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ABSTRACT: The excess energy flow pathways during rotational and translational relaxation
induced by rotational or translational excitation of a single molecule of and within each of four
different neat liquids (H2O, MeOH, CClys, and CHy4) are studied using classical molecular dynamics
simulations and energy flux analysis. For all four liquids, the relaxation processes for both types of
excitation are ultrafast, but the energy flow is significantly faster for the polar, hydrogen-bonded
(H-bonded) liquids HoO and MeOH. Whereas the majority of the initial excess energy is transferred
into hindered rotations (librations) for rotational excitation in the H-bonded liquids, an almost
equal efficiency for transfer to translational and rotational motions is observed in the nonpolar,
non-H-bonded liquids CCly and CH4. For translational excitation, transfer to translational motions
dominates for all liquids. In general, the energy flows are quite local, i.e., more than 70 % of the
energy flows directly to the first solvent shell molecules, reaching almost 100 % for CCl, and CHy.
Finally, the determined validity of linear response theory for these nonequilibrium relaxation pro-
cesses is quite solvent-dependent, with the deviation from linear response most marked for rotational

excitation and for the nonpolar liquids.
I. INTRODUCTION

The mechanisms and rates of nonequilibrium energy
relaxation in liquids are obviously key for many reaction
and transport processes. Typically, the ultrafast relax-
ation dynamics of liquids are experimentally and/or com-
putationally/theoretically studied via electronic or vibra-
tional pumping of a foreign solute dissolved in the liquid,
and the subsequent spectroscopic probing of that solute,
or the surrounding liquid itself. The former, typically
involving an electronically excited dye molecule or reac-
tion system (see e.g. Refs. 1,2 and the extensive list in
Ref. 3), largely falls under the rubric of “solvation dy-
namics”. The latter (see e.g. Refs. 4,5) is often (though
not exclusively®) focused on vibrational energy transfer
and relaxation of the solute, i.e. (in quantum language)
the population dynamics of the solute’s vibrational state.

Our exclusive focus here is instead on “intramural” re-
laxation, i.e. neat liquid dynamics induced by excitation
(here rotational or translational) of one of the liquid’s
molecules, rather than a foreign solute. The motiva-
tion of this choice has several aspects. First, a number
of recent experiments have examined ultrafast dynam-
ics in neat liquids (so far, almost all in neat water” 10)
via terahertz (THz) or x-ray excitations and dynamics,
with spatial aspects of the liquid’s resulting rotational

and translational response subsequently probed via x-
ray scattering techniques. Second, the analysis of ul-
trafast x-ray scattering experiments involving excitation
of foreign probes requires as well attention to the inter-
pretation of spatial and dynamical aspects of the sur-
rounding liquid itself.'?!3 Third, the novel and exciting
possibility of controlled motion in liquids, e.g. through
self-thermophoresis,'* requires comprehension of energy
flow in the liquid itself.

In all these arenas, the temporal/spatial evolution
of the liquid requires characterization—most especially
when x-rays are involved—and the work/energy flow
framework that we employ here addresses precisely those
aspects, at a molecular level. In particular, here we em-
ploy the energy flow (flux) analysis introduced by Gert-
ner, Whitnell, Wilson and Hynes!%16 (and framed in a
more general context in 17 by Rey and Hynes) to provide
a description of the energy flows associated with relax-
ation resulting from rotational and translational excita-
tion of a single molecule belonging to and within each
one of for a set of four neat liquids. This range from
the polar and hydrogen-bonded (H-bonded) liquids wa-
ter HoO and methanol MeOH to nonpolar liquids car-
bon tetrachloride CCly and (high density) supercritical
methane CHy (the latter chosen to reduce the intermolec-
ular interactions). This work follows the contributions of
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corresponding energy flow studies of relaxation dynam-
ics subsequent to molecular vibrational,'”!® rotational,
and electronic®2°23 excitations in aqueous solution or
pure water by several of us, and to vibrational studies
by others.?* 27 The analysis of energy flows has several
attractive features,® 27 the most important of which is
the ability to follow at a molecular level the pathways
and timescales of the flow of energy, both directly in a
nonequilibrium framework such that short-lived motions
can be followed, and in a fashion devoid of cross terms
which greatly complicates analysis in equilibrium time
correlation function approaches.

In the present contribution, we exploit aspects of this
methodology to delve more deeply into rotational and
translational energy relaxation, topics both relatively lit-
tle studied compared to electronic and vibrational excita-
tions (see e.g. Refs. 18,19,28-47). These are intertwined
processes, in that one type of energy excitation will lead
to a combination of both types of energy flows. We will
start by expanding our previous study of the relaxation of
an initial rotational excitation in water,' thus broaden-
ing its scope, and, further, extend this approach to other
neat liquids listed above, namely methanol, carbon tetra-
chloride and methane; one aim here is to assess the gener-
ality of the findings for water, by means of a comparative
study with progressively less associated molecular lig-
uids. The present analysis certainly does not exploit all
aspects of the energy flow for these liquids, which would
require considerably further discussion, left for the future
(e.g. elucidation of the electronic excitation-induced en-
ergy flow has required a number of publications320-23).
Rather we focus on exposing a number of principal fea-
tures of the energy flows in these liquids, including their
main similarities and contrasts.

We recall for perspective that in the earlier effort!®
the energy flow in the relaxation of a rotationally excited
water molecule was characterized by several key features:
overwhelming transfer into the neighboring molecules’ li-
brations (hindered rotational motions), i.e., transfer into
translations is a minority channel; non-negligible con-
tribution of direct transfer into water molecules beyond
the first hydration shell, i.e., to those not in direct con-
tact with the excited HoO molecule; ultrafast dynamics
(sub-100 fs), and resilience of the linear response with al-
most negligible differences between equilibrium dynamics
and nonequilibrium relaxation after excitations of tens of
kgT. Each one of these rotational excitation aspects is
probed for each liquid in the present work, with a special
eye on discerning the role that hydrogen bonding plays in
the differences. In addition, the linear response resilience
aspect is probed via both equilibrium and nonequilib-
rium simulations to explore possible breakdowns of lin-
ear response. A number of such breakdowns are known
in the case of electronic excitations,*®°! with a notable
occurrence for rotational excitations in the excited solute-
solvent work of Stratt and coworkers?® 30 (see also Ref.
42); this is related to the present effort, although here we
employ the novel energy flow perspective and focus on

2

neat liquids.

An additional major issue addressed here is the charac-
ter of the energy flow in the relaxation of molecular trans-
lational excitations, a topic which has received relatively
little attention.?!:333446 (This contrasts with the exten-
sive gas phase effort;3® this lacuna in part due to the blur-
ring in the condensed phase of rotational transitions,6
with its associated loss of spectroscopic information).
But regard this neglect as unwarranted, even beyond
the feature that assorted chemical reactions will require
and excite surrounding solvent translations in the pas-
sage through transition states.!6:28-30,42-44 T, connection
with the present work’s topic it is evident—as we have
implied above—from energy flow analysis that there is
a non-negligible interplay between translations and ro-
tations, with substantial and rapid energy exchange (al-
ready evident for water in Ref. 19), and consequently, a
full understanding requires consideration of both simul-
taneously.

