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ABSTRACT

Rotational and vibrational energy relaxation (RER and VER) of N;O embedded in xenon and SFs environments ranging from the gas
phase to the liquid, including the supercritical regime, is studied at a molecular level. Calibrated intermolecular interactions from high-level
electronic structure calculations, validated against experiments for the pure solvents, were used to carry out classical molecular dynam-
ics simulations corresponding to experimental state points for near-critical isotherms. The computed RER rates in low-density solvents
of k& = (3.67£0.25) x 10 s7' M™! and K¢ = (1.25 £ 0.12) x 10" s™' M~ compare well with the rates determined by the analysis of
two-dimensional infrared experiments. Simulations find that an isolated binary collision description is successful up to solvent concentra-
tions of ~4 M. For higher densities, including the supercritical regime, the simulations do not correctly describe RER, probably due to the

neglect of solvent-solute coupling in the analysis of the rotational motion. For VER, the near-quantitative agreement between simulations
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and pump-probe experiments captures the solvent density-dependent trends.
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INTRODUCTION

Understanding the precise molecular level details of rotational
and vibrational energy relaxation dynamics in high density gas and
supercritical fluid (SCF) solutions is of fundamental importance for
the description, optimization, and control of chemical reactivity in
inherently dense media. For example, dense fluids at high temper-
atures and pressures, often in supercritical (sc) regimes, are solvent
environments where many combustion reactions occur.' ~ Further-
more, SCFs offer the possibility for selective control of chemical
processes including energy relaxation/transfer dynamics and have
already been successfully employed in a range of applications.” '’
Aside from offering the “green” potential to replace organic solvents
(e.g., scH,0 or scCO3), local density augmentation and the dynam-
ics associated with the long-spatial correlations that develop in near
critical state points contribute to the special solvation properties of
near critical fluids.”'""'* These density correlation length increases
result in a corresponding correlation relaxation time increase at

the critical point, often described as critical slowing and evident in
scattering experiments'” '~ and simulations.'*"’

In prior ultrafast studies of dense gas and supercritical
fluid solutions, two-dimensional infrared (2DIR) experiments have
revealed rates of rotational energy relaxation (RER) as a function
of solvent density for the N,O asymmetric stretching mode (vas)
in SFs and Xe even in the absence of any rotational features in the
corresponding v,s rovibrational spectrum.'®”’ Pump-probe mea-
surements provide vibrational energy relaxation (VER) rates for
these same high density state points. A simple isolated binary col-
lision (IBC) model was sufficient to describe the RER of N;O vy
up to SFs and Xe solvent densities of ~4M for T < 1.01T isotherms
derived from 2DIR measurements.”’ However, the RER dynamics of
NO in these two similar non-dipolar solvents show different con-
centration dependencies as the critical density is approached and
where many-body effects begin to play a larger role for solvation.”’
The RER of N;O is slower than the IBC predicted rates in the den-
sity region (~4M-~6M) of the SFs critical point [p_(SFs) = 5.09M]
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and attributed to the longer length scale, slower density fluctuations
coupling to the closest N, O solvation shells. However, no such slow-
ing effect was observed for N,O RER in xenon. For xenon densities
> ~4M, the RER rate monotonically increased through the critical
point region [p_(Xe) = 8.40M]. It was hypothesized that the many-
body interactions at the higher critical density for the xenon solvent
shielded the N, O rotors from coupling to the long correlation length
fluctuations. N, O rotational relaxation in both solvents is a highly
efficient process. Following vss, excitation rotational equilibrium is
re-established after 1.7 and 2.4 collisions in SF¢ and Xe, respectively,
in the IBC density region.”’

Rotational and vibrational equilibria are established on very
different time scales following N> O v, excitation in these high den-
sity gas and SCF SFs and Xe solvents.”” While only a couple of
collisions are required for N> O rotations to thermalize in both sol-
vents, the VER of N,O may take hundreds of collisions or more to
return the molecule fully to thermal equilibrium. The density depen-
dence of N,O VER is also strikingly different in xenon and SF6, and
underscores that VER has a highly variable rate due to the inher-
ently quantum nature (hwy, = kT) of this relaxation mechanism.
The N,O v, lifetime is ~300 times shorter in SFg than in xenon
because xenon has no possible resonant V — V, solute — solvent,
energy transfer relaxation pathway as found for relatively efficient
VER from N>O v, in SFe. The first step in N>O v, VER in SFe
is the collision enabled intramolecular relaxation to the N,O sym-
metric stretching mode before a much slower return to the ground
vibrational state. Furthermore, VER is nearly an order of magnitude
slower for this initial VER component in SFs as compared to RER,
and a critical slowing effect is not as clearly evident.”’ The density
dependence of the N>O v, rovibrational absorption line shapes in
SFs and xenon was well-captured in a previous classical MD simu-
lation study.”’ Even the rovibrational spectral contours, inherently
determined by J, M quantum transition selection rules, were accu-
rately duplicated by these classical simulation results. The goal of
this article is to test the ability of this same simulation approach to
capture the previously reported N,O v, rotational and vibrational
relaxation dynamics determined by these 2DIR and pump-probe
measurements spanning the dense gas to the supercritical density
regime in SF¢ and Xe.

Relaxation phenomena in liquids provide valuable information
about intermolecular interactions and coupling between solvent and
solute modes. In the present work, the RER and VER of N, O as the
solute immersed in Xe and SF¢ as atomic and molecular solvents at a
wide range of densities are investigated from atomistic simulations.
The environments are under conditions that range from gaseous to
supercritical and regular liquids.

The present work is structured as follows: First, the methods are
presented, followed by the validation of the intermolecular interac-
tions. Next, results on the RER and VER of N,O are presented and
discussed. Finally, conclusions are drawn.

