freey’ ’ _a ' -n '
. 9 1.0 =1.47 3.16 =0.31 0.05
energy change (s€e ). QHA results clearly underestimate all
frequencies and suggest unreasonably slow motions, especially fef,mulative =8.94 1246 =2.76 0.85
the inversion motion of NH.
Direct =8.94 2.76 290.93 177.98 =3.69
C. Mutation from serine to cysteine
Quantum corrected =23.55 7.24 D =15.76

The second example consists of the mutation from serine
to cysteine in vacuum. Mutations are a widely used tool in free

energy calculations as they give access to, e.g., binding free energies.
We conducted extensive (alchemical) initio molecular dynamics
simulations of serine, cysteine, and intermediate structures (see
Sec.!ll for details) and calculated the free energy for the overall
reaction and for the individual -windows. The results are presented

in .

The one-step application of BAR in shows the wrong
sign and is about two orders of magnitude too large. Signi cantly
better results for similar one-step mutations have been reported for
MM simulations.”” However, the underlying data consisted of four
168 ns trajectories, which contain nearly 1000 times more confor-
mations than ourab initio simulations.

The results of direct DSI are, in comparison with direct BAR,
signi cantly better. The nal results of DSI and BAR are within two

e
with respec
ins informa-
DSI

teine,
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standard deviations of one another and both are also more than one
standard deviation off from the NMA results which lies between
the two results. Nevertheless, the standard deviations of DSI are
one order of magnitude larger than those of BAR. This and the
convergence plot of the free energies (see. /) indicate that
further sampling is required, mainly due to the larger amount of
low-frequency modes (seeo. f) in this example, which is beyond
the focus of the present manuscript.

Despite the numerical noise, the trend given by DSI is correct,
and localizing the vibrational free energyi(. ) offers an explana-
tion where and why the free energy changes during the mutation.
It clearly shows that main contributors are the @tom as well as
the connected hydroxyl- or thiol-group. Slight contributions stem
also from the C-atom and the amino-group as the strength of
the intermittently formed hydrogen bond between hydroxy/thiol-
group and amino-group changes. This also has a small effect
on the carboxyl-group. These results agree well with chemical
intuition.

shows the power spectra of serine and cysteine as well
as the NMA and QHA results. The position of the NMA frequen-
t theGl&$nand the main peaks in the power spectrum agree well. Both
show a large amount of low-frequency modes, so-called “breath-
ing modes.” Nevertheless, NMA neglects the anharmonicity of the
vibrations and the different minima of the system, leading to a differ-

ent free energy (see ). QHA signi cantly overestimates the
existence of these modes and fails to nd the high-frequency bond
vibrations.

V. CONCLUSION

In this work, we have tested and compared the density
of states method (DSI) to the more established free energy
methods such as Normal Mode Analysis (NMA), Quasihar-
monic Analysis (QHA), and Bennett's Acceptance Ratio method
(BAR), calculating several numerical and two chemical exam-
ples. We show that DSI works similar to NMA and QHA, but
features the ability to correctly include anharmonicites, as the
partition function is approximated by an arbitrary large num-
ber of harmonic oscillators weighted by the density of states
function.

DSl delivers the same result as BAR for the numerical examples
and the ionization of ammonia. Regarding the mutation from serine
to cysteine, DSI correctly re ects the trend of the free energy, but fea-
tures larger standard deviations, mainly due to the large number of
low-frequency modes in the systems. This indicates that long simu-
lation times will be required for larger systems. Additional down-
sides of the method regarding free energy calculations are as fol-
lows: (1) larger memory requirements (3N a velocities have to be
stored in short intervals instead of one energy at arbitrary long inter-
vals), (2) Monte Carlo simulations and enhanced sampling methods
cannot be combined with DSI, and (3)E has to be determined,
which will become tedious for large systems with many degrees of
freedom.

There are, however, also important advantages of the method,

. Thewfinen comparing to BAR:

En, respec-

P’ 1. For DSI, only the end points (no intermediates) are required.
This gives access to free energies of nearly all molecular
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transformations even at thab initio level of theory, cir-
cumventing endpoint-catastrophes and alchemical transfor-

1 R - o
N S axNa exp U xNAee IS dpSNA exp T p3NA--

mations. Additionally, this can lead to a reduction of com- 1 Ny e 3N, N VU 3
putation time when DSI is applied to small molecular haNa S dx""exg U x"Mee g dpTtexp  Q Tm.'
systems. '
2. Quantum-corrected vibrational free energies are directly (A2)
accessible. . . L . .
3. A straightforward pattern to determine atomwise or residue- ;—22 |rilé<|9§sratlon over the kinetic part can be carried out analytically
wise contributions to the vibrational free energies exists. y s
) . Ny
We, therefore, think that DSI can be a good alternative to Q ju Ao2mj s dMexg U e (A3)
standard free energy methods, especially when expeabivwaitio h3Na