Energy exchange between rotations and translations
will pervade our account, e.g. rotational (translational)
excitation resulting in translational (rotational) energy
flows. This focus differs from the extensive prior work
on translational-rotational coupling which, in its liquid
phase aspects, largely focused on diffusive transport as-
pects, with differing conclusions on the magnitude of the
coupling there.3>37 40 OQur energy flow perspective fo-
cuses on a time scale (sub-100 fs) roughly one order of
magnitude shorter than in previous work. As shown here
and in Ref. 19, a strong energy flux coupling exists; here
the impact of the exchange’s ultrafast character on the
coupling (and the associated rapid thermalization) may
notably differ from coupling aspects probed via diffusion
at longer time scales.

The remainder of this paper is organized as follows: In
Section II, we briefly review the relevant formulas for
energy flow analysis of translational/rotational energy
relaxation of rigid molecules, while Section III presents
the computational details of the equilibrium and non-
equilibrium classical molecular dynamics simulations. In
Section IV, the results for rotational and translational
energy dynamical relaxation, and associated energy flow
pathways and timescales, in water, methanol, carbon
tetrachloride, and methane are presented and discussed,
and we offer some concluding remarks in Section V.

II. ENERGY FLUX ANALYSIS

The basic formalism to be used for the analysis of the
energy fluxes, responsible for and accompanying the re-
laxation, is the Poisson bracket formalism developed in
Ref. 17. Here we focus on the excess energy transfer
from one initially excited molecule — the i’th molecule
— to the surrounding neighbor molecules. The starting
point for the flow description is the partitioning of the
full Hamiltonian

H:Hi+U+Hresta (1)
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where H; is the sum of kinetic and intramolecular poten-
tial energy of the i’th molecule, U denotes the intermolec-
ular potential energy due to the interactions between the
1’th molecule and the rest of the molecular system, and
the remaining kinetic and potential energy terms are con-
tained in Hies. In the case of rigid molecules (which we
employ in the simulations), H; = K7 ;+Kg ;, where Kp;
and Kpr; are the translational and rotational kinetic en-
ergies of the i’th molecule, respectively.

In the Poisson bracket notation,'” the energy flows, or
powers, associated with each of Kr;, Kgr;, and U are
given by

dKr;
dtT’ = [Kr4, H| = [K74,U];
dKpr;
5 = K H) = K, U )
dU
E = [Uv H] = [Uv KT,Z'} + [U, KR,i] + [U7 Hrest];

which lead directly to the kinetic energy time dependence
relation
dKr; dKg; dU
: = = —— + [U, Hyest]- 3

dt dt ar U Hrest] 3)

With the definition of the Poisson bracket and the as-
sumption that U is a function of particle positions only,
the last term in Eq. (3) can be written as

oU 0H,
[U’ HT@St] = Z 87 ' ) == Z Fjﬂ7i *Vigs (4)
JB qjﬁ pjﬁ JB

where we use the Cartesian phase space coordinates
({p;,},{q;,}) of the constituent atoms (or interaction
sites) of the molecular system. F;, ; denotes the force
on atom jg of molecule j due to the interaction with the
+’th molecule, and v;, is the Cartesian velocity vector of
atom jg.

From Eq. (3), we see that the variation of the sum
of the translational and rotational kinetic energies of
molecule ¢ in time can be partitioned into two terms: (1)
a change in intermolecular potential energy due to the
interactions between the i’th molecule and the remain-
ing ones, and (2) the powers associated with rotational
and translational motions of each molecule.

In order to effect such rotation/translation partition,
we first write the atomic velocity of atom jg as v;, =
v; + w; X rj,, where v; and w; are the center-of-mass
and angular velocity of molecule j, respectively, and r;,
is the position of atom js with respect to the center-
of-mass position of molecule j. This allows us to recast
Eq. (4) in the form

[U, Hrest] = - Z (Fj,i Vi T wj) ) (5)
J

where F; ; and 7 ; are the force and torque (with respect
to the molecular center-of-mass position) on molecule j
due to the interaction with the ¢’th molecule.
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These relations then lead to the key “work” expression
which governs the rotational or translational energy flow
when integration over time on both sides of Eq. (3) is
carried out

AKTyc + AKRﬁc =AU — Wr — WR, (6)

where we have substituted C' for i, since we will hence-
forth refer to the i’th molecule, i.e., the rotation-
ally/translationally excited molecule, as the “central”
molecule and the rest of the liquid molecular system as
solvent, or neighboring, molecules. The five terms in
Eq. (6) are defined as follows: AKp ¢ and AKp ¢ are
respectively the changes in translational and rotational
kinetic energies of the central molecule between the times
t and zero, and AU is the change in potential energy due
to the interactions between the central molecule and the
solvent molecules in the same time interval. The work,
or time-integrated power, terms Wp and Wg denote re-
spectively the work on translation and rotation of the
solvent molecules due to the interactions with the cen-
tral molecule

Wr = / dsF;c(s)-vj(s)
o )
Wr :/0 dsTjc(s) - w;(s),

where both work terms can be partitioned into groups
of solvent molecules, e.g., different solvent shells sur-
rounding the central excited molecule. Thereby, the
“locality” of the energy flow during the relaxation pro-
cesses can be determined — by partitioning the two work
terms — and the motions, into which the excess trans-
lational /rotational kinetic energy flows, can be identified
— directly from the work terms.

III. SIMULATION METHODS

Equilibrium and non-equilibrium classical molecular
dynamics simulations of 216 rigid molecules in a cubic
box are carried out with an in-house code, which applies
periodic boundary conditions and the minimum image
convention. The equations of motion for the constraint
dynamics are solved with the RATTLE algorithm®? using
a time step of 1 fs, and the Nosé-Hoover thermostat®3:54
is applied in the NVT simulations at T = 300 K for each
system. The force cutoff distance is chosen as half the
cubic box length, and the Ewald summation correction
for the Coulomb forces has been included. The SPC/E5®
model is used for water, the OPLS parameters are cho-
sen for methanol®® and methane,®” and the force field
due to Rey et al.’® is used to model carbon tetrachlo-
ride. The density p of each liquid is given in Table I.
(Methane would be supercritical, albeit with the high
density characteristic of the corresponding liquid at at-
mospheric pressure).
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TABLE I: Density, principal moments of inertia, angular frequencies, and rotational periods for the four neat liquids. The
density unit is g/cm®, the unit of the principal moments of inertia is u~f-\2, the angular frequencies unit is cm™', and the
rotational period unit is fs.

oNOYTULT D WN =

p Lx Iyy L Wi Wi Wi T, Ty 7.
H,0 0.998 0.5964 1.344 1.941 108.6 72.31 60.18 307.2 461.3 554.2
MeOH 0.787 0.7371 16.86 17.60 97.66 20.42 19.99 341.6 1633 1669
CCly 1.58 204.8 294.8 294.8 4.883 4.883 4.883 6831 6831 6831
CH, 0.406 3.194 3.194 3.194 46.92 46.92 46.92 710.9 710.9 710.9

For all of these molecular systems 10,000 sets of initial
conditions are produced from several equilibrium NVT
simulation runs, where snapshots of phase space points
are saved every 2 ps. In each case, the set of initial condi-
tions corresponds to a canonical ensemble at T' ~ 300 K
with a standard deviation of ~11-12 K. (Having the same
temperature for all four systems greatly facilitates com-
parison, as equilibrium thermal kinetic energies are iden-
tical).

