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The short-time dynamics of molecular reorientation in liquids. Il.
The microscopic mechanism of rotational friction
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Department of Chemistry, Brown University, Providence, Rhode Island 02912

(Received 29 November 1999; accepted 7 February 2000

At short times, the dynamics of the rotational relaxation of linear molecules dissolved in liquids is
governed by the instantaneous rotational friction, a quantity one can specify in complete molecular
detail for each liquid configuration. Having the ability to construct such a friction is not only useful
for the insight it provides into rotational dynamics, it means that it is possible to think about the
superficially very different processes of rotational relaxation, vibrational population relaxation and
solvation in a common language. In particular, the ability to understand the friction in molecular
terms allows us to compare the actual solvent molecules participating and the actual solvent motions
involved in all of these relaxation processes. In this paper we carry out a detailed study of the
rotational friction felt by a homonuclear diatomic molecule dissolved in an atomic fluid, contrasting
the results for a variety of solute sizes and thermodynamic states. We find remarkable levels of
similarity among all three kinds of relaxation. While there are some detailed differences in the
geometry of the relevant solvent motions, all three processes seem to be controlled by a small
number of nearby solvents. Possibly as a result, the influence sgerspectral densitie®f all

three are virtually identical. The invariance of these findings, and indeed of the mechanistic details,
to solute size and thermodynamic conditions suggests that there is a real universality to solution
dynamics that comes into play when sharply varying forces are involved20@ American
Institute of Physicg.S0021-9606800)50317-1

I. INTRODUCTION demonstrated, working from the liquid side, that continuum
_ o ) models cannot explain rotational dynamics in polar solvents
The phrase “rotational friction” seems suggestive of apy appealing to dielectric friction. Alcohols especially are
rather traditional view of rotational dynamics in liquids: that hoorly accounted for by such theories.
the rotation of small molecules in solution is largely a matter  \ye can get some feeling for at least some of the issues
of rotational diffusion: Up until relatively recently the ex- involved in arriving at a microscopic theory by thinking
perimental evidence was taken to be completely consistenfhoyt a set of rudimentary model problems: those posed by
with this presumption; there did seem to be some sort ofne reorientational dynamics of homonuclear diatomics of
rotational drag exerted by a solvent caused by its viscﬁsity,\,arying shapesFig. 1) dissolved in simple atomic liquids.
or perhaps by its bulk dielectric resporfsehich acted vir-  Solving the classical dynamics of such systems is, of course,
tually instantaneously to convert the free rotation charactery rgytine matter for molecular dynamics simulatbasd we
istic of the gas phase into the diffusive motion found inportray in Fig. 2 the resulting dynamics for solutes ranging

liquids. There were complications as to which particularfrom nearly spherical to quite oblong. The angular velocity
boundary conditions were best suited to modeling the progytocorrelation functions obtained,

cess with bulk hydrodynamiésand there have been more
recent studies pointing out the need to incorporate such fea- Coo(t)=(d(t)- &(0))/(&(0)- &(0)), (1.2
tures as realistic solute charge distributibrsid different
diffusion constants around different solute aXesyt the  with &(t) the angular velocity of the solute, make it clear
prospects for learning something about the microscopics dhat this dynamics can span quite a range, even without the
the solventdynamics by looking at rotational friction always complications of Coulombic forces. The slow, picosecond
seemed antithetical to a continuum picture—which seemedecay with which the correlation is lost for the most spheri-
more than ample for the experiments at hand. cal solutes indicates a nearly free rotation, whereas the 200 fs
A number of experiments have begun to appear, howescillation seen with the longest bond lengths implies a pre-
ever, emphasizing the real need for a more molecular peildominantly librational character to the motion—and the lig-
spective on rotational relaxation. Zewail and co-worKeirs, uid time scales, correspondingly, run the gamut from diffu-
particular, have found that they could study the onset of difsive to inertial. Presumably any sucessful theory for this
fusive motion by tracing the evolution of rotational dynamics problem must be robust enough, and microscopic enough, to
starting with the gas phase and increasing the density, a prencompass this diversity in its entirety”
cess which all but calls out for an interpretation in terms of ~ The theoretical approach we suggested in the companion
the changes in the motions of individual solvent neighborspaper to this onépaper )!! is to continue to focus on the
Similarly telling, Horng, Gardecki, and Maroncéllhave origins of the rotational friction, but to do so fully molecu-
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ute dynamics. With rotational relaxation, for example, the
central issue is the ability of the modes to alter the torque felt
by the solute.

d=1.25o d = 0650 d = 0.325 & The importance to us of this spectral representation is
twofold: For one, we expect the rotational friction itself to be
related quite directly to the rotational influence spectfdm.
Since we have completely molecular interpretations of the