methods are applied to transformations of small to medium-sized ) )
molecules. Furthermore, its ability to localize free energy changes & e consider now the free energy difference between two systems,
atoms or residues is a valuable tool to gain insights into the under¥¥here not only the potential energy function changes but also the

lying process(es), which can always be combined with energy-baségass of one particle, we can write

methods such as BAR.
Ao 1 lln %
Qo , "
SUPPLEMENTARY MATERIAL ’T‘A 2m} R N exg U A3 %
The comprises details on our numeri- lin@& 4 ﬁ
cal examples where we give details on the used potentials and show Na ™ 2mi 3N ~ ~yaN ﬁ
. - RAx3Naexp” Ug'x e i\
the corresponding density of states plots as well As for the i :
intermediate -windows. For the ionization of ammonia, we present 4 —3 =
dihedral distributions and A convergence studies of the intermedi- 1in m ‘exp U-eoﬁ, (A4)
ate -windows. Additionally, we show the mapping oAD' on the Mo

individual atoms and the convergenceAff>' with respect to simula- _ _ _
tion time and the sampling frequency. For the serine-cysteine trans!n OUr casem, is mo, the atomic mass of oxygen, and is ms, the
formation, we present the distributions of the C-O/S bond lengths &tomic mass of sulfur
forall -windows. 3

Ms [
A e [ Use,. A5
0 1 5 n o n exp € (A5)
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. NUMERICAL EXAMPLES

A. Harmonic Potential

TABLE S1. Used values (in atomic units) for k in the simulations of the initial (index 0) and nal

(index 1) state.

Wavenumbers kg k1

100! 500 |3.78e-04 9.46e-03
500! 1000 |9.46e-03 3.78e-02

1000! 2000(3.78e-02 1.51e-01



FIG. S1. (left) Harmonic potentials and density of states plots of the sirmulations. In addition,
their maxima (DSI) and the frequencies calculated with NMA and QHA are listed. (right) h Ais
of the individual -windows of the corresponding simulations. Please note that the derity of states

function (D( ))is givenin 1 s; We have omitted the factor in eq. (22).



B. Anharmonic Potential

TABLE S2. Used values (in atomic units) for Dg and a in the simulations of the initial (index 0)
and nal (index 1) state.

Wavenumbers Degg Dgq ag a1

100! 500 [1.55e-02 3.10e-02 1.11e-01 3.91e-01
500! 1000 |1.55e-02 3.10e-02 5.53e-01 7.82e-01
1000! 2000{1.55e-02 3.10e-02 1.11e+00 1.56e+00




FIG. S2. (left) Anharmonic potentials and density of states plots of the smulations. In addition,
their maxima (DSI) and the frequencies calculated with NMA and QHA are listed. (right) h Ais
of the individual -windows of the corresponding simulations. Please note that the deiity of states

function (D( ))is givenin 1 s; We have omitted the factor in eq. (22).



C. Double Well Potential

TABLE S3. Used values (in atomic units) for b in the simulations of the initial (index 0) and nal
(index 1) state.

Wavenumbers Iy o]

100! 1500 |3.78e-02 8.51e-02
1500! 2000(8.51e-02 1.51e-01
2000! 2500|1.51e-01 2.37e-01




FIG. S3. (left) Double well potentials and density of states plots of the simulations. In addition,
their maxima (DSI) and the frequencies calculated with NMA and QHA are listed. (right) h Ais
of the individual -windows of the corresponding simulations. Please note that the derity of states

function (D( ))is givenin 1 s; We have omitted the factor in eq. (22).



[1.  IONIZATION ENERGY OF AMMONIA

FIG. S4. Normalized distribution of the improper dihedral of ammonia for each -value over 100

bins. The histograms include the data of all ve simulations per -value.



FIG. S5. Convergence of the mean vibrational free energy changeh(Ai, solid line) and the
standard deviation of di erent trajectories (lighter area) using BAR an d DSI for each -window.

The top panel shows the changes for:0! 0:1, the second panel from the top pertainsto @.! 0:2,

and so forth.



FIG. S6. Vibrational free energy change i ADS!i in kd/mol) of each atom during the ionization

of ammonia. The hydrogen atoms loose 0.59 kJ/mol and the nitrogen atom 0.46 kJ/mol.
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FIG. S7. Convergence of the mean vibrational free energyhf\i,i, solid line) and the standard
deviation of ten dierent trajectories (lighter area) of NH 3 and NH} using DSI and dierent

intervals ( ) between the sampling of the nuclear velocities. The mean value at £ 900 ps is set
to zero. The mean vibrational free energy converges after a sampling of 200 ps. Its standard
deviation decreases constantly with increasing simulation time. Tle values of NH show a slower

convergence and a larger standard deviation, due to the higher amount of lofrequency modes.
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FIG. S8. Change of the mean vibrational free energies with the length of th interval between the
sampling of the nuclear velocities () using DSI. Ten independent trajectories of NH; and NH3 and
three di erent simulation times (t) are considered. The mean values at =1 fs are set to zero.
The sampling rate has a larger impact on the result than the simulation length. An increasing
decreases the intensity of the N-H bond-stretching modes, leadinto changes in the vibrational
free energy. The reason for this is that the sampling of these high-fipiency modes becomes worse.
Applying > 4fs the bond vibrations do not appear in the density of states spectrum. The e ect

of on NHs is larger, as the frequency of its bond vibrations is higher.
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1. MUTATION FROM SERINE TO CYSTEINE