Based on these initial conditions, equilibrium and non-
equilibrium NVE simulation runs are carried out (the
NVE conditions are chosen to avoid non-collisional force
adjustments due to the thermostat®*°%). In the non-
equilibrium runs, the central molecule is either transla-
tionally or rotationally excited at time zero. These exci-
tation processes are discussed next.

A. Translational excitation

The instantaneous translational excitation of the cen-
tral molecule is simply modeled by adding the posi-
tive scalar v = \/2Fo/Mc to the ax-component (cho-
sen arbitrarily) of the center-of-mass velocity vector ve.
Here E.. denotes the translational excitation energy, and
My is the mass of the central molecule. Since the -
component of vo can already have any real value at
time zero, the initial translational excitation energy is
not equal to F.y for each trajectory, but, on average,
the excess (i.e. above thermal) translational kinetic en-
ergy of the central molecule at time zero is Fey, i.e., the
Maxwell-Boltzmann distribution, for the z-component of
ve at time zero, is centered around wv.

B. Rotational excitation

In a similar fashion, the instantaneous rotational exci-
tation of the central molecule is modeled by adding the
positive scalar v; = \/2Fc/I;; to the angular velocity
component associated with the principal i-axis. Here
FEoy denotes the rotational excitation energy, and I;; is
the principal moment of inertia element associated with
the i-axis. Similarly to the translational case, the initial
rotational excitation energy is not equal to Fey for each
trajectory, but, on average, the excess rotational kinetic
energy of the central molecule at time zero is Fey. For

(b)

FIG. 1: Principal axes for SPC/E water (a) and OPLS
methanol (b).

the asymmetric water and methanol molecules, we will
investigate how the rotational relaxation depends on the
excitation axis, i.e, the rotational excitation is carried
out, with respect to each of the principal axes in turn, by
changing the angular velocity with respect to the princi-
pal axis in question. The principal moment of inertia el-
ements are given in Table I, together with the associated
root-mean-square angular frequency (wi™ = /kgT/I;;)
and rotational period (P; = 27 /wi™) for free rotation
at T'= 300 K. Here we have chosen the notation system
in which the principal axes are denoted according to as-
cending moments of inertia, i.e., I, < Iy, < I... The
water and methanol molecules’ principal axes are shown
in Fig. 1. Obviously, the principal moments of inertia are
identical for the spherical top molecules CCly and CHy.

IV. RESULTS AND DISCUSSION
A. Rotational kinetic energy relaxation

First we examine the rotationally excited central
molecule’s rotational kinetic energy during the relax-
ation process. Figure 2 shows, as a function of time,
this molecule’s normalized excess rotational kinetic en-
ergy after a 1 kcal/mol excitation, for each of the four
neat liquids (the 1 kcal/mol excitation energy corre-
sponds to the average kinetic energy of a nonlinear rotor
(KRr) =~ 0.894 kcal/mol at T = 300 K). For H,O and
MeOH the excitation is along each of the principal axes,
while for CCly and CH, the relaxation process—when
averaged over many trajectories—is independent of the
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FIG. 2: Normalized excess rotational kinetic energy as a func-
tion of time for 1 kcal/mol rotational kinetic energy excita-
tion of a central molecule in each of the four liquids. (a)
H-O, three principal axes; (b) MeOH, three principal axes;
(¢) CCls and CHy, see the text. Note the change of the time
axis in panel (c¢). (The excess rotational energy is defined as
Kr — (KRr), with the first term denoting the nonequilibrium
ensemble average of the central excited molecule’s rotational
kinetic energy, and (Kg) is its equilibrium average which, for
nonlinear molecules, is (Kgr) = 0.894 kcal/mol at T' = 300 K.)

chosen excitation axis due to the spherical top structure.
Rotational relaxation is ultrafast in all cases, essentially
complete in less that 1 ps, and significantly faster in the
H-bonded liquids. Virtually all of the excess rotational
kinetic energy is lost for HyO after only ~200 fs, indepen-
dent of the excitation axis and, in the same time interval,
~ 85 — 95 % of the energy is lost for MeOH, while only
~75 % and ~65 % is lost for CCl, and CHy, respectively.

The second observation is the presence of oscillations
for the two H-bonding liquids in Figs. 2(a) and 2(b),
which is completely absent in the two nonpolar (and of
course non-H-bonded) liquids in Fig. 2(c), where the re-
laxation in monotonic. Obviously H-bonding effects are
responsible for this division. The oscillatory behavior for
water is associated with the rotational “caging” effect,

The Journal of Physical Chemistry

the halting and reversal of the rotational motion after ex-
citation, i.e., the total torque on the central molecule due
to the interactions with the H-bonded neighbors causes
the angular momentum vector of the central molecule,
on average, to reverse, the conversion of pure rotation to
libration. This oscillation feature is of course well known
in the context of e.g. the angular momentum time corre-
lation function (TCF). In the kinetic energy context, its
occurrence for the rotational kinetic energy TCF, and its
connection to a gaussian assumption, was evidently first
noted for the isotopic variant, HOD dissolved in D5O,
in Ref. 47 and later for water itself in Refs. 41 and 19.
Oscillatory behavior is also observed for methanol, as ex-
pected, but this feature is less pronounced than in water
(except for the lowest moment of inertia x-axis excita-
tion case, which involves the central molecules’s maxi-
mum H motion, see below). This more muted charac-
ter is likely associated with the dominant H-bonding in

methanol involving two H-bonds (rather than four as in
waterd%:96:39-62 )

We now turn to some more specific details. As we
have reported previously,'® the hindered initial rotational
(librational) relaxation in water depends somewhat on
the chosen excitation axis, with the damped oscillation
frequency largest for the z-axis, and smallest for y-axis,
excitation, see Fig. 2(a).