] modes and thus of the coupling coefficients, we should be
. ‘ able to discern the molecular mechanisms of rotational relax-
ation just by asking which sets of solvent motions end up

d=016 o d=0.08c contributing the most to the influence spectrum. Equally in-

triguing though, is the fact that a variety of very different
FIG. 1. The s_hapes_ and sizes of the diatomic solute molecules studied in th?olute relaxation processes can all be described by these in-
paper. The diatomics have a variety of bond lengthsyut each atom on fluence spectra. We can therefore look for whatever com-
each diatomic is drawn as a sphere with diametes,ofonsistent with the
choice of a single Lennard-Jones diamatefor all the atoms involved in ~ monalities there might be between solvation, vibrational re-
the model. laxation, and rotational relaxation, asking whether the

limited dynamical possibilities imposed by a common sol-

vent are ever going to be enough to overcome the rather
larly. To this end we showed that by considering separatelgifferent symmetries and couplings of these distinct
the dynamics launched from each individual liquid configu-Processes’*°In this paper we will attempt to pursue both of
ration, one could derive what we called an instantaneoutese objectives.
generalized Langevin equatidfhone in which we could give The remainder of this paper is organized as follows: In
a precise prescription for understanding how the necessa§ec. Il we summarize the route we took in paper | to obtain
friction could be constructed from genuinely molecular in-the rotational friction in terms of a rotational influence spec-
gredients. The friction so obtained was accurate only at shofftum and we point out how one can extract the contributions
times, but rotational friction in liquids often does, in fact, of various physically relevant subsets of the solvéamd
have a rather short time scale, even when the overall relaxgolute motions from these influence spectra. We turn next to
ation is slow?'%31% Qur instantaneous friction therefore the numerics. The set of particular model systems we study
turned out to be in reasonably good agreement with the trubas already been protrayed in Figs. 1 and 2, but we provide
friction obtained by molecular dynamics over most of theSome more detail in Sec. Ill, along with the specifics for all
interesting frequency range. of our calculations. Our results for the rotational friction

The key to our development was that we could represengpectrum(and, for comparison, for some examples of vibra-

the instantaneous dynamics of the liquid in terms of the soltional relaxation and solvatigrare then presented in Sec. IV.
vent's instantaneous normal mod@siMs).'>'% As in the =~ We conclude in Sec. V with a discussion of some possible
linear INM theories of vibrational relaxation and solvation, connections with other perspectives on rotational friction.
the central quantity was what we referred to as an influence
spectrum’~1°

Il. THEORETICAL BACKGROUND

_ 2
plw)= < ; Codlw— wa)> 1 (1.2 A Instantaneous rotational friction

the spectrum of the INM frequencies, for each liquid We begin.by briefly refviewing' the instantan'eous rota-
mode a, weighted by the coupling coefficients,, which tional generalized Langevin equatidGLE) formalism de-

. 1 . . . .
embody the efficiency with which each mode affects the solV€loPed in pape_r}. Consider, as we did there, a rigid homo-
nuclear diatomic molecule dissolved in an atomic solvent

and denote the orientation of the diatomic in the laboratory
frame by the angle® and ¢, taking the remaining “bath”

Rt s variables,R= (o(t),...,i\(t)), to include both the center-
075 [\~ - ::jzg'gi‘s’c of-mass position of the solutéy, and the solvent atom po-
= 00 '_"'-._:\\ L 40160 sitions, 7 (j=1). The Hamiltonian for this infinitely dilute
‘“g AN “~ .|~ d=0080 solution can thus be written as
O 025 - "‘ N I | LN
000 |\ e H= §(¢2 sir? 6+ 6%) + > > mir?+V(¢,6,R), (2.1)
AN i ] j=o0
025 L 1 , N , :
00 02 04 06 08 10 with | the moment of inertia of the diatomic and; the
t (ps) masses of the diatomic and the solvent atojrs) and j

fe. 2 Th ived rveloc tion funct =1, respectively. The crucial step in deriving an instanta-
. 2. The exact, normalized, angular-velocity autocorrelation functions, ; ;
for homonuclear diatomic solutes of different bond lengthdissolved in neous GLE from Eq(2.]) is to expand the total potential,

dense supercritical argdpo®=1.05,kgT/e=2.5). The curves were calcu- V(¢39’R) ! in powers of the displacements from the_ initial
lated from the molecular dynamics simulations described in Sec. Ill. configuration (g, 6y,Rp). If we truncate the expansion of
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the bath part of the potential at second order in the displaceole of the exact friction,n(t), in the more conventional
ments R—Ry), we are immediately led to introduce the formulations of the rotational GLE. The INM friction, by

bath instantaneous normal modgs, contrast, is defined to be initially zero, meaning that we
should really think of it as the change in the friction between
qa:2 (mj)llejM,a(rm—rm,o)’ (2.2 timet an<_j time 0._C:20n3|stent with t.hIS idea, we see that we

ln need to interpret(}< as 7(0), thetime-zero value of the

whereu labels thex, y, andz directions. Since the dynamics €xact friction kernel. In fact, this identification is not only
of such modes is straightforwafflsubsequent expansion of Sensible, it is actually a rigorous result for the true frictfon.
the remainder of the potential and re-expression in terms of

INMs allows us to write an explicit equation of motion for

the angular velocity of the solute, one in which all of the bathg |hfiuence spectra and their projections

effects are subsumed into an effective torque and a frictional N _ o
response, both fully defined in molecular terms. The ability to cast the study of rotational dynamics into a