METHODS
Inter- and intramolecular interactions
The N>O PES

The intramolecular potential energy surface (PES) of N,O in
its electronic ground state (‘A’) is provided by a machine-learned
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representation using the reproducing kernel Hilbert space (RKHS)
method.””*’ Reference energies at the CCSD(T)-F12/aug-cc-pVQZ
level of theory were determined on a grid of Jacobi coordinates
(R,r,0) with r being the N-N separation, R being the distance
between the center of mass of the diatom and the oxygen atom,
and 0 being the angle between the two distance vectors. All cal-
culations were carried out using the MOLPRO package.” The
full-dimensional RKHS model for a N,O potential energy surface
was originally developed for the investigation of N + NO collision
reaction dynamics.”’ The Pearson coefficient R* of the RKHS rep-
resentation and the full set of reference values is 0.999 83, and the
root mean squared error (RMSE) between RKHS and reference ener-
gies up to 20 kcal/mol above the equilibrium structure (78 reference
energies) is 0.13 kcal/mol.

The solvent PES

Intra- and intermolecular force field parameters for SFs were
those from the work of Samios ef al.”> Intermolecular interactions
were based on Lennard-Jones potentials only, and the parameters
were optimized such that MD simulations of pure SF¢ reproduce
the experimentally observed pVT state points for liquid and gas SFs,
as well as the states of liquid-vapor coexistence below and super-
critical fluid above the critical temperature T.(SFs) = 318.76 K,
respectively.”””” For Xe, the Lennard-Jones parameters were opti-
mized to reproduce the pVT state points of gaseous, supercritical,
and liquid Xe at different densities and temperatures below and
above the critical temperature of T.(Xe) = 289.74 K.”*’

The Xe-Xe Lennard-Jones (L]) potential parameters for the van
der Waals (vdW) potential energy contribution were fit to match
experimental pVT state points of xenon, which were computed with
a similar setup as used by Samios et al. to fit the force field para-
meters for SFs.”” A set of Nyyr = 44 experimentally measured pVT
state points of xenon at temperatures (number of state points) 273.15
(5), 286.65 (3), 298.15 (12), 323.15 (12), and 373.15 K (12) was
selected.” For each state point, a separate NVT molecular dynamics
(MD) simulation was run using a Langevin thermostat with a fric-
tion coefficient of 0.1 ps™". The system contained 1200 Xe atoms; the
structure was minimized, heated to the target temperature, and equi-
librated for a total of 100 ps with a time step of 1 fs. Next, the average
pressure was determined from a 300 ps simulation and compared
with the experimental reference.”” The xenon L] parameters exe
and Ruinxe were then optimized by the Nelder-Mead method” to
minimize the relative root mean square error (rRMSE) between the
sampled average and experimental pressures at respective volume
and temperature,

1 Nevr Psim. i(V» T) - preﬂ i(V, T) )2
RMSE = > » ) 1
' \I NPVT Z ( pref.,i(V) T) ( )

1
The L] parameter set with the lowest rRMSE was chosen after the
rRMSE arguably reached a convergence limit for several tens of
optimization steps.

Electrostatic solvent-solute interactions were computed based
on a minimally distributed charge model (MDCM) for N, O that cor-
rectly describes higher-order multipole moments.”’** For param-
eterization, a reference electrostatic potential (ESP) of N,O in its
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linear equilibrium conformation was computed at the CCSD/aug-
cc-pVTZ level using the Gaussian program package.”” The opti-
mized MDCM fit reproduces the ESP with a RMSE of 0.31 kcal/mol.
For SFg in its octahedral equilibrium conformation, the ESP was
computed at the MP2/aug-cc-pVTZ level of theory using the Gaus-
sian program. The RMSE between the fitted ESP from MDCM and
the reference ESP was 0.11 kcal/mol. Recently,”” non-iterative polar-
ization has also been included in MDCM, and this is also used
here for N,O, SFe, and Xe. The polarizability of linear N,O at the
CCSD/aug-cc-pVTZ level is 2.85 A® (with each atom contributing
~0.95 A® per atom), compared with 2.998 A® from experiment.** For
Xe at the CCSD/aug-cc-pVTZ level, the computed value of 2.96 A’
compares with 4.005 A from experiment,”* and for SFs, the exper-
imentally measured polarizability of 4.49 A’ was used and evenly
distributed over the fluorine atoms (0.74 A> per fluorine atom).”

The LJ parameters for N2O (€4, Rmine With a = {N,O}) were
individually optimized for each N,O atom by least-squares fitting
using the trust region reflective algorithm® to best reproduce the
N,O-Xe and N,O-SFs interaction energies, respectively. Reference
energies were computed for a single N,O molecule immersed within
differently dense Xe or SF¢ clusters to sample gaseous, supercritical,
and liquid solvent environments. For this, 50 cluster conformations
for each solvent state were extracted from earlier MD simulations of
different solvent concentrations.’’ The clusters contained 3, 7, and
10 xenon atoms and 2, 6, and 10 SFs molecules for gaseous, super-
critical, and liquid samples within the radius of the first solvation
shell around the N,O center of mass of 6.5 and 7.5 A, respectively.
Cluster conformations were randomly extracted from the trajecto-
ries with the respective number of solvent atoms or molecules within
the cluster radius maintained.

Counterpoise corrected reference interaction energies between
N,O and the solvent shell of the cluster were computed at the
MO06-2X/aug-cc-pVTZ level of theory including D3 dispersion cor-
rections with the Gaussian program package.””””"* Computations
at the CCSD(T) level of theory, as done for the intramolecular N,O
potential, are not feasible for the interaction energies between N,O
and up to 10 Xe atoms or 10 SFs molecules.

Molecular dynamics simulations

Molecular dynamics simulations were performed with the
CHARMM program package” including provisions for RKHS and
MDCM.*”"** Each system (N,O in Xe and N,O in SFs at given
temperature and solvent concentration) was sampled from five inde-
pendent MD simulations with initially random solute and solvent
arrangements generated using the packmol code.”’ Each simulation
was initially heated and equilibrated for 100 ps each, followed by
10 ns production simulations in the NVT ensemble using a time step
At = 1fs for the leapfrog integration scheme. In total, a total of 50 ns
was sampled for each system condition.