Figure 2(b) shows that MeOH also exhibits librational
oscillations, but — except for the lowest moment of inertia
z-axis case, for which the MeOH and H5O I, values are
comparable — are markedly slower and more muted than
for water. Focusing first on the xz-axis excitation, the un-
derdamped librational rotational relaxation in methanol
is to some degree comparable to the corresponding wa-
ter excitation case within the first 50 fs, although the re-
turn to equilibrium is much slower than for HoO. Turning
to the y— and z—axis excitations, the general slowdown
compared to the z-axis case is consistent with the ra-
tios Iyy /I., and I,, /I, being far greater for MeOH
than for HoO (cf Table I). But the relative behavior of
the y- and z-axis K decays do not follow such simple
ratio expectations: I,, > I,,, but the y-axis decay is
noticeably slower. This can be understood in terms of
the y-axis being nearly parallel to the OH-axis (cf Fig.
1(b)), so that rotation about this axis will be much less
hindered.*® This argument can be made somewhat more
detailed by invoking the same initial gaussian behavior
for the kinetic energy and angular velocity (or momen-
tum) for MeOH as noted for HoO above. Focusing on the
angular momentum component L;, the initial gaussian
approximation for each of those quantities would give an
initial decay proportional to (I;;kT)~! < 72 > (which
is < (dL;/dt)? > / < L? >), the difference between the
two axis results being dominated by the different mean
square torque, which would be smaller for the y axis ro-
tation by the argument above. The similar behavior of
the kinetic energy (Fig. 2(b)) and the angular velocity
is borne out by the angular velocity TCF results in Ref.
45, which display the same oscillatory and decay charac-
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teristics as seen in the Fig.2(b) K. Indeed, the authors
of Ref. 45 also invoke the nearly parallel y- and OH-axes
to explain the y-axis angular velocity TCF behavior.

1. Energy flow and work.

Now we turn our focus to the time evolution of the
energy flow and work terms in Eq. (6) in order to help
interpret the observations listed in the previous section
and in general, provide a more detailed molecular picture
for the dynamics underlying the time evolutions of Fig.
2. We will need to always keep in mind that as the liquid
is changed, the excited molecule’s identity is changed as
well.

Hereafter we will focus the energy flow analysis on a
5 kcal/mol initial rotational kinetic energy excitation.
Assorted results for thermal (1 keal/mol) and higher than
5 kecal/mol excitations, including spatial dependence in-
formation, are given in SI. For perspective, the excita-
tions by energies 1-5 kcal/mol correspond to tempera-
tures 600-2000 K of the excited molecule (for a nonlinear
rotor) or frequencies 10-50 THz of a photon inducing ex-
citation, e.g., in a pump-probe experiment.

Each of the five terms of the key work Eq. 6 are shown
in Fig. 3 for the first 500 fs after the instantaneous rota-
tional excitation along the principal z-axis of the central
molecule. Before recounting the results, we first summa-
rize the variables being presented, focusing on the H,O
case for illustration. AKg ¢ is the magnitude of the ro-
tational energy lost by the central molecule C post its
initial excitation. This and all variables are normalized
by the initial excitation energy; thus, for AKpg ¢ com-
plete loss equals unity. (The magnitude is used in order
to place this variable on the same scale as the remain-
ing variables). Next, AU is the normalized change in
interaction potential energy between C and the remain-
ing molecules of the system. The HsO panel for Fig. 3
shows, in the first 20 fs, that C’s excess rotational kinetic
energy rapidly drops as the interaction potential energy
rises. These then both remain strongly correlated in the
next 20 fs interval, with different amplitude oscillations,
both more slowly decaying thereafter. In the same ini-
tial period, the work Wx done on C’s surrounding wa-
ter molecules rapidly increases, i.e. there is energy flow
to the “solvent” waters librational motions. This flow
is dominant as very little energy transfer to those wa-
ters’ translations has occurred: Wy is very small, though
slowly accumulating as time progresses. All this is occur-
ring with little energy transfer to C’s translational mo-
tion: AKr ¢ is even smaller.

Now adopting a more general perspective, we see that
for all four liquids, the initial increase in the magnitude
|AKR c| — i.e., a decrease in the rotational kinetic en-
ergy of the central molecule — produces a strong cor-
related increase in the intermolecular potential energy
term AU, but the magnitude in the initial period 0-40
fs is much greater for the H-bonded liquids. For the lat-
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ter H-bonded liquids, the on average initially energet-
ically favorable H-bonded configurations of the central
molecule are disrupted by its sudden rotation; for the
much more weakly interacting nonpolar liquids, the dis-
ruption impact is very much reduced. Here we pause to
recount some information available from 58 on energetics
for some of our four liquids, which can help to provide
perspective on our present results. First, the absolute
value of the ratio of the equilibrium average kinetic and
potential energies is ~ 0.2 for water and ~ 0.33 for the
non-polar liquids. Second, for the ratio of Coulomb to
non-Coulomb potential energies, for water the ratio is
negative an absolute value ~ 0.1, while the actual ra-
tio is positive and much less for the non-polar liquids:
~ 0.02 for CCly and ~ 0.01 for methane, both energies
being negative in each case.

For both HoO and MeOH, the initial oscillatory behav-
ior of |AKR ¢| is largely matched within the first ~50 fs
by similar oscillations in AU this suggests a description
of the local H-bonded “network”—C’s neighboring web of
H-bonded water molecules—being “stretched/expanded”
after C’s excitation, then relaxing somewhat at t ~ 50 fs
subsequent to the reversal of the C’s angular momentum
vector, i.e. the rebound of C’s caged librational motion.
The recovery is significantly smaller for MeOH than for
H50, with a much less pronounced energy flow to the sol-
vent librations, and a correspondingly slower relaxation
to equilibrium of the potential energy and C’s excess ro-
tational kinetic energy.

Turning to the nonpolar liquids, beyond those differ-
ences already mentioned above, the most striking fea-
tures in Fig. 3 are their strong differences from the H-
bonded liquids in (a) the efficiency of energy transfer
from the rotationally excited central molecule C to the
surrounding “solvent” molecules’ rotational (librational)
motions, and (b) the efficiency of the energy flow to those
same molecules’ translational modes, revealed both in the
kinetic energy changes and the work terms in the Figure.

We focus first on the nonpolar liquids’ reduced effi-
ciency of C’s rotational kinetic energy transfer to the
solvent’s rotational motion. The source of this disparity
is obviously the absence of the strong intermolecular cou-
pling due to the H-bonds present in HoO and MeOH. This
comparatively efficient rotational transfer for H,O was al-
ready reported in Ref. 19. For methanol, such dominant
transfer to rotational modes can also be inferred from the
rapidly decaying librational oscillatory behavior in Fig.
2(b) for the C’s smallest moment of inertia z-axis excita-
tion: this axis rotation maximizes its—(OH)—hydrogen
motion.