The instantaneous rotational friction that results is a reform dependent on an influence spectrum means that there

flection of what we have called the rotational friction spec-aré going to be strong parallels to our studies of other solute-
trum of the bathpgi.(w), defined as centered relaxation phenomena, such as vibrational

relaxatiort?1®??and solvation® The basidlinearized INM

_ 2 perspective is that one inevitably need to understand a spec-
Pric( )= ; (Ca) 0= wq) ), 23 response of the form
where the average is over bath configurations and the cou- IA |2
pling coefficientsc,, indicate the extent to which theth pA(“’):<Z, (@) 5(‘°_wa)>’ (2.9
instantaneous normal modg, , causes a torque on the sol-
ute for some “spectroscopic probe functiom® in order to un-
derstand how a given solute degree of freedom rel&%es.
c - ﬁ 2.4 The spectroscopic probe function for the rotational friction
“ aq,’ ' spectrum is theorque along the axis perpendicular to the

. . . . bond direction unit vectorg,
with N being the torque along the axis perpendicular to the ©

bond axis of the diatom. In terms of this fundamental spec-
tral response, the average time domaifi¥(t), and fre-

quency domainz'™"M(w), versions of the friction are simply R R
whereF, andF, are the solvent forces on the two atoms of

d . -
A=slex(Fy—Fa)l., (2.10

coswt—1 ; ; ;
INM 1y — the diatomic, and. denotes the component perpendicular to
t)y=1|d - —_—, 2. : oo -
7o j @ Pire( @) — 2 29 the bond axis. The vibrational friction spectrum results when
A is identified as thdorce along the bond axis,
_ z Priic(®)

"i]lNM(a))Zf dt coswt ™M(t) prant (2.6
0

2 A= %é'(ﬁb_ﬁa)- (2.11

The instantaneous GLE itself describes the reorientaExcept for a factor of the bond lengtd, the rotational and
tional dynamics of the solute for each liquid configuration,the vibrational friction spectra thus explore different projec-
but a virtually quantitative reformulation allows us to seetions of the same force on the solute. Solvation, superficially
how the equation predicts the dynamics on the average. TH& rather distinct case, probes thetential energy difference

angular-velocity autocorrelation functioB,,,(t), generated between the ground and excited states of the solute. But, if
from our averaged GLE, for example, evolves as we model solvation as an electronic excitation of a single

atom and assume pair potentials, then the solvation spectrum
. [ i
Cou()=— JodT[QZ+(1/|)77INM(t_ N]C,.(7), (2.7) becomes perfectly analogous, with

N
where the rmsnastantaneous-librational frequen@, is de- A:;l v(roj), (212

fined as . ) .
whereu(rg;) is the change in the solute—solvent pair poten-

= _[1V (0.  lials between the two electronic statés™®
| 96%]" ' Any influence spectrum written in the form of E@®.9)
i o i automatically resolves the relaxation process into a distinct
Elé)r:e :Egt ;’rviitriir:h?nsgve(gtnhebsofl;)l(gdvztn'it:h'ngﬁégonf'tgura'response for each frequency. More than that, however, the
' q. (<. ' wo() contributions of each coefficient,, can be broken into sepa-

would behave as if the solute were a harmonic oscillator with . A
rate pieces from each solvent atom and each direction in

frequency,(_l. The rms-librational frequency is thus a mea- space
sure of the caging abilities of a hypothetically static solvent.
Parenthetically, one might observe that it is the whole _ _ _yp OA
i 021 . INM : ca—Z UjuaCius  Cjp=(my) : o (2.13
memory kernel in Eq(2.7), |Q“+ ™" (1), which plays the n Mg
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We should therefore be able to identify the mechanisms by As a direct result of Eq(2.17), given any arbitrary vec-

which a relaxation occurs just by projecting thesgonto  tor b, an influence spectrum can always be written as a sum
particular directions relative to the solute or onto special setsf parallel, perpendicular, and cross components

of solvent atoms interacting with the solute. Indeed, this ba-

sic approach has been elaborated befdféput since these pa(®)=pa(@)+px"(w) + pR*Tw), (2.20
projections serve as our principal machinery for investigating
the microscopics behind solvent friction, it is worth pausing p,ﬂ(w)= < > (c‘;)25(w—wa)>, (2.2)
to discuss how they work in our particular context here. This “
discussion will also allow us to introduce a slight improve- b o
ment into how our projection techniques handle solute trans-  Pa (@)= < > (c")?8(w— wa)> : (2.22
lation. ¢

Regardless of the specific variety of solute relaxation,
the coupling coefficients will always contain a contribution P/C\rosi“’):<§a: 2(co)(c,”) 5(")_")a)>- (223

from the center-of-mass translation of the solyte Q); this R
translation is, after all, one of the bath variables. In particu-One can, for example, taketo be the bond direction vector,
lar, for a solute with a relatively low molecular weight, the &, to project influence spectrum into directioparallel and
center-of-mass motion of the diatomic will be significantly perpendicularto the bond axis of the diatom. Similarly, the
coupled to rotational frictiorfabout 25% of the total friction longitudinal-transversgprojection is obtained by identifying
spectrum in our present study, where the solute is twice thg as the unit direction vector o, from the center of mass of
mass of the solventHowever, this coupling can actually be the diatom to thgth solvent atonf? In either case one can
expressed as a linear combination of the solvent atom corgiscern the fraction of the entire response associated with
tributions. Let us denote the coupling constant of flile  each projection by partitioning the total coupling strength,
atom by the vectorg;=(cjc,Cjy ,Cj;). Momentum conserva- C=(% ,(c,)?), in much the same way as

tion (or equivalently, translational invarianceells us that® C=Cb+Clby comoss (2.24