The N,O/Xe systems were simulated at a temperature of
291.2 K, and for N,O/SFs, the temperature was 321.9 K, of which
both are slightly above the experimental critical temperatures for
condensation of xenon and SF, respectively [T (Xe) = 289.74 K,
T.(SF) = 318.76 K].'””°” A Langevin thermostat (coupling
0.1 ps™') was used to maintain the temperature constant but was
applied only to the solvent (Xe and SFg) atoms. The positions and
velocities of snapshots of the simulations were stored every 1 fs for
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analysis. As intermolecular vibrational energy transfer is slow,”’ the
structure of N,O was optimized and new velocities from a Boltz-
mann distribution at the simulation temperature were assigned to
NO after the heating step. This ensures that the kinetic energies
along the asymmetric, symmetric, and bending modes match the
thermal energy with respect to the target simulation temperature.

The different simulation systems were prepared according to
the conditions used in the experiments.'” *’ Table S1 summarizes
the N,O concentrations ¢(N;O), molar volumes V,,, and critical
density ratios p* = p/p, used in the simulations. The experimen-
tally determined critical densities are p, = 1.11 g/ml for xenon and
p.=074g/ ml for SF¢, from which critical concentrations of 8.45 and
5.06 M for xenon and SFg are obtained, respectively.zh‘l "Inall setups,
the simulation box contained one N,O molecule and 600 Xe atoms
or 343 SF¢ molecules, which corresponds to similar simulation box
volumes for similar relative density ratios of the two solvents. In
the original parameterization study, a simulation box containing
343 SF¢ molecules was used to fit temperature-pressure properties.”

In the MD simulations for N, O in SFg, electrostatic and polar-
ization interactions were only computed between the N,O solute
and the SFs solvent. Electrostatic and polarization contributions to
the SF¢ solvent-solvent interactions were neglected. Such a proce-
dure ensures that the pure (liquid, gas) properties of the solvent are
unaltered.

Analysis

Rotational relaxation

The RER times of the N,O solute were determined by fit-
ting single- or bi-exponential functions to the autocorrelation
functions involving angular momentum-dependent quantities. The
normalized correlation functions C(t) for time-dependent scalar

(A(®)).
oy - A©-AW)

(A(0)?) @
or vectorial (A(t) = {A:(t),A)(1),Az(1)}),
c(t) = 1 Z M, (3)

3 i=x,),2 <A’(O)Z>
observables were computed for the time series of the rotational
energy of N,O, where Eroi(t) = |E(t)|2/2l(t), in which I(¢) is the

INT
moment of inertia, L(t)| is the squared angular momentum, and

L(t) is the angular momentum.
The amplitude A, RER rates 1/7;, and offset A of a single
exponential function C; (),

Ci(t) = A"+ A, (4)

were optimized to fit the sampled rotational energy correlation func-
tion from simulations. For the fit, the lower limit for the time was
t = 0.2 ps, as had also been done for fitting the experimental results
to avoid any pulse overlap effects,”’ and was restricted to C(t) > 0. It
is noted that using a double exponential function does not provide
improved representations of the data even near the critical point.
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Vibrational relaxation

Transition rates ki = T,-jl for the vibrational state transi-

tion i - j of the N,O solute in solution were computed from a

Landau-Teller model,"'
1 oo
kinj=——— = y,--f dt exp (iwijt){(t), (5)
T m(wy) e ’

with a proportionality factor y;; defined as

e ) ©)
Yi = 1 + exp (—fhwij) “i)>
Q(wjj) = @ coth (@), (7)

which includes = 1/(ksT) and a quantum correction factor Q(w)
for the classically obtained correlation function {(t).””** Here, {(t)
is the time-dependent friction acting on the oscillation of the solute
and is derived from the correlation function,

¢(e) = (Vy(8) - Vii(0)), (8)

of the classical solute-solvent interaction friction potential V().
The solute-solvent interaction is obtained from the solute-solvent
force Fine(t) projected along the normal mode vector §; by the sum
over the solute atoms & according to

L (9Vim(t)

Vi(t) = wi e 032 (D)

° Qi,a(t) = _Z Fint,a(t) : qi,a(t): (9)

where mq is the atom mass of & and y; is the reduced mass of
normal mode i.*’ Because a quantum mechanical correlation func-
tion was replaced by its classical analog, quantum correction factors
Q have been introduced.”*** The typical behavior of Q(w) is
~1 for hw < kgT [limy—0Q(w) = 1], whereas Q(w) can become
significantly larger than 1 for iw 2 kg T.

RESULTS
Validation of inter- and intramolecular interactions

For investigating the RER and VER of N,O in gaseous, super-
critical, or liquid Xe or SFs environments, an accurate representa-
tion of the solute-solvent interaction is crucial.'” " The results of
the parameter optimization for the intermolecular interactions are
summarized next.

Solute potential

To establish the quality of the N, O PES, the vibrational modes
were determined by solving the 3D nuclear Schrédinger equation
using the DVR3D"" package. The computed fundamental asymmet-
ric, symmetric, and bending vibrations were at v = 2229 cm”l,
vs = 1291 cm™, and w, = 598 cm™! and agree well with 2224, 1285,
and 589 cm™', respectively, from experiments in the gas phase.”
For the bending overtone (2w, ), the computations yield 1184 cm™
compared with 1168 cm™" from experiments.”

1
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Solvent potential

The Xe and SF¢ solvent potential models [for Xe-Xe interac-
tion see Fig. 1(a)] aim at accurately reproducing the experimentally
measured pVT state points. The atomic L] parameters for SFs were
already fitted to match reference pVT state points of pure gaseous,
supercritical, and liquid SFs systems.”” In contrast, for xenon, the
previously used L] parameters were fitted to match dilute gas macro-
scopic properties such as virial coefficient, viscosity, and thermal
conductivity over a wide temperature range but not specifically
for correct phase transition and supercritical fluid properties.” As
described above, the L] parameters were refitted to reproduce the
reference system pressure of pure xenon under 44 different den-
sity and temperature conditions.”® Figure 1(a) shows the measured
reference isotherms in the pVT diagram (dashed lines) and the com-
puted pVT state points from simulations using the optimized L]
parameters with the lowest relative RMSE of 15.1% between refer-
ence and computed system pressures (absolute RMSE of 32.7 Pa).
This is an improvement by a factor of ~5 (relative RMSE of 75.1%;
absolute RMSE of 124.3 Pa) when using the original parameters.™