The second distinguishing behavior of the nonpolar lig-
uids is very striking: an almost equal transfer efficiency
to solvent rotation and translation. The two energy flow
work terms Wxr and Wyp build up at rates nearly iden-
tical (CCly), or very similar (CHy), during the decay of
C’s rotational kinetic energy. This feature is most likely
due to the fact that the transfer of rotational energy of
the nearly spherical C molecules to its nearly spherical
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FIG. 3: Normalized (to the initial excitation kinetic energy)
energy and work terms for rotational relaxation in the four
liquids following instantaneous 5 kcal/mol excitation with re-
spect to the principal z-axis. Black solid: change in central
molecule rotational kinetic energy AKg ¢; red: potential en-
ergy change AU; blue: rotational work Wg; green: trans-
lational work Wr; black dotted: change in central molecule
translational kinetic energy |AKr,c|. Further Work results
are given in SI Sec. S1.

neighbors primarily requires their relative translational
motion.

We can expand somewhat on the above discussion by
considering longer time information, whose relevance is
evident from the lack of complete energy redistribution
and relaxation within the 400 fs time frame of Fig. 3. To
this end, we have examined the asymptotic values of the
rotational and translational work terms Wgr and Wp at
t = 5 ps, shown in Table IT (the first two columns show
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TABLE II: Normalized work terms Wg (energy transferred to
rotation) and Wr (energy transferred to translation) obtained
after 5 ps following 5 kcal/mol rotational excitation. The 1st
solvent shell is defined to consist of the four nearest molecules.
Further Work results are given in SI Sec. S1.

Solvent 1st solvent shell
Wr (%) Wr (%) Wgr (%) Wr (%)

H,O,z 89 11 63 9
H,0,y 85 15 63 14
H,0,z 84 16 67 15

MeOH, z 83 13 67 12

MeOH, y 53 42 41 36

MeOH, z 52 43 46 39

CCly 48 51 47 50
CH,4 56 43 55 41

that 1 — 4 % of the excess energy still resides in AU at
this time)(The Table II results are rounded; the water
total percentage is thus less than 0.5 %).

The work entries for the nonpolar liquids CCly and
CH,4 confirm the Fig. 3 shorter time behavior of very
similar energy flow to the solvent molecules’ rotational
and translational motion. The energy flows for the H-
bonded liquids additionally go beyond the information
in Fig. 3 by examination of the axis dependence of the
work (Fig. 3 examined solely the principal x axis case).
The MeOH results in Table II's first two columns reveal
an overall importance of the energy flow to translation
not evident in the x axis result in Fig. 3. While the
ratio Wr/Wr (for the small moment of inertia x-axis
excitation) is comparable to HyO, that ratio is very sim-
ilar to that for CHy for the larger moment of inertia y-
and z-axis excitation: where ~ 53 % of the excess en-
ergy is transferred to rotation and ~ 42 % to translation
(and is not greatly different from that of CCly ). This
dependence on MeOH excitation axis is in line with the
observations and our remarks in Sec. IV A.

Finally, for the case of water, with its much less
disparate—and all small— moments of inertia, the trans-
fer efficiency of excess energy to rotation and translation
of the neighboring molecules is only weakly dependent on
the chosen excitation axis, with ~ 85 % of the excess en-
ergy transferred to rotation and ~ 15 % to translation (as
already shown in Ref. 19, the latter showing a more pro-
nounced energy flow to translation than is evident from
Fig. 3). In fact, a simple average of the three excitation
results for MeOH, ~ 63 % of the excess energy is trans-
ferred to rotation and ~ 33 % to translation, positions
MeOH, in terms of energy transfer efficiency, somewhere
between the strongly H-bonded H2O and the nonpolar
liquids. We conclude that the energy flow between ro-
tational and translational modes, while most dominant
for the nonpolar liquids, is non-negligible even for the
H-bonded liquids.
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2. Locality of relaxation process.

As pointed out in Section II, the energy flow analysis
also allows for a determination of the energy transfer to a
subset of the surrounding solvent molecules. Here we do
not fully exploit this ability,'®'” but instead we focus on
the energy flow to the first solvent shell. The dominant
importance of this first shell is confirmed by graphical
comparison of the energy flow results in both SI Secs. S1
and S2, for the complete flows and those to the first shell.

Obviously such a shell needs definition for each lig-
uid. For neat liquid water at T" = 300 K and a den-
sity of ~ 1 g/cm?3, this shell comprises four molecules
on average, of which two accept bonds from, and two
donate H-bonds to, the central water molecule. At
the same temperature, but densities of 1.58 g/cm? and
0.406 g/cm?, the first solvent shell in carbon tetrachlo-
ride and methane, based on integration of the C-C radial
distribution function up to the first minimum, appears
much larger and includes ~12 molecules. However, a
“sub-shell” containing only four molecules in direct con-
tact with the central molecule can be identified within
this first shell;%3%4 for the present energy transfer prob-
lem, we adopt this definition for these two nonpolar sol-
vents, for which shorter ranged non-Coulomb interactions
dominate, as noted above. Finally, for liquid methanol,
at T = 300 K and density of 0.787 g/cm?, the first sol-
vent shell is usually assumed, based on integration of
the O-0 radial distribution function, to contain only two
molecules which also corresponds to the averaged num-
ber of hydrogen bonds per molecule. However, the cen-
tral molecule is not completely interlocked between these
two neighbors.?%%2 In order to compare the locality of
the relaxation processes in terms of solvent shells for the
four different liquids, we adopt the convention that the
first solvent shell of each liquid contains four molecules.
This definition is supported by the determined first shell
dominance for the energy flow in methanol found in SI
Secs. S1 and S2.

The asymptotic values of the rotational and transla-
tion work terms Wgr and Wr, gauging the energy from
the rotationally excited C molecule to the first solvent
shell molecules at ¢ = 5 ps, are shown in the last two
columns of Table 2. Perhaps the most striking aspect of
these flows is the strong distinction in locality between
the nonpolar and the H-bonded liquids. The process is
very strongly local for the nonpolar liquids CCly; and
CH,, where only ~2 % and ~3 % of the initial excess
energy is transferred to molecules outside the first sol-
vent shell, respectively. By contrast, while the flow to
the first shell is still dominant for the H-bonded liquids,
the flow is noticeably less local for each axis excitation
in water and methanol, typically ~ 20 % of the excita-
tion energy is directly channeled to neighbors beyond the
first shell, respectively. Table II gives details of this for
results after 5 ps. SI Sec. S1 gives extensive time de-
pendent results comparing total energy flow and the flow
to the first shell. (For MeOH, this transfer increases to
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~ 29 — 47 %, if the first shell is assumed to consist of
only two neighbors, rather than the four included in our
definition).

A further feature of interest from Table II is that, for
water and methanol, the transfer to translational modes
is noticeably more local than the transfer to rotational
motions. In the case of water, ~82-94 % of the total en-
ergy transferred to solvent translational motions is chan-
neled to the first shell, whereas ~71-80 % of the total
energy transferred to solvent rotational motions goes to
rotation of first shell neighbors. This general trend is also
observed for methanol, for which these percentages are
not dramatically different, ~ 86 —92 % and ~ 81 —88 %,
respectively.