FIG. S9. Histograms of the C-O/S bond length for each -window. The bond length histograms

are closely connected to the distribution of U in each window.
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in molecular transformations
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"Identifying free energy hot-spots in molecular transformations”,
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Abstract: The free energy is one of the central quantities in material and natural
sciences. While being well-established, e.g., in drug design or catalyst optimization,
computational methods lack a straightforward way to gain deeper insights into the
calculated free energy, and thus the underlying chemical or physical processes. Here,
we present a generally applicable, spectrum-based ansatz that tackles this shortcom-
ing by identifying contributions from speci ¢ atoms or groups to the vibrational free
energy. We illustrate this in studies of the bromodomain-inhibitor binding and the
anomeric e ect in glucose providing quantitative evidence in line with chemical in-
tuition in both cases. For the latter example we also report an experimental infrared
spectrum and nd excellent agreement with our simulated spectra.
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The free energy is one of the central quantities in material and natural
sciences. While being well-established, e.g., in drug design or catalyst optimization,
computational methods lack a straightforward way to gain deeper insights into the
calculated free energy, and thus the underlying chemical or physical processes. Here,
we present a generally applicablectrsjpe-based ansatz that tackles this
shortcoming by identifying contributions from spemioms or groups to the
vibrational free energy. We illustrate this in studies of the bromodomain-inhibitor
binding and the anomericeet in glucose providing quantitative evidence in line
with chemical intuition in both cases. For the latter example we also report an
experimental infrared spectrum and excellent agreement with our simulated
spectra.

simple force elds; * however, this is not possible when

The free energy is the driving force behind every chemi<:%‘fm"’ldditive forceelds (Iike the emer.ging polarizable force
reaction. It determines, for example, the rate of an enzymati‘f:ldS ), QM calculations, or combined quantum mechan-

reaction or the scope of products formed during a catalytiES/molecular mechanics (QM/MM) are used.
n this work, we use and present a method that calculates the

reaction. The prediction of free energies is, therefore, a kei% : o :
challenge in modern quantum chemistrfEor small vibrational part of the free energy from the vibrational density
unimolecular systems this is usually done via a fre;que states function, which itself was the topic of experimental
analysis of the molecule using quantum mechanics (QM d theoretical studies. This approach has originally t_>een
calculations. It is assumed that, in the vicinity of the minimurftroduced by Berens et alo estimate quantum corrections

L thermodynamic properties. It has been used occasionally to

energy geometry, all vibrations can be described ;
independent harmonic oscillators (harmonic approximation%Ompute absolute entropiessolvation eects such as

For larger or multimolecular systems, this approach is nBftoPY. or helped identifying dsrent water species around
feasible, as the harmonic approximation is not valid anymdie Protein in solution by employing the additional
(due to the increasing number of anharmonic modes) and tfgesumptions of the two-phase modghe calculation of
potential energy surface features an enormous number of IE&f €nergy changes in discrete volume units (so-called
minima, which have to be considered. In these cases, oN@xel9 by Heyden is also based on this approach.

focuses on free energyedences, which can be computed 1h€ applicability of the method of Berens et tal.free
without having to know the absolute energy of both states, aRB€rdY calculations has been determined iarami study of
determines the free energy from sampled energies along MoftS: Where a more detailed derivation, validation, and
Carlo’ or molecular dynamics (MD) simulations applying, analysis of the method can be found. Here, we will focus
e.g., exponential averaging theoryBennets acceptance entirely on its capability of calculating atom- or residue-wise

ratio method. contributions to the vibrational free energy and how these free
While the mentioned methods have been used extensivelgRergy hot-spots can help to understand and interpret free
di erent elds, the interpretation of their results is in €nergy changes during molecular transformations. We start

most cases not straightforward. The reason for this is that it44th a brief summary of the density of states integration
not possible to separate the total free energy change ifethod (DSI) " in Section 2. There, we will also discuss
contributions from derent atoms or residueand, therefore, ~ shortcomings of the method and how thegcta the