11
0.0
E e
e
= -0.14[t e
) £ gl
£ 0.2}
=
B —o0.3
R, b .
; -0.41 Y 4 — pVT fit
% K ---- Azizetal.
-0.5{ &
K e cCcsD(T)
-0.6 . , :
a 5 6 7 8
Xe—Xe Distance r (A)
(b)
; ---- 273.15 K
I\
102] ¥ ---- 286.65 K
3 ---- 298.15 K
- \'\\ ---- 323.15K
5 o 373.15 K
o R e
€ el Wl
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FIG. 1. (a) Two-body interaction potential V between Xe atoms computed by the
Lennard-Jones potential function with the optimized LJ parameters (blue solid line)
and from Aziz and Slaman (red dashed line).5* The green dotted line shows the
ab initio reference potential for a Xe—Xe atom pair at the CCSD(T)/cc-pV6Z level
of theory corrected by higher coupled-cluster level contributions.>® (b) Experimen-
tally observed isotherms in the pVT diagram for pure xenon (dashed lines)?® and
computed pVT state points (full circles) with the optimized LJ parameters.
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Figure 1(b) shows the comparison of the Xe-Xe interaction
based on a LJ potential using the optimized L] parameters and
those from Aziz et al. The dissociation energies are 0.450 and
0.561 kcal/mol, respectively, at equilibrium separations of r. = 4.31
and 4.36 A. This compares with a dissociation energy of
0.556 kcal/mol and r. = 4.40 A from high-level CCSD(T)/cc-pV6Z
calculations.” The zero point vibrational energy for a xenon pair is
found to be 10.4 cm™" (0.030 kcal/mol) experimentally™ and 0.029
kcal/mol computationally using the CCSD(T)/cc-pV6Z potential
data and a one-dimensional DVR method.”

Following previous work,”! the local solvent reorganization
lifetime 7, was used to probe for distinct SCF properties and as a
proxy to determine the computationally predicted critical density at
the given temperature, following established routes.”””* Figures 2(a)
and 2(b) show the computed 7, for liquid xenon and SFs, respec-
tively. For the analysis, the cutoff radii for the first and second
solvation shells of a local solvent residue cluster were estimated from

(@)

10

Feut (A)
—a— 6.70
g{ —* 10.70

0 2 a 6 8 10 12

Lifetime 1, (ps)

Xe Concentration (M)

(b)

10

Feut (A)
—=— 8.00
8 —e— 12.70
n
Q.
-
':. 6
[}
E
- 4
=
-
2
0

o0 2 4 6 8 10 12
SF¢ Concentration (M)

FIG. 2. Local solvent reorganization lifetime 7, from the MD simulations of pure (a)
xenon at T = 291.2 K and (b) SFs system at T = 321.9 K. The cutoff radii of the
local solvent clusters are determined from the local minima in the respective radial
distribution functions. The vertical dotted line marks the experimentally determined
critical concentration at the critical temperatures of c¢(Xe) = 8.45M and ¢(SFg)
= 5.02M, respectively.?’
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the local minima of the respective radial distribution function g(r)
determined from the same trajectory. For both solvents, the maxima
of 7, for the simulated solvent concentration are close to the experi-
mentally observed critical concentrations at the critical temperature.
As was found in previous work,” " the solvent fluctuation lifetime,
7y, in L] gas systems is a maximum for supercritical fluids at the
critical concentration. This indicates that the supercritical dynam-
ical properties are well captured by the solvent potential model and
are one more manifestation of critical slowing, at least in pure xenon
and SFs.

(a) N>O-Xe interaction potential AE
1 N,O + n Xe (RMSE)
11 o n=3(0.17 kcal/mol)
n =7 (0.27 kcal/mol)
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= ° 0 g82°
3 0©
£
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5 -1
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w
d o ©
8048
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-3 -2 -1 0 1
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(b) N,O-SF6 interaction potential AE
1 N,O + n SF6 (RMSE)
1{ © n=2(0.29 kcal/mol) ©
n =6 (0.79 kcal/mol)
o n =10 (1.13 kcal/mol)
04 ° ©
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X040
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FIG. 3. Correlation plot of the optimized interaction potential model against the
ab initio reference interaction energies between N, O within (a) xenon and (b) SFg
solvent clusters of different densities. The number of solvent particles in the cluster
is given in the respective legend.
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Intermolecular interactions

The intermolecular interactions between the N,O solute and
the Xe or SFs solvent were fit to reproduce counterpoise corrected
ab initio reference interaction energies for various solute-solvent
clusters. Figures 3(a) and 3(b) show the correlation between the
modeled and reference interactions for the optimized L] parameter
of the N,O atoms. The solute-solvent clusters with N,O at their
center have a maximum radius of 6.5 A for Xe and 7.5 A for SFe.
The number of solvent atoms or molecules within the cluster is rep-
resentative of the local density of gaseous, supercritical, and liquid
solvent environments, and the selection of cluster conformations is
described in the Methods section.

The N,O-Xe interaction in Fig. 3(a) with the optimized LJ
parameter for N,O reproduces the reference interaction energies
with RMSEs from gaseous to liquid-like solvent clusters with 0.17,
0.27, and 0.30 kcal/mol. In contrast, for the N;O-SFs interactions
[see Fig. 3(b)], the RMSEs increase to 0.29, 0.79, and 1.13 kcal/mol.
The interactions in supercritical and liquid-like cluster environ-
ments with n =6 and 10 SFs molecules are overestimated due to
stronger electrostatic interactions compared with Xe.

Rotational energy relaxation (RER)

From the simulations, the N,O atom positions and velocities
were recorded every 50 fs from the aggregate of 50 ns (5 x 10 ns)
for each system and composition. The RER rates 1/7:o were then
determined from the Ero(t) autocorrelation function by fitting to
a single-exponential function [see Eq. (4)], yielding a single RER
time Tyor. Figure 4 shows the RER rates in xenon and SFe retrieved
from the corresponding calculated rotational energy correlation
functions; see Figs. S1 and S2.