The increased delocalization of the energy flow from
the rotationally excited C molecule in the H-bonded
liquids, associated with a degree of coupling beyond
the nearest neighbors, is not unexpected, having been
already established in detail for water in our previ-
ous study.!? Terms such as “collective” 204851 (or “net-
work”) are sometimes employed, especially for water, to
describe the dynamics of H-bonded solvents. But it is
worth again?’ stressing the sobering fact that we still
lack a theoretical formulation, e.g. a librational field the-
ory, that would help to more fully characterize dynamical
delocalization in H-bonded liquids.

8. Linear response investigation.

As we emphasized in the Introduction, the validity of
the Linear Response Theory (LRT) approximation, de-
fined below, is important for several related reasons. The
first is practical, namely that one can simply use an equi-
librium time correlation function to describe the nonequi-
librium dynamics. Second, and both of more funda-
mental and broader significance, is —within the context
of the present work—that with suitable normalization,
the solvents’ dynamic response to a rotational energy or
translational energy excitation, can apply for different
sources of those excitations, a feature relevant in con-
nection with the various experiments mentioned in the
Introduction.

The remarkable applicability of linear response has
been observed for various relaxation processes (e.g.,
Refs. 2,3,20,20,28,29,41,51,65—67, see Ref. 3 for a more
extensive reference list), though some important excep-
tions exist.30,49,50,68-70

These LRT validity observations are largely restricted
to electronic excitations, related to time dependent fluo-
rescence experiments. For other types of excitations, an
early example of LRT validity for vibrational energy is
given in Ref. 71 (see also Ref. 7,15,41). For rotational
energy relaxation, we found in the water study'® that
LRT is an adequate description for rotational energy re-
laxation for a fairly broad range of excitation energies,
i.e., the relaxation time was largely independent of the
nonequilibrium perturbation’s strength.
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Stratt and coworkers found LRT breakdown for relax-
ation of rapidly rotating solutes, related to a local rota-
tional friction decrease subsequent to a rotationally hot
solute-induced first solvent shell expansion.?83% Here we
will examine, for our selected four neat liquids, the ap-
plicability of LRT, and the energy flow pathways depen-
dence, for rotational and translational excitation ener-
gies varying over a reasonable range. The LRT results
for 1-15 kcal/mol excitations are presented in the text.
Much higher energy excitation LRT results are given in
the SI, as are all of the detailed energy flow results (be-
yond those given in Fig. 3 for one excitation energy),
with some summary remarks of these SI items also given
in the text.

In a standard application of linear response theory,
a simple relation is provided for rotational energy re-
laxation, between the nonequilibrium energy dissipation
and the equilibrium rotational energy fluctuations. The
nonequilibrium relaxation is conveniently defined by the
normalized response function

_ Kg(t) — (Kg)

Sell) = F(0) = (Kr)’

(8)
where K denotes the nonequilibrium ensemble average
of the rotational kinetic energy of the central excited
molecule, and (Kg) its equilibrium average value, the ex-
cess rotational kinetic energy function plotted in Fig. 2.

In the equilibrium case, the rotational energy fluctu-
ations are conveniently characterized by the normalized
equilibrium time correlation function

(6K R(t)0KR(0))
(6KR(0)0KR(0))’

with the brackets indicating an equilibrium average and
dKR(t) = Kg(t) — (Kg) denoting the fluctuations about
the equilibrium average (Kg). In the linear response
regime, the response function and the TCF are equal.

The LRT assumption is assessed in Fig. 4, which com-
pares, for all four liquids, the time evolution of Cr with
that of Sk for several initial rotational energy excita-
tion values (the H-bond liquid nonequilibrium results
are based on z-axis excitation). For each liquid, LRT
is quite accurate for the 1 kcal/mol excitation case, i.e.
just outside the thermal range: Si and Cgi are almost
identical for all liquids. But as the excitation energy
is increased, the response function progressively deviates
from the TCF to varying degrees for the different liquids.

We focus first on the H-bonded liquids. At the 5
kcal/mol level of excitation, LRT continues to hold well
for H,O, but starts to noticeably degrade for the more
weakly H-bonded MeOH as its oscillations are delayed
and suppressed past the second minimum. Increasing
the excitation to 15 kcal/mol leaves only one smallish
amplitude libration evident, a feature shared with HoO
for which difficulties with LRT are now evident.

The increasing deterioration of LRT’s validity with the
larger initial rotational excitation also occurs for the non-
polar liquids CCly and CHy, with the trend of slowing of

Cr(t) =

9)
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FIG. 4: Test of Linear Response Theory (LRT) for the four
liquids, and for three different rotational energy excitation
values. For each liquid, the equilibrium TCF C(t) Eq. 9 is
compared, versus time, with the nonequilibrium relaxation
function Sg(t), Eq. 8, reflecting the normalized excess rota-
tional kinetic energy subsequent to the central molecule C’s
instantaneous rotational excitation with respect to the prin-
cipal z-axis. Note the time axis change in the panels for the
nonpolar liquids compared to the H-bond liquids. Additional
results are given in SI Sec. S3.

the relaxation more evident—especially for CHy—than
for the H-bonded liquids’ oscillation-dominated appear-
ance. Indeed, this slowing in the mainly nonoscillatory
“tails” of the nonequilibrium Sg(t) is only marked for
CHy. For this liquid, the relaxation time (defined as the
integral of the normalized TCF) slows by about a factor
of 4 at the highest excitation energy.

When the excitation energy is increased to
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15 kcal/mol, the HoO and CCly response functions
show significant deviations from the corresponding
TCFs. Nonetheless, the time of complete relaxation is
not greatly affected for these two liquids; this is also
observed for MeOH, but not for CH,4, as noted above.
In fact, this CHy Sr — Cg disparity is very similar
to the nonlinear response observed for solute rotation
in Ref. 30. There linear response broke down shortly
after excitation, with subsequent relaxation significantly
slowed. The short period of time for which Sg followed
Cpr roughly equaled one quarter of the free rotational
period ~135 fs for the specific excitation energy.?’ For
comparison, for CHy (in CHy4) the onset of nonlinear
response occurs at t &~ 20 fs, which is ~1/7 of the
15 kcal/mol excitation rotational period. Now pursuing
this nonlinear response onset aspect, a distinct local
maximum in Sg is observed as well in CCly, but at the
higher threshold energy ~70 kcal/mol (See Fig. S3.1).
Here, the onset occurs at t ~ 80 fs, which is ~1/8 of the
rotational period ~630 fs for 70 kcal/mol excitation. The
highest excitation results in Fig. S3.1 for the spherical
top molecules strongly suggest nearly free rotation.
Indeed, for the nonpolar molecules—especially the
nearly spherical CHy—the increasing dominance of the
excitation kinetic energy over the weak intermolecular
angular interactions provides the basic rationale for the
increasingly slow relaxation time behavior.