to understand the underlyingeets (e.g., bond weakening,

sterical clashes, new noncovalent interactions) causing the free December 21, 2018
energy to change. Applying the conventional energy-based February 14, 2019
methods; some approximate fragmentation is possible for March 1, 2019
A © 2019 American Chemical Society 2163
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applicability and the interpretation of the results of our Nregions
approach. In Section 3 we list computational (and A= g Aui(d
experimental) details. In Section 4 we apply our method to i (5)
two prototypical, illustrative examples: (1) The binding of an
inhibitor to a bromodomain-containing protein and (2) the Ag(i) indicates a change in the potential energy surface in
visualization of the anomeri@et in glucose. An outlook is regioni. Please note that the fragmentationAf, directly
given in Section 5. evolves from its calculation frdd§ ) and requires no
additional approximations or assumptions.
Interpreting Free Energy Hot-Spots. Two shortcomings
have to be considered when interpretiagy(i) for di erent
atoms or residuesThe rst one is that we are investigating
Rnly the vibrational part of the free energ(i) instead of
8(i)) without E(i) and contributions from rotations and
translations. The latter are neglected, as the overall rotation
and translation of the system are removed, because keeping
N 3 them can lead to unwanted artifacts. Therefore, the sum over
D()=2 m odv()yt+) esi2 t all hot-spots yieI(_jsA,ib and not the full free energy@lien_ce
=1 1) ( A). A comparison to other free energy methods is, thus,
only meaningful when adding&, which has been done for
is equal to 1kgT) with kg being the Boltzmann constant small systems in raf and is not possible for larger systems
andT the absolute temperatumgis the mass of atojnand (as the exact determination oE becomes impossible).
N is the total number of nuclei. When neglecting contributionslowever,A;, identi es regions where the potential energy
from translation and rotation, the free eneAjycén be surface (and thu is changing and is, therefore, an excellent
calculated from a weighted integral over the frequéncy ( tool to nd and quantify free energy hot-spots, as shown

Density of States Integration Method. We extract the
free energy from the velocitieg 6f each aton during a
molecular dynamics simulation. This is done by calculating t
density of states functioB(()) as the Fourier transform of
the velocity autocorrelation function

below.
A=E+ A= B s1 dm)ld h] The second shortcoming is that the Density of States
0 &) Integration (DSI) uses the harmonic approximation. It was

with E being the potential energy at the global minimumShown in ref that DSI can (in contrast to other free energy

energy geometry afthe Planck constant. The vibrational EZTE LR, B0 SEIGEL TEIRREE, TR e
part of the free energi ) is thus calculated as a sum of an ' y

arbitrarily large number of harmonic oscillators weighted tﬁﬁ a Ilr]ear cqmblnanon of a (nearly)nite numbe'r'of
D( ). armonic oscillators. Free energy changes arising from
and indicate thatA,, can be split into

vibrations involving movements over local maxima in the
contributions from the individual nuclei or residu€X, ass potential energy surface and very slow modes (such as
calculated as a sum over all atoms. In order to obtain atom-

r&Iat_ion_s of entire protein _do_mains) can only be des_cribed
residue-resolved free energies, we racash qualltatl_vely but not quantitatively, leading to errors in the
’ ) calculation oA, However, these errors partly cancel out,
N . because we investigate free energgedices. Moreover, slow
D() =2 m dtv( )y t+) e Siz t modes are normally delocalized over large parts of the systems
=1 and thus do not substantialleet the free energy hot-spots
and their interpretation, as we focus mainly on local changes.

2m dtv()v(t+ ) 2!

Classical Mechanical SimulationsThe crystal structures

_ N of the apo-bromodomain (PDB 5G38and the inhibitor-

- B() domain complex (PDB 503B)were used as starting
=1 structures. All molecules that were not protein, inhibitor, or
Nregiong N} water were removed. Antec.hamber., part of the AmberTools

- D() 16, was used to parametrize the inhibitor. The faricke

) ) 14SB was used for the simulations. The proteins were
: ! ®) solvated in a rectangular box with 10 A of TIRg&er, and

; ; ; ; ; tralized with 2 chlorine ions. The simulation engine
NiegionsiS the number of regions in which we split the total?&Y _engine
system and\}, is the set of atoms that belong to the reigion NAMD ~ was used. The energy of the system was minimized:

; ; he rst 10,000 steps only the water molecules and for the
The regions can be chosen completely freely ranging from the' t
entire system over residues to individual atoms. This helps it 10,000 steps the full system. The system was heated over
ps to 300 K. In the following it was equilibrated for 200 ps,

rewrite to ) X .
and then a production run of 1 ns was carried out. The time

Neegions step was 0.5 fs, as no constraints such as SHAKE
A= E+ A() RATLLE were imposed on the system during the production

i 4) runs. Nonbonded interactions were evaluated at every step.
Periodic electrostatic interactions were computed with the
Ayi(i) is the vibrational free energy localized in reéglbn  particle mesh Ewald summation method, with a sixth order
we consider free energy changes interpolation. We used a cutadius of 12 A and a switching

2164 DOI:
J. Phys. Chem. 2019, 123, 21632170



Figure 1.(a) Changes of the vibrational free energy{) within the bromodomain upon binding the inhibitor. The residues are colored
according to the change®\g going from the apo- to the complexed-form per residue. Blue residues indicaté g gdinléss movement),

and red residues indicate a loss in vibrational free engfgy 0, more freedom). The inhibitor is shown with van-der-Waals-spheres colored
according to atom types. (b) Interaction between the residues and the inhibitor. TRP-26 (van-der-Waals interaction), TYR-42 (hydrogen bond)
and CYS-81 (two hydrogen bonds) are highlighted. (c) Interactions within the helical part of the domain. Note that the celdretesien di

part a and parts b and c of trgure.