As an extension, a bi-exponential function was used to fit the
rotational energy correlation functions. This yields two time scales:
fast and slow RER times, Tyotfast a0d Trorslow»> respectively, shown in
Figure S3. In general, T, from the single-exponential fit matches the
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slow component of the RER time 740w from which the respective
rates are closest to the experimental results. Thus, only the fitting
parameters of the single-exponential function will be discussed.

Analysis of the 2D IR experiments provided RER rates for N,O
molecules in gaseous, supercritical, and liquid solvent regions."® *’
For xenon, a characteristic increase in 1/7yot for c[Xe] > 4M was
found, whereas for SFg, critical slowing for c[SFs¢] >4M was
observed [red traces in Figs. 4(a) and 4(b)]. Both measurements
deviate from the results predicted by the simplest IBC model, which
predicts a linear dependence between c[solvent] and 1/7re. From
the simulations in xenon, however, the results follow that expected
from IBC [blue symbols in Fig. 4(a)], whereas for SFs, the computed
results deviate around the predictions from IBC; see Fig. 4(b).

The agreement between the computed RER rates and the IBC
model rather than the experimentally observed RER rates at super-
critical solvent concentrations becomes apparent when scaling the
rates with the concentration to yield the RER rates k. From the
slopes of the RER rate dependence of the IBC region in Fig. 4, the
simulated N,O RER rates are ki = (3.67 + 0.25) x 10 s™ M~ and
kf:f =(1.25+0.12) x 10" s7! M~! for N,O in Xe and SFs, respec-
tively. The 2DIR derived measured RER rates for N,O in gaseous
xenon and SFs solvent within the IBC region are 5.36 x 10'°s™' M~
and 1.02 x 10" s7' M7}, respectively, which are rather close to the
simulation results.”’ The ratio k>-¢ /kxs ~ 3 also qualitatively agrees
with a factor of ~2 from the experiments.

Up to this point, the rotational energy was used to determine
the correlation function and to obtain RER rates. To probe whether
other angular-momentum-dependent quantities lead to similar con-
clusions, correlation functions for N,O angular momentum L(t)
and the squared angular momentum |L(t)|* were considered; see
Figs. S4 and S5. Using L(t) yields higher rates than those from the
squared angular momentum |L(¢)|?, which in turn closely matches
the rates based on the rotational energy correlation function. This
is not unexpected as the rotational energy is proportional to the
squared angular momentum: Exot(t) = |L(¢)|*/(2I) with I being the
N,O moment of inertia. The rates from L(t) are higher as they also
include the reorientation of the rotational axis of N,O known as
rotational Brownian motion.””

— 1a{ () 144 (b)
i : FIG. 4. RER rates from the RER times
0w 1.2/ 124 —*— Sim. Tt Of a fitted single-exponential function
2 —o— Exp. to the correlation function of the rota-
3 1.0 1.0 e tional energy Er(t) of N,O in (a) xenon
9 and (b) SFy at different solvent concen-
~ 0.8 0.8 trations (blue solid lines). The red solid
n line with colored circle markers shows
3 0.6 1 0.6 1 the experimentally measured RER rates
© and indicate the solvent state gaseous or
x 041 0.4 supercritical (sc). The blue dotted line
w is a linear extrapolation of the first three
€ 0.2 0.2 simulated RER rates. The vertical dotted
: lines mark the experimentally observed
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The respective correlation functions for L(¢) and |L(¢)[* of N,O
in xenon and SF are shown in Figs. S6-S9. The correlation functions
are the average of the correlation functions computed from each
single sample run at the respective solvent concentration. The RER
rates from fits to the correlation functions of the angular momentum
L(t), squared angular momentum |L(¢)|*, and rotational energy Erot
are shown in Figs. S10 and S11.

To conclude, for low solvent densities (c[Xe] <4M and
c[SFs] < 4M), the computed RER rates agree very favorably with
experiments, whereas for higher densities, the deviations from the
IBC model observed in the experiments are not correctly captured,
specifically for xenon. Rather, the simulations follow the predicted
behavior from the IBC model. As the deviations are systematic
with increasing solvent concentration, it is conjectured that as the
solvent concentration increases, the property probed by the exper-
iment is not only the solute rotational energy. This is discussed
further below. In addition, many-body effects may be insufficiently
accounted for in the computational model, thus contributing to the
lack of quantitative agreement particularly for N>O in xenon at
higher densities.

Collision analysis

The computed RER of N,O in Xe and SF¢ followed the simple
IBC model and is in disagreement with the experimentally observed
rapid increase around c[Xe] > 5M and critical slowing at the critical
density for SFs. To gain deeper insights into the solute-solvent inter-
actions, the change in kinetic energy before and after N,O-solvent
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collisions was further analyzed and decomposed into translational,
rotational, and vibrational contributions of N, O at different solvent
densities.

Figure 5 shows the average absolute change in the kinetic
energies of N,O, xenon atoms, and SFs molecules upon colli-
sion. A collision between N,O and solvent was considered to have
occurred when any of the N>O-Xe or N,O-SF¢ atom separa-
tions is smaller than the sum of their atomic van der Waals radii
(1.55,1.52,2.16,1.80,1.47 A for N, O, Xe, S, and F, respectively).’
The initial and final kinetic energies of N,O and solvent were
extracted from the simulation at the frame after crossing this van der
Waals radii threshold from which the changes |AT,| for « = total,
vib, rot, trans and the corresponding distributions P(JAT,|) were
determined. Due to intramolecular energy flow and intermolecular
exchange of kinetic energy between the solute and the surrounding
solvent molecules during the contact time, the sum of changes in the
kinetic energy contributions does not necessarily add up to the total
kinetic energy difference.