Returning to a focus on the H-bonded liquids, even
though linear response theory breaks down for them
when the rotational excitation energy exceeds ~5-
15 kcal/mol (see also Fig. S3.1), it is important to note
that the “long” time behavior of the normalized response
function is almost independent of the excitation energy,
i.e., the percentage loss of excess energy after ~100 fs is
nearly invariant to the strength of the perturbation, and
no indication of free rotation is evident.

For all of these excitation cases, we have computed the
work terms for rotation and translation, and their first
solvent shell analogues. For both of the nonpolar solvents
CCly and CHy, the increase in excitation energy does not
change the asymptotic values of the work terms in any
significant way; and likewise the locality of the relaxation
process seems largely unchanged, see SI. The latter obser-
vation might be expected, since here we determine local-
ity based on the four closest neighbors, and not a distance
criterion??23 which could reveal e.g. any expansion of the
first shell at the onset of nonlinear response. In contrast,
for HoO and MeOH the work terms are somewhat depen-
dent on the excitation energy for z-axis excitation, see
SI. The variation of the work for these H-bonded liquids
shows that the energy transfer efficiency to the solvent
molecules’ rotational modes decreases with increasing ex-
citation energy: the drop is ~10 % for HyO and ~20 %
for MeOH for the energy range 1 — 30 kcal/mol. This
decrease in the Wpg fractional contribution is obviously
compensated by an equal increase in the percentage con-
tribution of the energy flow Wr to the solvent molecules’
translational motions. These features likely reflect the
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decreasing relevance of torques in the face of increasing
excitation, with lower susceptibility for the stronger wa-
ter interactions. These variations have a locality aspect:
we observe that the increased transfer to translational
modes takes place almost entirely within the first solvent
shell for both liquids. But the decreasing relative con-
tribution of the rotational energy flow Wg has a more
intriguing behavior: for water, it is mostly due to a less
efficient transfer to neighbors outside the first shell, but
for methanol the opposite scenario holds, with a less ef-
ficient transfer to neighbors inside the first shell.

B. Translational energy relaxation

We have seen in Sec. IV A that, for the case of initial
rotational energy excitation, the energy transfer between
rotational and translational motions is very important
for the nonpolar liquids CCly; and CH, and, although
smaller, is non-negligible for HoO and MeOH H-bonded
liquids. In this section, we make a comparative investi-
gation of the relaxation and energy flow pathways for an
initial translational energy excitation.

We commence with the excess translational kinetic en-
ergy (0K ) of the central excited molecule C, normalized
to its initial excitation value, as a function of time for a
slightly suprathermal 1 kcal/mol excitation, see Fig. 5.
The ultrafast translational energy decay proceeds mono-
tonically for all four neat liquids, at least initially, with
very subdued oscillations subsequently apparent for the
H-bonded liquids; these are not dissimilar, though de-
layed in time, to the features seen for these liquids after
rotational excitation in Fig. 2. In particular, and unsur-
prisingly, the decay is fastest in the H-bonded liquids, as
it was for the rotational energy relaxation.

1. Energy flow and work.

In Section IV A 1, we found that the transfer efficiency
of the excess rotational kinetic energy to translational
and rotational modes of the solvent displayed a different
character for the H-bonded liquids and the nonpolar lig-
uids. Is a similar behavior exhibited for translational en-
ergy relaxation? For this purpose, the time evolution of
the energy and work terms in Eq. (6) are shown in Fig. 6
up through the first 500 fs after instantaneous 5 kcal/mol
translational excitation of the central molecule.

Fig. 6 shows that, in analogy to the rotational relax-
ation case, the initial increase in |AKyp ¢ (i.e., the de-
crease in C’s translational energy) is initially strongly
correlated with an increase in the intermolecular poten-
tial energy term AU. But further examination reveals
that the different behavior, especially for energy trans-
fer efficiency, between H-bonded liquids and the nonpolar
liquids observed for rotational energy relaxation is not re-
peated for translational energy relaxation. First, for the
decay, while the H-bonded liquids have the fastest decay,
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FIG. 5: Normalized (to the initial excitation value) excess
translational kinetic energy of a central molecule C as a func-
tion of time subsequent to a 1 kcal/mol translational kinetic
energy excitation of a central molecule C in each of the four
liquids.

TABLE III: Normalized work terms Wr (energy flow to trans-
lation) and Wg (energy flow to rotation) after 5 ps following
5 kcal/mol translational excitation. For the final two columns,
the 1st solvent shell is defined as the four nearest molecules
(see the text).

Solvent 1st solvent shell
Wr (%) Wr (%) Wr (%) Wr (%)

H20 76 22 73 20
MeOH 59 39 53 35
CCly 63 35 62 34
CH4 76 22 74 21

here methane is essentially as fast as methanol, presum-
ably due to the former’s smallest mass among the four
liquids. Second, for the transfer efficiency, this is quanti-
fied by the work terms, which depart from the rotational
excitation behavior. After a short delay, the work terms
Wr and Wgr monitoring energy flow each start to build
up, with transfer to the surrounding “solvent”’s transla-
tional moment clearly dominant for all liquids. The effi-
ciency of this flow, given in Table III at 5 ps, is largest,
not for the two H-bonded liquids, but instead for the two
lightest molecules in this study, water and methane: their
Wr values are identical, evidently another appearance
of the importance of mass for the translational energy
transfer. Indeed—and quite surprisingly—the similarity
in the work terms is sorted, not by H-bonded vs non-
polar liquids as it was for rotational excitation, but by
two molecular pairs HoO/CH, and MeOH/CCly, with
the two members of each pair being extremely close to
each other (identical for the first pair).
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FIG. 6: Normalized (to the initial excitation kinetic energy)
kinetic energy, potential energy and work terms (the latter
gauging energy flow to the solvent translational (T) and ro-
tational (R) motions) for the excited central molecule C’s
translational energy relaxation in the four liquids following
its instantaneous 5 kcal/mol excitation. Black dotted: change
in central molecule translational kinetic energy AKr c; red:
potential energy change AU; green: translational work Wr;
blue: rotational work Wg; black solid: change in C’s rota-
tional kinetic energy |AKgr,c|. Further Work results are given
in SI Sec. S2.

2. Locality of relaxation process.

Again, we exploit the work/power formalism, and de-
termine the locality of the energy flow process—now from
the translationally excited C molecule—in terms of the
transferred energy to the first solvent shell neighbors (we
retain the 1st shell definitions as consisting of the four
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nearest neighbors). The asymptotic values of Wr and
Wgr for energy flows to solvent translational and rota-
tional motions respectively for the first solvent shell, at
t = 5 ps, are shown in the last two columns of Table III.
Clearly there is little delocalization of the energy flow
from the translationally excited C for any of the liquids.
In particular, while the flow for CCly and CHy4 is local-
ized, the observed delocalization extent for the rotational
excitation case in HoO and MeOH in Table III is greatly
diminished here: only ~ 5 — 10 % of C’s excess transla-
tional kinetic energy is transferred to neighbors outside
the first solvent shell. Presumably this restricted extent
feature reflects the lack of importance for translation, in
contrast to the rotational case, of longer-range dipole-
dipole interactions.