N
m: . y . _ . .
o= _12’1 A /V(:j , (2.14 where the variou€'s on the right-hand side give the areas

under the corresponding projected spedirs.
with the solute mas81=m,, allowing us to write eacle, | Ong ist_not ”vaited’ of cloursel, tot suc;h abtstra}ct g(:-[,\omet.ri-
; - cal projections. We can also select out particular atoms in-
formally in terms of purely solvent-atom contributions stead of summing Eq2.15 over all the solvent atorm:1®
N \/ﬁl For each configuration, the solvent atoms nearest to the sol-
Ca:jzl (Uju,a_ Muou,a) Ciu- (215 ute can be chosen to give thearest atonprojection, or we
© can obtain themaximal atomprojection by picking out a
Using Eq.(2.15 is equivalent to using Eq2.13, but it will singlezsatom most strongly coupled with the solute for each
be helpful in our subsequent projections in that it will let usMode:” For comparison we may also want to single out the
think physically about the solvent's effective contributions tom0de with the largest magnitude of, for a given configu-
relaxation. ration, leading to thenaximal modeprojection. In all these
The projection of influence spectra into two mutually Situations the key is that the formulation of the friction we
orthogonal directions easily follows the development of Eq2ré using keeps the individual molecular pieces of the dy-
(2.15. Suppose we want to project the spectra onto the dil@mic solvent response remaining in plain sight, ready to be
rections specified by unit vectors,andb* (b- b =0). Re- incorporated or deliberately frozen out, as we desire.
solving the¢; into theb andb* directions

lll. NUMERICAL METHODS

¢j=(b-¢)b+[¢;—(b-¢))b], (2.16 A. Model system and simulation details
lets us divide the mode coupling strengtfy,, into In order to obtain sets of Boltzmann-distributed liquid
Ca:Ct;_FCtb, (2.17) configurations and to have some exact dynamical results to

compare with, we carried out several constant number-

where the individual mode couplings projected ibtandb*
directions are defined as

cb=> PP sCs. cib=> PLiCs, (2.18
B B

respectively, with the projector®® and P-? given ag*

N
m.
b _ ]
Paﬂ_jzl (Ui,u,a_ V' M Uou,a

v

Lb_ b
Paﬁ_ 55’3_ Paﬂ .

b,b,Uj, 4,

(2.19

volume-energy¥NVE) molecular dynamics simulations for a
single rigid diatomic dissolved in 106 solvent atoms.
Lennard-JoneglJ) potentials

u(r)=4e[(alr)?—(alr)], (3.2

were used to model the interactions between all the atoms in
the system, including those of the diatomic. The total poten-
tial was thus of the form

N N
V=20 D ug(ra)+ 2 Uy(rj), (3.2
A=ab j=1 ]i(k>=jl
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whereuv andvv refer to the solute—solvent and the solvent—we used the working formula,
solvent interactions, respectivebp labels the two sites of q N
the diatomic, andl qndk are the soIve.nt—a'Fom indices. As in Cj=— 2 E ful ?UU(FAj)'B],u (j=0)
many of the previous studies of vibrational relaxation in m; A=ab j=1
atomic solvent$®?’ we set the masan,, of each atom in
the solute identical to those of the solvemt,, and we chose _d PPN .
the u,,(r) andu,,(r) potentials to be identicale,,=¢,, ~m A;a’b faltw(Fap)-Bl, (i=1), (3.6
=g, oy,=0,,= o). Argon-type parameters, ~
. where B=(cosfcos¢,cosfsing,—sind), and thef, are
0=3.405A &/kg=119.8K, mp=40a.m.u, (3.3  —landifor A=a andb, respectively. Here we have defined

were used to translate our numerical results into experimerthe interatomic “spring-constant” tensot,,(7), as
tal units. - . n o aa , -

The results presented here were obtained for five differ- tuw(F) = Uy, (NP + [ug, (/][ =FF], (3.7
ent solute bond lengthsl=1.25r, 0.65r, 0.32%, 0.160, where the unit vectof =r/r, and the primes denote deriva-
and 0.0&, corresponding to an excluded volume for the di-tives with respect ta. The transformed coupling strengths,
atomic of VvdW/A3=41.4, 38.0, 30.4, 25.6, and 23.3, c,, were then evaluated from E@2.13. With the mode
respectively’® Our default thermodynamic state was the highfrequencies and these coupling constants in hand, the rota-
density, room-temperature supercritical fluid stajes>  tional friction spectrum for each configuration could be com-
=1.05 andkgT/e=2.5) frequently used for studying vibra- puted from Eq(2.3) and the results averaged over all 40 000
tional relaxatiorf®?’ though we also conducted some liquid configurations. To check for finite-size effects, we also cal-
state (po=0.8, kgT/e=1.0) simulations for comparison culated the friction spectra using 30 and 254 solvent atoms,
purposes. with results virtually identical to those from the 106-solvent-