Related to RER are changes in the N,O rotational kinetic
energy, |ATmt|; see Figs. 5(a) and 5(c) (red dotted line). For
N,O in Xe, |ATrot| is lower than in SFs and the computed ratio
|ATSFs JATS| ~ 1.2 compares with 1.9 from the experiments.”’ This
indicates that in simulations with SFs as the solvent, the change
in the N,O rotational energy occurs not only due to collisions as
for xenon. Rather, RER is also influenced by the longer-ranging,
anisotropic intermolecular interactions between N>O and the non-
vanishing higher-order multipoles of SFs. As the average change
in vibrational kinetic energy in |ATyp| (dotted-dashed green line)
of N,O is larger in SFs than in xenon, the overall change in the
total kinetic energy |AT | (black solid line) is considerably larger,
whereas the changes in the translational kinetic energy |ATmns| (blue

N,O (in SF SF
18 N20( , ) IR 3
c i d :
= 1.6 © § 1.6-( )
o 5 ?
E 1.4 1.4 ot — 36 X=X
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X i
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FIG. 5. Averaged absolute energy difference |AT| of the total, translational, rotational, and vibrational kinetic energies after a collision between (a) and (b) N,O and xenon
and (c) and (d) N,O and SFg, respectively, at different solvent concentrations. The vertical dotted lines mark the experimentally observed solvent concentration at the
respective critical density. Note the different system temperatures of 291.2 and 321.9 K for N,O in xenon and SFg, respectively.
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dashed line) for the two solvents are comparable because the masses
of xenon (131.3 u) and SF¢ (146.1 u) are similar.

The change in the kinetic energy contributions of the solvent
particles, xenon and SFg, after a collision with N>O is shown in
Figs. 5(b) and 5(d), respectively. At an atomistic level, the kinetic
energy of a single xenon atom only consists of the translational
contribution. Again, the translational contributions for xenon and
SFs are comparable [blue symbols in Figs. 5(b) and 5(d)] due to
their similar masses. However, because SFs has internal degrees of
freedom, additional rotational and vibrational kinetic energy con-
tributions arise and the total |ATmt| (open circles) for collisions
with SFs are considerably larger than those of xenon. For SFs, the
rotational and translational contributions are similar in magnitude
|ATrm\ ~ |AT1rans|, whereas |ATvib| is significantly larger. This is due
to the larger number of vibrational degrees of freedom (15) com-
pared with rotation (3) and translation (3). It is also interesting
to note that the translational and rotational contributions for SFs
depend on solvent-concentration, whereas the vibrational contribu-
tion does not. This is consistent with the analysis of the experimental
data, which indicates that vibrational relaxation through intramolec-
ular energy relaxation upon collision is IBC-like as opposed to
rotational relaxation.”’

Based on the RER rates 1/7rot, see Fig. 4, and the average
collision frequency veon = Neoli/tsim (tsim = 50 ns), it is also possi-
ble to compute the average number of collisions Zrot = Trot - Veoll
required to rotationally relax the solute (N,O). Here, N is
the number of collisions between N,O and either xenon or
SFs, and 1/7rt was already obtained from fitting a single-
exponential decay to the rotational energy correlation func-
tion of N,O in both solvents. Figures 6(a) and 6(b) show the
computed average collision rate ve and number of collisions
Zrot for the RER of N,O in xenon and SFs, respectively. The
collision rate of N,O with SF¢ [purple line in Fig. 6(a)] is
higher than with xenon (magenta line) because of the higher

—— Nzo / Xe
—a— N,O0 / SF¢
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simulation temperature (321.9 vs 291.2 K), the larger molecular
volume occupied by SFs compared to a single xenon atom (based
on atomic van der Waals radii), and the anisotropic electrostatic
intermolecular interactions between N,O and SFe.

The experimentally reported Zix" are 2.4 and 1.7 for the RER of
NO in xenon and SFs, respectively, based on a hard sphere model
for both types of solvent molecules.””®" Within the IBC regime
(c[Xe] < 4M and ¢[SFs] < 4M), ZxP" are larger than those from sim-
ulations. This is mostly due to the higher computed collision rate
Veoll, €stimated from the inverse of the mean free collision time.
Meanwhile, the ratio Z&Pb*¢ )z b5Fs i comparable but somewhat
smaller (~1.4) than that from the simulations (~1.7). This is also
related to lower simulated RER rates for N,O in xenon within the
IBC region compared with experiments for which the simulated RER
rates for N>O in SF¢ match well. Thus, the simulations reasonably
agree well with the experiments for the RER of N,O over solvent
concentrations within the IBC regime. However, the simulations do
not reproduce the steep increase or critical slowing in the RER rates
in xenon and SFs, respectively (see Fig. 4).

Vibrational energy relaxation

The VER lifetimes and rates were determined from the
Landau-Teller formalism described in the Methods section. VER of
a particular N,O mode can involve either pure intramolecular relax-
ation or a combination of inter- and intramolecular processes, of
which both can be obtained from MD simulations.”'***’ For this,
the forces acting on the solute atoms derived only from the non-
bonding solute-solvent interaction potential were extracted and
projected along the normal mode vector of the asymmetric stretch
vibration v, of N, O; see Eq. (9).

For N;O in SF¢ and from the experimental analysis,”’ the
most effective vibrational relaxation channel of v\2° ~ 2220 cm™

occurs through coupling with the symmetric N,O stretch vibration

—— Nzo / Xe
—a— N,O / SF¢

1A |

FIG. 6. (a) Average collision rates v
between N,O and xenon (magenta) and
SFs (purple) according to the collision
conditions using atom distances and van
der Waals radii thresholds defined for
this work. (b) Average number of colli-
sions Z, for rotational relaxation of N,O
in xenon and SFs in the average and
standard deviation displayed on the right
axis.
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220 ~ 1280 cm ™! and the threefold degenerate S—F stretch vibration
ngs ~ 948 cm™". Following the procedure outlined in the Methods
section, the VER rates for (vs, vas) = (0,1) — (1,0) were computed.
The forces of N,O are projected along the normal mode vectors
of v,s obtained from instantaneous normal mode analysis at the
respective frames, which can be interpreted as solvent friction. The
Fourier transform of the correlation function of this quantity yields
the frequency dependent friction function; see Figs. S16 and S17.