3. Linear response regime.

Lastly, we investigate how well linear response theory
describes translational energy relaxation. In Fig. 7, the
time evolution of the response function for the nonequi-
librium translational kinetic energy, for different excita-
tion energies, and the TCF for equilibrium fluctuations
of the translational kinetic energy are shown. As opposed
to the rotational relaxation case, linear response theory
seems to be applicable up to, at least, ~5 kcal/mol trans-
lational excitation energy for all liquids. Only in the case
of CCly and CHy, does the response function deviate sig-
nificantly from the TCF as the translational excitation
energy is increased further. For HoO and MeOH, no sig-
nificant breakdown of linear response is observed, even
for an excitation energy of 60 kcal/mol ~ 100 kgT (see
Fig. S3.2). Finally, for the nonpolar liquids, the trans-
lational relaxation accelerates in Fig. 7 with increasing
translation excitation energy, in contrast with the slowing
exhibited in Fig. 4 for the rotational case. As we noted in
connection with the latter, the weak intermolecular inter-
actions are the source of the observed rotational behavior.
But for translation, stronger interactions via collisions
are essentially guaranteed with increasing translational
excitation energy, and the relaxation is accelerated.

For all four liquids, the transfer efficiency to transla-
tional modes increases slightly with increasing excitation
energy, see SI Sec. S2. For MeOH and CCly, an in-
crease of ~10 % — for the excitation energy range of
1 — 60 kcal/mol — is observed, whereas the increase is
only a few percent for HoO and CHy. In general the
translational relaxation process becomes slightly more
local with increasing excitation energy, with a small in-
crease in the transfer efficiency to the translational modes
of the first solvent shell molecules.

V. CONCLUDING REMARKS

We have investigated ultrafast rotational and trans-
lational energy relaxation for intramural excitation of a
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FIG. 7: Normalized excess translational kinetic energy—the
translational analogue of Eq. 8—as a function of time sub-
sequent to instantaneous translational excitation. Note the
change of the time axis in the panels showing results for CCly
and CH4. These and further excitation energy results are
used in SI Fig. S3.2 to examine the validity of linear response
theory (LRT) for the translational case.

molecule in each one of four neat liquids—the two H-
bonded liquids HoO and MeOH-—and the two nonpo-
lar liquids CCly and CHy, e.g. excitation of an HyO
molecule “solute” in liquid HoO “solvent”. To this end,
we have employed nonequilibrium and equilibrium classi-
cal molecular dynamics simulations and energy flux anal-
ysis, which allows a detailed identification of the energy
flow pathways during relaxation. As stressed in the Intro-
duction, these studies should prove relevant for modern
ultrafast teraherz and x-ray experiments as well as for
novel phenomena such as self-thermophoresis. Further,
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some of the excitations considered, in the text and in
SI, involve energies of magnitude associated with highly
exothermic chemical processes, see e.g. Ref. 42-44. Here
we briefly summarize the main conclusions, beginning
with the rotational excitation results.

Relaxation dynamics for rotational excitation is ultra-
fast, i.e., the energy dissipation is completed within 1 ps,
and is significantly faster for HoO and MeOH. Partial
coherence—due to OH librational motions— occurs for
the H-bonded liquids, but monotonic decay character-
izes the nonpolar liquids. Most of the excess rotational
kinetic energy is transferred to librational motions for
the H-bonded liquids (although this flow direction dom-
inance decreases with increasing excitation energy). In
contrast, transfer efficiencies to translational and rota-
tional motions are nearly equal for the nonpolar liquids.
Almost all of this excess energy is transferred to first sol-
vent shell neighbors for CCl, and CHy, but the flow is
less local for MeOH and H,O: 15-23 % and 18-28 % of
the energy (depending on the excitation axis) is trans-
ferred to neighbors beyond the first shell, respectively.
Finally, linear response theory (LRT) is applicable for all
four liquids for 1 kcal/mol excitations. For the excitation
levels examined the threshold energy at the nonlinear re-
sponse onset is ~b5 kcal/mol for MeOH and CHy, and
~15 kcal/mol for HoO and CCly.

The translational energy excitation results often dif-
fer, sometimes very considerably, from those following
rotational excitation. The relaxation is ultrafast, but the
excess translational kinetic energy decays monotonically,
without any evidence for coherence, for all four liquids
(there is some flow to the H-bonded “solvent” librations,
but it is evidently incoherent). Again, the relaxation is
significantly faster for HoO and MeOH, but transfer to
the “solvent” molecules’ translational motions dominates
for all four liquids, most especially for the lighter HoO
and CHy. (The efficiencies of the transfer of excess en-
ergy to translational and rotational motions now depend
only weakly on the excitation energy.) The energy flow
is again local for the non-polar liquids, but is now more
local for the H-bonded liquids than for the rotational ex-
citation case. Finally, LRT is considerably more resilient
than for rotational excitation, with onset of significant
nonlinear response only observed for the nonpolar lig-
uids, and then only for excitations of tens of kcal/mol
(See SI Sec. S3).

As noted within, the work/power formulation for en-
ergy flow has not been fully exploited in the current
effort, devoted to the comparison between examples of
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hydrogen-bonded and non-polar solvents. More can be
done for these solvents, solvent classes,?20723 as well as
mixed solutions; clearly polar non-hydroxylic solvents
such as acetonitrile (see e.g. Ref. 72) merit compara-
ble attention in the future as well. As for the present
liquids—most especially water for which most experi-
ments referred to in the Introduction have been carried
out—extension of the energy flow formulation to e.g. spe-
cific spatial and structural variables directly related to
measured spectra (e.g. transition dipole orientational an-
gles as in Ref. 11) or configurational variables (e.g. as
probed in the x-ray studies of Ref. 72) could be carried
out in the future in direct connection with the present
kinetic energy studies. Indeed, we have previously exam-
ined the dynamics of such variables previously for pure
water (e.g. Refs. 19-23). Such “double variable” studies
could relate the time scales found here and those associ-
ated with e.g reorientation in Ref. 11 and solvent cage
rearrangement in Ref. 72. Returning to the kinetic en-
ergy arena, a further application of the energy flow for-
malism could be to the examination of the participation
of assorted modes of liquid motion in the energy relax-
ation, where resonance and coupling issues will be cru-
cial (e.g. Refs. 17,18,24) and features such as transient
or complete rupture of hydrogen bonds.” "6 More gen-
erally, these several avenues would also serve to provide
a detailed molecular level mechanism, both kinetic and
configurational, for the energy flow.
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