function that smoothly switchesimteraction between 10 and Free Energy CalculationsVibrational free energies;()

12 A. A Verlet nearest neighbor list with a radius of 13.5 A wase calculated from the sampled nuclear velocities agiying
used. The temperature was controlled with the Berendserand . All atomic spectra were rescaled such that every atom
rescaling algorithm.Translation and rotation of the protein receives the same fraction of the total amount of degrees of
were removed from the velocities after the simulatiorfreedom. .

MDAnalysis was used to extract and process the velocities, Infrared Spectra. The experimental spectrum of D(+)-

The convergence of the free energgreince is shown for 9lucose 1-hydrate (ITW Reagents, > 99%) has been measured
residue TRP-26 in ! in this work as an average of 16 scans with'Iresolution

Quantum Mechanical Simulations. The quantum using a Thermo Fischer Nicolet 6700 FT-IR apparatus.

chemistry packagermiONs++  developed in our group
was used for thab initio Born Oppenheimer molecular

dynamics simulations. We used the Hi#3ethod that Inhibitor Bound to the Bromodomain An MM
includes dispersion (DFTD3 v3.1) and counterpoise Application. As a rst demonstration of the presented
corrections (gCP v2.02)The Velocity Verlet algorithim approach, we investigate the changg,afuring the binding

and a stochastic rescaling thermostagére applied. The of a bromodomain-containing protein to an inhibitor. Proteins
structures of -Glu, -Glu, -HCT, and -HCT were of the bromo- and extra-terminal dom&EgT) family are
minimized at the same level of theory before the calculatiofigvolved in the recognition of acetylated lysine residues and
The initial atom velocities were drawn at random from &lay an important role in epigenetic communicatigery
Maxwell Boltzmann distribution at 298.15 K. The time step is’€cently, potent mutant-selective inhibitorBEdrhave been

0.5 fs, and a ninth order extended Lagrangian schemse ~developed, which are meant as a tool for futurevivo

used to improve the SCF convergence. The system dies. Upon blndlr!g to the_ inhibitor, the pptenual energy
equilibrated for 5 ps. The production runs were 200 ps lon urface oBET is modied leading to conformational changes

and 20 independent simulations édént starting velocity m the protein which one would generally assume causes the

vectors and pseudorandom numbers in the thermostat) weerl?nding site to become tighter. Here, we want to stress that we
conducted for each molecule. Translation and rotation of t e focusing on calculating diangesf A, upon binding

lecul q f the simulati d do not attempt to compute the binding free energy, for
molecule were removed at every step of the simulation. ich energy-based methods such as the BeAnegiptance

starting points, we used twoedent minima, both obtained - Ration methodare more suitable. We expect though that the
by energy minimizations. Additional conformers or &toms highlighted by our method are those which are the main
subsequent weighting of the single simulations were ngntributors to the free energy of binding.

required as the thermal energy of the molecule and the\we used the cocrystal structurd-ME-1andBET as well
simulation time were suient to explore the conformational as the apo-crystal structure (PDB 503C and 5028 a
space. The sampling was monitored by the convergence of #tarting point to investigate theeet of inhibitor binding to
mean free energy drence; see ¢ the bromodomain motif. We conducted two independent

2165 DOI:
J. Phys. Chem. 2019, 123, 21632170



Figure 2.(a) (top) Hyperconjugation and (bottom) dipole interaction discussed as origins of the anechénigleicose. (b) Structures,
abbreviations, and atom labels of the investigated molecules. The possible trankflrf\atizasaranged in a thermodynamic cycle. (c)
Change in the vibrational free energy per atom fiGin -HCT (transformatioril), -Glu -HCT (transformation), and their

di erencel(-I = IV-Il). The latter is equivalent to the change of the free energy during the appearance of the ectomeciing the bond
strengthening of the OE1 bond and the bond weakening of the@Il and C5 O5 bond.

classical molecular dynamics simulations in a water box aswhtributing to the free energy hot-spots. The changes of the
computed the derence in vibrational free energig,) per free energy in the binding pocket and at the helices are
residue and per atom, where the residue-wise vibrational fid®minated by local changes of stretching or bending
energy is just the sum over the corresponding atoms. Thébrations, arising from the interactions with the inhibitor or
changes in the vibrational free energy are shown ns . the resulting changes in the arrangement of the helices. These
Blue indicates a s¢ning of the residue £, > 0, shift  (rather) high-frequency modes should be described quantita-
toward vibrations of higher frequency) upon the binding of thgyely correct with our method, as already discussed in Section
inhibitor, whereas red Alib < 0, shift toward vibrations of 2 and ref . CYS-81 m|ght be an exception as the Switching
lower frequency) means that the residue can move more fregénween two hydrogen bond acceptors features a low-
The overall change inA,;, is positive, already indicating a frequency mode over a local maximum. It is, however, an

sti ening of the motif due to the interaction with the inhibitor. oy ~alient example how locaas changeA,;, dramatically
. R R . . i
Many of those str residues can be found in the binding onq hoy this is detected by our method. Of course, we cannot

pocket (see . a+b?’W_h?fe their side chains show d'St'n‘?t xclude that our method neglects possible low-frequency
interactions with the inhibitor. Examples are TRP-26, whic odes, which act large parts of the system. Yet, we were not
interacts with the inhibitor via van-der-Waals interactions, a%%le to, nd such vibrations in RMSD-plots B