The VER lifetimes 7, for the relaxation (0,1) — (1,0) in N,O
were determined by the average of the friction function weighted by
the frequency difference distribution P(vas — vs). The resulting rates
1/7yp from simulation and experiments”’ are shown in Fig. 7. The
average frequency difference in the simulation was determined to
be Aviyode = 886 cm ™! but Avexp = 940 cm~!in experiments.”’ For
consistency, the same distribution width centered around the exper-
imentally observed frequency difference Avex, was used to compute
Tyib [see the green dashed line in Fig. 7(b)]. Under the given con-
ditions, the quantum correction factor increases the VER lifetimes
Tyib by about 4% [Q(Txe, AVmodel) = 1.040, Q(T'sk,, AVinodel) = 1.034
or Q(TSFS, Avexp) = 1.038].

For N,O in xenon, the computed N,O VER rates for v, in
Fig. 7(a) are on the ns™' time scale for supercritical xenon and

(@)

—&— Sim. (AVy04e1 = 886 cm™1)

70 N>O v (in Xg)

6.0 -

VER rates 1/1,i;, (ns™1)

100

70 T T T T T

Xe Concentration (M)

VER rates 1/T.;, (ps™?)
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indicate a rather slow VER relaxation process, as expected. The
average solvent concentration-weighted VER rate is kver = 1/(7vip -
c[Xe]) = (4.89+0.22) x 10° s7' M. Experimentally, kpy ~ 5.1
x107 s M7 (»85%x 107" cm® s7'), which corresponds to
Tyip 7 2.5 ns, was indirectly obtained at one solvent concentra-
tion ([¢(Xe)]=7.8M) from a small (~5%) reduction in the
pump-probe decay signal within 200 ps.”’ At this concentration
([c(Xe)] = 7.8M), the computed rate ki = 5.00 x 10° s™* M~ is
~10 times faster compared with the estimate from the experiments.
It should be noted that the Landau-Teller model was successfully
applied to rather long VER times (~600 ps) for the case of CO in
myoglobin.”* Hence, it is likely that the Landau-Teller approach
for VER is valid, but the limitations for N,O in xenon arise due to
the neglect of many-body interactions, in particular at high solvent
densities.

Meanwhile, for N, O in SF¢ [panel (b)], the computed VER rates
obtained with the model frequency difference distribution around
AViodel (blue line) are on the p571 time scale for gaseous and super-
critical SFe. Assuming a frequency difference distribution around
the experimental value Aveyp, the VER rates are higher by a factor
of 2 (green dashed line). The VER of vizo is faster in SFs than in
xenon due to the coupling with three-times degenerated S-F stretch

(b)

N>O v,s (in SF¢)

0.25
—a— Sim. (AVpogel = 886 cm™1)
-4- Sim. (Ave,p, =940 cm™?)
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FIG. 7. Computed VER rates (blue squares) for (vs, vas) = (0,1) — (1,0) with frequency difference Av = vas — vs computed from the frequency dependent friction
function of the asymmetric stretch vibration of N,O in (a) xenon and (b) SFg solvent at different solvent densities.”’** The frequency difference Av is given in the legend
in brackets. For N,O in SFg (b), experimental values are available from Ref. 20 and the VER rates are shown in assumption that Av matches the experimentally observed
transition frequency of N,O in SFg (green diamonds). Note the different unit representation of the VER rates in panels (a) and (b). The vertical dotted lines mark the
experimentally observed solvent concentration at the respective critical density of xenon and SFg, respectively. (c) and (d) Computed (and experimentally observed) number
of collisions Z,;, for the vibrational relaxation of N, O with average and standard deviation displayed on the right axis.
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modes at v3 = 948 cm™", which is well visible by a peak around this
wavenumber in the friction function in Fig. S17.

The available experimental data of the VER rates for N,O vy
in SF¢ [red circles in Fig. 7(b)] are still about four or two times
faster than the VER rates computed with the frequency difference
distribution from the model simulation or experimental observa-
tions, respectively. The computed VER rates, however, feature a lin-
ear increase with increasing SFs concentration, which corresponds
to the VER rates of kver(Avmode) = (4.46 + 0.36) x 10° s M~
and kver (Avexp) = (8.62 +0.44) x 10° s™' M™'. The experimentally
reported VER rate for N,O v, in gaseous SFs or the IBC regime is
kvermc = 1.56 x 1010 s M1 (2.6 x 107 em?® s71).20

Scaling the computed VER lifetimes 7,3, with the estimated
collision rate 7. reveals that for N,O in xenon, an average of
Zyib = Tvib * Teoll = 80 + 4 collisions between N, O and xenon atoms
is required to relax the asymmetric stretch vibration in N,O. Using
the experimentally estimated 7.y, would yield a yet larger value
for Z., by one order of magnitude. For N,O in SFg, Zyi,(SFs)
=123 +2.8 or 6.4+ 1.6 is about one order of magnitude smaller
depending on whether Aviodel OF Aveyp is used for estimating the
VER lifetime, respectively. From experiments, Z:}? " = 13.4 + 2.0 col-
lisions between N,O and SFs are required. Due to differences in
the estimated collision rate, Z;" " is closer to the computed value
from the VER rate estimation at Avpode, Which deviates more
strongly from the experimental VER rates than the estimation at
Avexp. The collision rate from the estimated mean free collision
time—which is larger than the one obtained from counting collision
events—together with the underestimated VER rate leads to closer
agreement of computed and experimentally estimated Zy;, than the
comparison of the VER.

If VER rates from simulations are computed using the experi-
mentally reported frequency difference Aveyp, the VER rates are ~0.8
times as fast compared with the experimentally measured VER rates
for N, O in SFe. The first-order Landau-Teller model to compute the
VER lifetimes used here only includes the term describing solvent
friction, i.e., the influence of the solute-solvent interaction potential
Viat on the normal mode vizo. Shorter lifetimes might be obtained
by including higher-order correction terms such as solvent-induced
coupling to the solute-solvent interaction potential expression in
Eq. (9). Such terms include the second derivative of Viy along the
solute normal mode of v\2° and v)2° describing the relaxation
pathway of intramolecular VER assisted by the solvent.*

DISCUSSION AND CONCLUSIONS

The present work provides an atom-resolved picture of rota-
tional and vibrational energy relaxation of N,O in xenon and SFg
covering a wide range of thermodynamic states ranging from the gas
phase to the liquid. In an effort to improve the solvent-solute inter-
actions, the electrostatic and other nonbonded interactions were
fit to reference electronic structure calculations at different lev-
els of theory. While for VER satisfactory results compared with
experiment were found, RER agrees with experiment only up to
c[solvent] ~ 4M. For higher concentrations, the simulation follows
the IBC model, whereas experimentally different behaviors are
found for xenon and SFs.