The simulations themselV&employed standard peri- atom calculations. The final ingredient in the rotational GLE,
odic boundary conditions and minimum image conventionsthe rms-librational frequency)
In each case, the system was initially started from an fcc N
lattice, with a transnational order parameter used to monitor §2_ HT e N
equilibration to a fluid state. To propagate the positions of @ _<A—2a,b 121 (FADLTAD (B tun(Fa)- )
the solvent atoms and the center of mass of the diatomic, we
used the velocity-Verlet algorithm with a timestedt
=0.001r;, where 7 (= Jma0?/€) for argon is 2.16 ps.
The reorientational motion of the diatomic, though, was in-
tegrated using a velocity version of the algorithm proposeaN
by Finchami® (Appendix A). Angular-velocity and torque
autocorrelation functions were calculated by running 10 00
molecular dynamic$MD) trajectories with a length of 2000
timesteps each.

_uLllv(rAJ)(fA]é)]>v (38)

as calculated by averaging over®l@nfigurations.

Even after being averaged over 40000 configurations,
Pur friction spectra are rather noisy in the high-frequency
region. The reasons for this behavior are, in fact, rather fun-
damental reflections of the few-body mechanism by which a
liquid responds at high frequenéy*°*?~**For our subse-
guent calculations of the time-and frequency-domain friction
B. Calculation of influence spectra kernels, " (t) and 7™M (w), we therefore fitted the fric-

To compute the influence spectra, we collected quuidtlon spectra to the functional form

configurations along a molecular dynamics trajectory at 50- Noauss w—E\?
time-step interval¢chosen so as to minimize correlation be- pric(w) = ;1 Bw ex —( G )
tween the adjacent configurations samplest each of the N :
40000 configurations generated in this fashion, the dynamiThe Levenberg—Marquardt methiddvas used to find the
cal matrix,D, was constructed: amplitude,B,, center frequencyg,, and width,G, of each
5 Gaussian. Both oné\g,,s= 1) and two Ngauss=2) Gauss-

1 ad ian fits were examined, and the parameters so obtained are
k= T—— S B4 i .’ P > > .
I Jmymy 9. listed in Table I. The fitted spectra, plotted in Fig. 3, illus-
trate the excellent quality of the two-Gaussian fit in particu-
lar.

(3.9

D

with j andk=0, ...,N, the atomic and solute-center-of-mass
indices, andu and v labeling thex, y, andz directions. The Finally, to place our results for the rotational friction

e|ger_1valueswa, and elgenvectorsu_ma, Of. the dynamical spectra in context, we also calculated what the corresponding
matrix were then evaluated numerically using standard meth-

ods(conversion of the dynamical matrix to a tridiagonal ma_mﬂuence spectra would have been for vibrational relaxation
. ynal 9 and solvation taking place in the same system. The vibra-
trix followed by application of the QL method for

. . . tional friction spectra was obtained based on &ql11), as-

31 ’
d|ago_naI|zat|0m To produce the untransformed rotational suming the diatomic could translate but not rotate. The vi-
coupling constants

brational coupling constants necessary for this spectrum,
¢;,= (LM (aN/dr ;) =—(LWm)(82VIa6r ), ¢ = — (1Nm))(8?VIaxar;,), with x=|F,—F,| the distance
(3.5 between the two atoms on the diatomic, were calculated
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TABLE |. Rotational friction spectra for a homonuclear diatomic dissolved %102
in a dense supercritical argon fluid. 1.0 . . . .
| —— rotation
Bond length  Ngausd® Br(10721J) Ep(cm™) Gy(em™) Rel. dev T os k0 | vibration
1.25 2 654.2 94.2 75.5 0.052 = - 3 i | ——— solvation
240.4 148.3 47.1 2 o6
1 791.4 1115 72.2 0.10 ) 3
& 04 |
0.650 2 120.0 84.1 76.8 0.059 = |
67.0 144.8 48.1 3
1 156.2 110.7 72.8 0.11 z vz
0.325r 2 15.7 77.1 68.4 0.063 0.0 =
13.5 139.0 53.3 -60 0 60 120 180 240 300
1 23.6 110.5 70.3 0.12 w/2mc (cm 1)
0.160 2 1.49 81.7 88.4 0.079
1.08 1285 55.2 FIG. 4. Normalized influence spectra for different relaxation processes of a
1 237 108.8 72.6 0.092 homonuclear diatomic solute dissolved in dense supercritical argon. The
rotational friction, vibrational friction, and solvation spectra are drawn as
0.08r 2 0.135 80.9 66.2 0.064 solid, short-dashed, and long-dashed lines, respectively. The details of the
0.1 140.2 51.1 models used are presented in Sec. Ill. The solvation spectrum is taken from
1 0.19 109.0 70.1 0.099 Ref. 17, and, as usual, imaginary frequencies are plotted as negative fre-
quencies.