TYR-42, which forms a hydrogen bond. Interactions betweenIn previous experimental and theoretical stuties,

the inhibitor and the backbone are also occurring. The peptideeneral mode softening (increase of the density of states
group of LYS-30, for example, communicate9-Mi1via 9 9 y

a water molecule. The only residue in the binding pockef[unCtion for very small wave numbers) was reported for similar

which becomes morexible, is CYS-81; its SH-group SWitchesp’rotein-inhibitor systems. These new low-frequency modes

between two hydrogen bond acceptors (dBEBand one at were identied as linear combinations of the rotational or
the inhibitor). Both hydrogen bonds are not formed in thelranslational modes of the inhibitor and modes of the protein.
apoprotein, where CYS-81 is constantly bound to a resigifeour present study, thiseet is not visible. The main reason
which is inaccessible in the presence of the inhibitor. THer this is that all our simulations were carried out including

analysis, however, also showsithatoes not only change at  explicit solvent molecules, while previous studies involved gas-
the binding site, as parts of thaelices are colored as well Phase simulations and measurements of dried samples. As a

(see c). Reasons for these sigantly smaller consequence, we describe the more realistic system and the
contributions are subtle changes in the arrangement of theplacement of solvent by the inhibitor in the binding pocket
helices. and not the mere binding event. Since the solvent molecules

In order to discuss if the values of the free energy hot-spdaeated in the binding pocket also couple to the protein, no
( A()) can be interpreted quantitatively (not only mode softening during its replacement by the inhibitor is
gualitatively), one has to consider the individual vibrationgbserved.

2166 DOI:
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Figure 3.(a) Excerpt of the experimental IR-spectrum of crystalline glucose (monohydrate and mixtiaadfdremer) showing the €l

stretching vibrations for comparison to the simulated spectra below. (b) Labels of carbon-&mmns-@iu, -HCT, and -HCT. (c)

Calculated spectr®( )) of (top) -Glu and (bottom) -Glu showing the CH stretching vibrations of the entire molecule (black) and the
contributions from the dérent C H bonds (color). The splitting of molecular peaks enables a detailed inspection of the surroundings of the
individual atoms. For comparison to the experiment, the frequencies of the simulated spectra have been scaled by a factor of 0.82 (similar to
reported 0.81 in our previous work(d) Same analysis for (top)HCT and (bottom) -HCT. The peaks of H7 and H@&round 3050 cni)

are not shown as they cannot be compared to glucose.

In summary, our approach has revealed the formation ofoair method does not allow for a distinction between the two
tight inhibitor protein complex, which als@ets parts of the  models.
helices of the protein. All interactions reported here were The sole comparison ofGlu and -Glu would not only
found simply through the application of the presented methoificorporate the anomeric but also othects, for example,
and no complex analysis of bond distances or dihedral angléanges of the hydrogen bonds or the 1,3-diaxial interactions.
distributions and, thus, re priori knowledge about the To isolate and visuali_ze the anomeléctew_e have sjmulated
binding process was necessary to identify any of them. InGlu, -Glu, and their two analogues with the ring oxygen

addition, the power specti®(()) of the residues or atoms P€ing replaced by a gihoiety (-HCT and -HCT, the
were used to interpret the free energy hot-spots. abbreviatioHCT stands for the IUPAC nameH§droxy-

Anomeric E ect A QM Application. In the rst methyleyclohexane-(1,2,3#¥ole) at the HF-3c level of

example we focused on intermolecular interactions, but omeory' Please note that the a_nomegicte's only prese“? in
-Glu. It can, therefore, be investigated by analyzing the

method can also visualize changes of covalent bonds: .