For N,O in xenon, the experiments find a pronounced increase
in the RER time as the concentration increases from 6 to 8M;

ARTICLE pubs.aip.org/aipl/jcp

see Fig. S4. The experiments are expected to report on the
solvent rotational energy normalized autocorrelation function
(Erot(0)Erot(t)). For low-density solvents, the experimental result
could be reproduced almost quantitatively, whereas for increas-
ing density, no discontinuous change in the RER time was found.
Rather, the linear behavior—consistent with the IBC model—
continued up to the highest simulated densities yield RER rates of
(3.67£0.25) x10'° s7* M~ and (1.25 £0.12) x 10** s™* M~ for
N;O in xenon and SFe, respectively. These computed RER rates
agree well with those from experiment within the IBC region of
536 x 10" s M~ and 1.02 x 10" s™' M, respectively.

In search for a reason for the disagreement, addi-
tional ~ correlation functions, including (Ln,0(0)Ln,0(t)),
(ErotN,0(0)ErotN,0(1)), and (un,0(0)pn,0(t)), were analyzed.
However, all of them confirm the behavior of the computed
(L%,0(0)L%,0(t)) correlation function. One possible explanation
for the disagreement is the observation that with increasing density
the solvent packing around the solute becomes so dense, that the
properties of isolated N>O (EroN,0 OF ENZO) cannot be directly
compared with the experimentally observed signals. In other words,
analysis of the N»O rotational motion without accounting for the
coupling to the solvent shell(s)—as is usually done and was done
here, too—becomes unrealistic. Rather, for sufficiently high solvent
densities, the rotational motion of N,O and the solvent molecules
are coupled and the solvent molecules are “slaved” to the N,O
rotation. Quantum-mechanically, the rotational quantum number
correlating with Ly,o is a “good quantum number” for gas phase
and low solvent densities, whereas this property is lost for increasing
solvent density.

Analysis of the trajectories with regard to changes in kinetic
energy (squared momentum transfer) between the collision part-
ners (N>O and xenon; N,O and SFs) revealed a larger average
change for the rotational energy of N,O when colliding with SFg
than with xenon. The translational kinetic energy change of the sol-
vent molecules xenon and SF¢ is comparable, whereas the additional
rotational and vibrational degrees of freedom in SF¢ provide further
energy transfer pathways compared with xenon.

Considering RER, the average number of collisions to rotation-
ally relax N,O over the concentration range considered are Zxs = 1.1
and erff = 0.6, respectively. This shows that RER for N,O in SFs
is about ~1.7 times more effective than in xenon, which is consis-
tent with experiments. There, the values of 2.4 and 1.7 collisions are
about 2-3 times larger for SF¢ compared with xenon, indicating a
less efficient rotational relaxation per collision in the simulations.
The largest deviations between experiments and the simulations are
in the collision rates, which are twice as high when estimated from
the inverse of the mean free collision times. Together with the simu-
lated RER rates, this yields Z/,; of 2.5 and 1.4 for N,O in xenon and
SFe, respectively, which are much closer to the experiments. The rel-
ative change |ATSF|/|ATX:| is somewhat smaller but comparable to
|ATSF| /|ATXs | depending on solvent concentration, which indicates
that angular anisotropy of the intermolecular interactions influences
RER.

The VER rates for the asymmetric N,O stretch vibration vas in
xenon were computed following the Landau-Teller approach and
yielded kver = (4.89 +0.22) x 10% s7! M™!, which is one order of
magnitude faster compared with experiment. To put this compar-
ison into context, it is useful to recall earlier experiments for O,
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vibrational relaxation in argon but at considerably lower tempera-
tures.*® The reported relaxation rates were five orders of magnitude
smaller than experiments from entirely classical simulations, which
changed to two orders smaller or one order larger than experiments
depending on the quantum correction factor employed.*® This work
concluded that “relaxation rates on long time scales are extremely
sensitive to details in the potential, and errors in the potential model
could easily account for an order of magnitude discrepancy between
theory and experiment.” In SFg, the computed rates are consider-
ably faster (by one order of magnitude) with (4.46 + 0.36) x 10° s~
M~ or (8.62 +0.44) x 10° s7' M™! depending on the applied fre-
quency difference distribution P(vqs — vs) for the relaxation process
(s, vas) = (0,1) = (1,0). These rates are about ~0.4 to ~0.8 times
the experimentally observed VER rate in the IBC regime at low
solvent densities of 1.56 x 10'° s™! M, but also do the computed
VER rates of N,O v, in SFg around its critical density not show
the effect of critical slowing as in the experiments [see Fig. 7(b)].
This deficiency of the simulation, however, is consistent with the
missing effect of critical slowing in the computed RER rates for
N20 in SF@.

In summary, this work presented a molecular-level study of
rotational and vibrational energy relaxation of N,O in xenon and
SFs ranging from highly dilute to liquid phases of the solvent,
including the supercritical regime. For regimes in which the IBC
model is valid, almost quantitative agreement with experiment was
found, whereas near the supercritical point, simulations and exper-
imental findings disagree, in particular for RER. The most likely
reason is that the effect of solvent packing is neglected if only
the rotational motion of the solute (N,O) is considered in the
analysis—as is usually done—without accounting for solvent-solute
coupling. The average number of collisions for rotational and vibra-
tional relaxation from the simulations agrees rather well with those
obtained from experiments. In conclusion, VER of N,O across dif-
ferent solvent density regimes and RER in the low-density region
can be characterized well at a molecular level, whereas for the
higher-density regimes, analysis of the RER requires additional
refinements.

SUPPLEMENTARY MATERIAL

The supplementary material includes system setups (Table S1),
force field parameters (Table S2), various correlation functions (Figs.
S1, S2, and S6-S9) with further evaluation results (Figs. S3-S5 and
§10-S15), and the frequency-dependent friction functions (Figs. S16
and S17).
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