*Number of Gaussians used for each fit of the rotational friction spectrum:

Prie(©) =2, 5B exf —(0—EYIG’]

Relative deviation of the fitted spectrum from the simulated spectrum:.. .

ol pa( @)~ pad @)/ fde pead ) in the same solute. Comparing Eq2.10 and (2.11), for

example, might lead one to guess that motion of the solvent
perpendicular to the solute bond is critical in the former,
from expressions we have reported previodéyo evaluate whereas motion parallel to the bond is key in the latter—and
the solvation spectrum using E@.12, we assumed, as with that the dynamics of solvation, E¢2.12, would be com-
the ¢ model of Stephens, Saven, and Skinifathat the in-  pletely unrelated. What we find, however, is quite different.
teractions between atoms in the groungl, and the excited, In fact there is a striking universality to solvent influence
U, States were LJ potentials differing only in well depth, sospectra, independently of whether one looks at rotational re-
that laxation, vibrational relaxation, or solvation. Figure 4 shows
_ _ 12 6 that, when normalized, these three influence spectra are in-
v(roj) =Ue(Toj) — Ug(roj) =4sN[(a/ro;) _(U/roi()s ]1'0) distinguishable from one another for our model system. Evi-
' dently, aside from constant scaling factors, the solvent’s in-
stantaneous normal modes interact in precisely the same way
with these three rather different physical processes.
IV. RESULTS The microscopic origin of the similarity between the sol-
vation and the vibrational friction spectra has, in fact, already
been emphasized several tinté$?**though an explanation
Our arguments in Sec. Il suggest that the ways in whicthas only been offered for the commonalities seen in the high
a solvent sees the rotational motion of a solute could erequency part of the response. The idea is that for any short-
significantly different from how it senses the vibrational mo-ranged, sharply varying spectroscopic probe, whether it in-
tion, ora fortiori, how it sees differences in electronic states,volves forces or potentials, the highest frequency part of the
spectral response will come, almost entirely, from the small
number of solvent molecules which are instantaneously clos-

The constanh was set equal to 0¥

A. Universal features of influence spectra

“-’; d T T T - est tp thg solute. Itis the_se most strongly interacting partners,
=2 S T > Gaussian fic moving in ways determined solely by the geometry of .the
a® 3 — y ——- 1 Gaussian fit solvent about the solute, that govern all possible high-
E N frequency solute relaxation processes. Indeed, the instanta-
o; » neously nearest-neighbor solvent atoms by themselves are
) responsible for a significant fraction of both the solvation
g (82%) and the vibrational friction(65%) spectra in this
Q ! model!’ The high-frequency universality of vibrational re-
éo laxation and solvation clearly suggests that the solute’s re-
s 0 0 30 60 90 120 150 180 210 240 270 sponse to thgse nearest few atoms is remarkably insensitive
1 to the specific functional form of the external probe. What
®/2me (cm ) we can do now is to use our new example of rotational re-

FIG. 3. An example showing two different fits to a calculated rotational laxation to explore the generality of this analysis of the.hlgh-
friction spectrum. The system shown is a diatomic with bond length offrequen'cy response—and to see to what ?Xtent the universal-
1.250 dissolved in dense supercritical arggru=1.05,kgT/e=2.5). ity continues to extend to lower frequencies as well.
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)

TABLE Ill. Rotational and vibrational coupling strengths for a homonuclear

< 40 T T T T
g s —d=125¢ diatomic dissolved in a supercritical argon fluid.
< 3.2
N; Bond Relaxation c? R(IN® R(L) R(L) R(T)
& 2.4 length  process (1Fkgn?s ™ (%) (%) (%) (%)
O
S 16 1.25 rot 393 269 731 644 345
3 08 vib 328 363 637 845 156
go
3 00 0.65r rot 82.2 196 804 872 117
V.:é vib 62.9 488 512 933 6.0
[oN
0.3257 rot 11.7 266 734 949 4.2
<102 vib 13.8 553 447 959 3.4
1.0 , . : :
i ! ! —d=125¢ 0.167 rot 1.15 348 652 966 2.6
08 — A | d=0.650 vib 2.05 610 390 975 1.9
I --—d=0325¢ 0.08 rot 923102 391 609 968 2.3
- - d=0.160 vib 0.20 638 362 980 15

#Total coupling strength derived from the rotational friction spectiuat)

and from the vibrational friction spectrufwib). The vibrational coupling

reported here is multiplied by the bond length squadéd,

bThe percentageR denote the fraction of the total coupling corresponding
D to different kinds of solvent motion. In particula®(ll), R(L), R(L), and

) 0 60 120 180 240 300 R(T) give the ratios of the areas under the parallel, perpendicular, longitu-

1 dinal, and transverse projected friction spedimespectively to the area

o/2nc (cm ) under the total friction spectrum.