Therefore, we use, as a second exaatplejtiomolecular ahgr?g(l:ue bet\_N:g_? ETS gflngt(\;\;(?eiu&?E{Jransfé)vr(r:l;tig%s
dynamics instead of foroeld calculations to investigate the ~ =~ () and -HCT  -HCT (IV), as the other
anomeric esct. The anomeric ect appears in heterocycles e ects cancel out. For structures and atomic labels e
based on cyclohexane and leads to a stabilization of the a¥%al ' T
position of heteroatomic substituents adjacent to the | o.qer to visualize the anomerie@, we show the

heteroatom within the six-membered ring/e investigate \iprational free energy eiences (A,) of the trans-

this e ect by looking at one famous representative, namefyymations andll for selected atoms it ¢ (for the
glucose. Here, one encounters an unexpected stabilization oforresponding vibrational spectra saa ). Their
glucose (-Glu) with respect to-glucose (-Glu). The origin i erence, which can be interpreted as the appearance of the
of the anomeric ect has been under discussion for a longanomeric eect, is also shown. In both transformatibasd

time including experimentalas well as theoretical  |), the centers near the mutation site C7/O5 and (in the case
contributions (see a). The two debated causes are ofl) O1 contribute to A, whereas C2 are not aected by
hyperconjugation and dipole interactions, both stereoelethe mutation. Their derencelf 1) reveals that A ;, of the

tronic eects. In this work, we restrict ourselves to theanomeric esct is mainly localized at C1, O1, and their
visualization of the ect and highlight the involved atoms, ashydrogen atoms as well as at C5 and O5. It is in good
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agreement with the bond strengthening of theC0%ond selected region from the VDOS spectrum featuring the
(C1is red) and the bond weakening of the@IL bond (O1 anomeric eect, convergence plots for glucose and HCT,
is blue), when the anomericeet appears. Additionally, the and a convergence plot for a selected residue of the
C5 O5 bond is slightly weakened (C5 is blue). The bromodomain { )

comparably small contribution at O5 is the result of two

counteractive ects, the simultaneous strengthening and

weakening of its bonds to C1 and C5, respectivelyeéit e )

are also visible in the distributions of bond lengths during tHeorresponding Author

simulations (see ) and can be interpreted *E-mail:
guantitatively, as they feature solely changes in (rather) higbRCIC
frequency modes. Christian Ochsenfeid:

TheI C[:I stregc?ing vibrftat:ions of th;systtek:ns ) Author Contributions
can aiso be used to prove the anomeeicLeas they are VEry s; c g p_and L.D.M.P. contributed equally to this work
good sensors for changes in the surrounding chemical

environment. The superposition spectra®fu and -Glu Notes _ o

(black lines in c) are in good agreement with the The authors declare no competingncial interest. )

experimental infrared spectrum measured in the present wdMe interactive tutorial with analysis scripts is available at

( a) featuring both six peaks. Compari@juand - :

Glu ( c), we can identify two red-shifts (Gl and

C5 H5), which do not appear in th#CT-spectra {

d). They can, therefore, be assigned to the anomesic e The authors acknowledge Sophia Schwarz and Professor

corroborating the previous result that the anomeeict e Oliver Trapp (LMU Munich) for their help in measuring the

a ects the vibrations of C1, C5, and O1 as well as thexperimental infrared spectrum, and Professor Fritz Schaefer

connected hydrogen atoms and not@©2and C6. (University of Georgia, Athens, USA) for useful comments on
Again, our method has discovered all atoms involved in tlo&ir manuscript. Financial support was provided by the SFB

anomeric eact, verifying the common picture of this complex749 "Dynamics and Intermediates of Molecular Trans-

stereoelectronic ect (see a) without any prior formations (DFG), the SFB 1309Chemical Biology of

knowledge or assumption. A detailed inspection of the specEpigenetic Modcations (DFG), and the DFG cluster of

(D( )) o ers even more insights in the vibrational behavior ofxcellence (EXC 114¢enter for Integrative Protein Science

the investigated molecules, as shown for thiscspase. MunicH (CIPSM). C.O. acknowledges further support as

Max-Planck-Fellow at the MPI-FKF Stuttgart.

Overall, the use of vibrational spectra calculated from nuclear _ o

velocities, can lead to new and valuable insights into moleculél) Chipot, C., Pohorille, A., Eésee Energy CalculatiSpsinger-
transformations. As the two examples have shown, we are é't‘_ﬂ@éag: Berlin “e'(&'bergv 20tO7- W. E. Practical © of f

to localize and, therefore, explain free energy changes. T ansen, ., van tunsteren, W. . Fractical aspects or iree-
calculation is straightforward and does not requieepinyi ~ €Herdy calculations: A revidwChem. Theory Com@oi4 10

knowledge about the system before the actual evaluation. §2Mi?fo7p.olis N.: Rosenbluth. A. W.: Rosenbluth. M. N.: Teller. A

have also shown that it is applicable to any level of theory far." ejier, E. Equation of state calculations by fast computing
the molecular dynamics simulations, ranging from édgice- machines]. Chem. Phyi€53 21, 1087 1092.
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1 Image Processing

All images containing molecular geometries which are coloured according to
changes in vibrational free energy were produced usirgMD .M All plots
showing spectra and distributions were produced using the python-package
matplotlib.Zl The chemical structures were drawn wittChemDraw

2 Data and Materials Availability

All inputs and trajectories are available upon request. PDB les (with
the free energy colouring), analysis scripts, and an interactive tutorial are
available at http://www.cup.Imu.de/pc/ochsenfeld/download/ . NAMD

is freely available for non-commercial users, whileermiONs++ is not yet
available.
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3 Figures