FIG. 5. The effect of solute bond length on the rotational friction spectrum
of a homonuclear diatomic dissolved in dense supercritical argon. The tophe dynamical coupling to the solute appears not only to be
panel presents the actual rotational friction spectra for three different bond . AT .
lengths,d, making clear the sizeable differences in coupling strengths. Byun'Versal but to operate at the level of individual solute sites.
way of contrast, the normalized rotational friction spectra for five different
bond lengths are shown in the bottom panel. B. Specific dynamical mechanisms for rotational and

vibrational friction

If the dynamical coupling between the solute and the

Consider, for example, the effect on rotational friction of solvent is really that well defined, it should be possible to
changing the solute size, Fig. 5. Modifying the bond lengthelucidate actual mechanisms for rotational and vibrational
presumably ought to have a noticeable effect on the localelaxation. So, just what kinds of solvent motions are going
solute—solvent geometry. Indeed, as the diatomic getto be most effective in causing rotational and vibrational
shorter, the coupling to the solvent is significantly reducedfriction? If our remarks in the proceeding section are to be
resulting in the smaller absolute magnitudes for the frictiontaken seriously, the first step might be to project the friction
In much the same way, the rms- librational frequenf_jy, spectra into contributions from solvent motioparallel and
systematically shrinks as the solute does, indicating the reperpendicularto the bond axi$? Table Il lists the resulting
duced static caging abilities of the solvefftable 1l). The Vvalues ofC, the total coupling strengths underlying the rota-
bottom panel of Fig. 5 reveals, however, that the rotationafional and vibrational friction, for our five bond lengtti3he
friction spectra have an identical shape for all five bondtotal coupling strength of each projectionC(proj)
lengths: altering the solute size has no effect on the spectra(Z.(ch®)?), is defined as the area under the projected
beyond a simple scaling of overall magnitudes. spectrum, so the ratidr(proj)=C(proj)/C measures the

In retrospect, this kind of outcome is just what we contribution from each projection to the total frictidrwe
should have expected from the solvent—solute coupling belote from the table that perpendicular motion really is central
ing filtered through a few special neighbors of the solute o the rotational friction, with components ranging from 60%
While the geometry of the first solvent shell around the sol40 80% of the friction spectra. Some of this dominance of the
ute is going to be noticeably changed by diminishing theperpendicular motion is trivial geometry; in three dimensions
bond length, the geometry of a single nearby solvent aton®ne expects a 33.3% parallel and a 66.7% perpendicular con-
around a single solute sitis not. The few-body character of tribution on purely statistical grounds. But, as can be seen in
Table Ill, except for the two shortest bond lengths, the per-
pendicular dominance goes beyond statistical expectations.
The perpendicular projection reaches a maximumdat
=0.65 and decreases as the bond length is shortened.

The relevance of these numbers become more convinc-
Band length 126 065 032%  0.160 0.08& ing if we compare this behavior to that seen with vibrational
friction (Table Ill). Here we see that the friction is mainly
controlled by parallel motions of the solvent atoms, espe-
Reported as the root-mean-square average defined b{2By. cially for short bond lengths. The parallel projection is just

TABLE Il. Instantaneous-librational frequencieﬁ, for a homonuclear di-
atomic dissolved in a dense supercritical argon ffuid.

Ql2mc(em™) 7587  66.34 50.74 3268  17.84
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FIG. 6. The contributions of different kinds of solvent motion to the rota- FIG. 7. The contributions of different kinds of solvent motion to the rota-
tional friction felt by a homonuclear diatomic dissolved in dense supercriti-tional friction felt by a homonuclear diatomic dissolved in dense superecriti-
cal argon. Shown here are the paraliphr), perpendicular(per), and cal argon. Shown here are the longitudifi@ng.), transversdtrans), and
coupled(cross projections of the rotational friction spectrum plotted for cross projections of the rotational friction spectrum plotted for three differ-
three different solute bond lengthd=1.25r, 0.65, and 0.325. ent solute bond lengthsl=1.25, 0.65r, and 0.325.

above 33% for 1.2&, the longest bond length, but when the signatures of relaxation with alternative dynamical possibili-
bond length is decreased to 065t jumps to 50% of the ties for the solvent. Rather than studying the preferred orien-
total friction. Further decreasing the bond length increasetations of the solvent motion with respect to the solute bond
the parallel contribution to 64%, almost double its expectecdhxis, for example, we can look at how the dynamical effi-
statistical weight. Vibrational and rotational relaxation evi- ciency varies with orientation with respect to the solute cen-
dently do seem to rely on geometrically distinct solvent mo-ter of mass. Solvent momenta parallel and perpendicular to
tions. the vector between the solvent and the solute center of mass
This argument to this point is based solely on the totalwe shall call longitudinal and transverse motions,
coupling strength of each projection, but it is worth noting respectively?? It is plain from Table Il that, regardless of
that the relative importance of a given kind of motion dependhe bond length, longitudinal motion is always the major
reasonably strongly on the frequency one is probing. In Figsource of both rotational and vibrational friction. We can see
6 we plot the rotational friction spectrg;i.(®), for several this behavior in a little more detail in Fig. 7, where we show
solute bond lengths with the components from parallel andhese longitudinal-transverse projections of the rotational
perpendicular solvent motions projected out. For imaginanyfriction spectrum for a number of different bond lengths. As
frequencies and for the lowest real frequenc¢ie80 cm ), in the parallel-perpendicular projection, the longitudinal mo-
the parallel and perpendicular motions are actually compation is barely distinguishable from the transverse motion for
rable, with significant cross contributions. But as the fre-the lowest real frequencigsnd for imaginary frequencigs
guency increases, the perpendicular projection takes ovebut it completely dominates the remainder of the influence
This kind of frequency dependence is common to all three ogpectrum. In fact for the smallest bond length showin,
the spectra displayed in Fig. 6, suggesting that the mecha=0.325r, the longitudinal projection reproduces the full
nisms by which the lowest frequency INMs modulate solutespectrum almost quantitatively.
relaxation may have somewhat different geometrical features It is certainly true that there are some quantitative differ-
than the few-body coupling favored by the higher-frequencyences between the longitudinal projections for the rotational
modes. and vibrational frictions, but even these distinctions become
It is interesting to contrast these parallel/perpendiculasmaller as the bond length diminishes. The significant point