Figure S 1. atb, Vibrational spectra per atom fora -HCT (black)
and -Glu (inverted grey) and if) -HCT (black) and -Glu (inverted
rey). The ovErIrgp §) between the two spectra is calculated &s =

S 1(M)(d= F 12(~)d~ ¢ 13(~)d= with I, and |, being the intensity
of the two spectra at a wavenumber)]. The overlap between-Glu and
-HCT is generally smaller than the overlap betweeBlu and -HCT . The
wave number~) increases from left to right.
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Figure S 2: Distribution of bond lengths and angles of the simulations of (left
column) -Glu and -Glu and (right column) -HCT and -HCT , that serve

as an indicator for the anomeric e ect.-Glu exhibits, in comparison to-Glu,

a shorter C1-O5 bond, a longer C1-O1 and C5-O5 bond, and a smaller C5-O5-
C1-C2 dihedral angle. Similar observations cannot be made, when comparing
the simulations of -HCT and -HCT .
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Figure S 3: (Top) Experimental IR spectrum of crystalline glucose-mono-
hydrate (black) and simulated IR spectra (calculated as presented in ref. [3])
of -Glu (orange) and -Glu (blue). (Bottom) Computed vibrational power
spectra of -Glu (orange) and -Glu (blue). The power spectrum has di erent
intensities and also shows not IR-active vibrations exhibiting a small or no change
in the dipole moment. For comparison to the experiment, the frequencies of the
simulated spectra have been scaled by a fact@8% (similar to the reported
0:81in ref. [3]).
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Figure S 4: Other vibrations than the C-H stretching bond are a ected by
the anomeric e ect, e.g., the C-H deformation mode, which is clearly shifted in
the case of -Glu. For comparison to the experiment, the frequencies of the
simulated spectra have been scaled by a fact@:.8% (similar to the reported

0:81in ref. [3]).
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Chapter 4

Conclusions and Outlook

This thesis has investigated ways to accelerate AIMD calculations, overcoming di er-
ent bottlenecks of these time-consuming calculations, and pushing their applicability
to larger system sizes. The e ciency and accuracy of the presented routines have
been demonstrated in ground-state BOMD and excited-state NAMD simulations.
The resulting trajectories o er novel insights into a variety of interesting properties,
such as free energies, vibrational spectra, and relaxation pathways.

The main bottleneck of AIMD is the evaluation of the two-electron integrals,
which needs to be done at each time step. Their extremely e cient calculation on
GPUs is, therefore, the rst and crucial step towards fast MD simulations. Conse-
guently, this thesis expands the scope of FermiONs++ and its GPU-based integral
routines, giving access to ground-state MD, excited-state properties, and conse-
guently NAMD. The resulting speed-ups of the calculations are remarkable, albeit
not for the moment enough to address chemically relevant systems and problems. For
this purpose, fast, yet still accurate electronic structure methods are required. HF-3c
and simpli ed TDDFT have been tested and proven to be reliable for ground-state
and excited-state calculations in this thesis. Additionally, the extended Lagrangian
method was used to accelerate the convergence (or circumvent) the SCF cycle of
the electronic structure method, while the Hammes Schi er-Tully model served to
e ciently calculate the couplings between electronic states.

With e cient BOMD and NAMD methods at hand, the thesis presents and dis-
cusses several state-of-the-art applications. Accurate IR spectra of large systems
(e.g., -carotene) or even liquid water can be computed within several days (instead
of weeks), thereby showing good agreement with experimental data. Dynamics of
excited rotary molecular motors and the chromophore of the rhodopsin protein re-
veal the expected rotation around a double bond accompanying the-S, transition.
Here, the speed-up of (at least) a factor of two allows for more and/or longer tra-
jectories, and thus better sampling of the investigated process. The e cient BOMD
method is also tested for free energy calculations, using the standard energy-based
methods and a reintroduced method based on the vibrational density of states func-
tion. The latter gives comparable results to the established methods, while addi-
tionally allowing for a partitioning of the free energy. This approach is suitable to
identify so-called free energy hot-spots, which could be rmly demonstrated though
the investigation of the anomeric e ect and protein-inhibitor binding.



192 4. Conclusions and Outlook

Many future projects can be thought of, but the incorporation of the extended
tight-binding method GFN(2)-xTB [143, 144], machine learning algorithms [145],
or the expansion of the NAMD algorithm towards decoherence corrections [146]
or triplet states [147] would be of particular interest. Exploring the introduced
approaches together with increasing computing capacities will open up interesting
and novel ways for investigating, e.g., biomolecules, photo-switches, and prebiotic
chemistry. Along with free energy predictions and analysis (using the free energy
hot-spots), simulations of spectra, and investigations of excited-processes, nanore-
actors [37, 38] are expected to provide new and more in-depth insights into the
fascinating chemistry of these and many other elds.
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