7546 J. Chem. Phys., Vol. 112, No. 17, 1 May 2000 J. Jang and R. M. Stratt

TABLE IV. Few-body contributions to the rotational and vibrational fric- =™ 4.00 T i r T r I T i
tion on a diatomic dissolved in a dense supercritical argon fluid. £ - — total
#: 3.00 +— d = 1.256 ----- max. atom
Bond RelaxationR (max. modé¢ R (nearest R (max. atom # of max. g | _ _ - nearest
length  proces8 (%)° (%) (%)° atom$ 2 200 - — - max. mode
125  rot 39.4 715 88.3 10.3 2, 00 ]
vib 38.0 74.6 90.4 10.1 ’g ’ |
o
065  rot 41.7 75.9 91.4 9.0 3 000 Lt
. . . . E 1
o/21c (cm )
0.32%r rot 42.1 80.1 94.4 8.3 - 0.80 .
vib 42.1 83.5 98.6 8.3 5 1 iO 65 | | [
< —
0.16r  rot 417 82.3 96.3 7.9 g o0 - d=0.656 LR | max. atom
vib 43.3 85.2 100.8 7.6 oD i ——-nearest
& 040 e il — - max. mode
0.08r rot 42.1 81.0 96.3 7.7 %
vib 43.6 83.5 101.7 7.2 ’g 0.20
N
#Projections of the rotationdtot) and vibrational(vib) friction spectra, re- 3 0.00
spectively. £ -60 0 60 120 180 240 300
The percentageR denote the fractions of the total solute-solvent coupling = W/ (cm'l)
corresponding to different kinds of solvent involveméoomputed as the ~ 012
ratio of the area under each projected spectrum to the area under the tot;“'E Rt I B B — total
friction spectrun. In particularR (max. mode is the fractional contribu- k=) 009 d=0 3250
tion from the maximally contributing solvent modR, (nearest gives the :m 0 ETY A | max. atom
contribution from the solvent atom nearest the solute Bridhax. atom g ——- nearest
gives the total contribution of the solvent atoms which have the largest 2 006 — — - max. mode
coupling magnitude in any of the solvent modes. og i
‘Because of the presence of small, negative contributions from the cross = 0.03 =
terms, individual projections can actually be slightly more than 100% on E 0.00 i | .
occasion. See Ref. 38. 3
9The average numbers of the maximally coupled atdass described in ‘.’g -60 0 60 120 _1180 240 300
footnote b in a single liquid configuration. a ®/271c (cm )

FIG. 8. Few-degree-of-freedom projections of the rotational friction spectra
for a homonuclear diatomic dissolved in dense supercritical argon. The con-

h is that in thi del rotati | and vibrati [ rel ti tributions of the single instantaneous normal mode with the largest coupling
ere Is that in this model rotational and vibrational relaxa Icm(max. modg, the single solvent atom closest to the solitearest and the

are largely alike in being promoted by solvents moving  solvent atoms which make the largest contribution to the coupling of the
wardsthe solute. This result is obviously not entirely unex- solvent modes(max. atom are plotted for three different solute bond
pected, but it is not quite as trivial as it might appear. Weléngths.d=1.25, 0.6%, and 0.325.

have found that this simple finding tends not to be as clearcut

with more complicated molecular solvents, and one could

certainly envision examples in which dipolar forces weretional friction. This same maximal mode projection, how-
sufficiently important that the transverse solvent motionsever, is rather poor at emulating the bottom half of the spec-
could play a real role. Our present study with atomic solventgra.

may serve as a useful point of comparison when such cases A similar perspective is obtained when we consider the
do arise. solvent atoms which are thaearest neighborsof the
solute!”*” These nearest-neighbor contributioff@ble V)
account for a more respectable 72% to 82% of the rotational
friction spectrum, but, once again, the projection precisely
replicates the high-frequency wings of the specta. 8).

We turn now from the question of how the solvent canThe nearest-neighbor projection tends to match the full spec-
move to foster solute relaxation to the question of whichtra over a broader frequency range than the maximal mode
solvents are doing the moving. Specifically we want to focugprojection, but it still misses a significant portion of the full
on the particular solvent atoms and the instantaneous normapectra at low frequencies.
modes most strongly correlated with the solute relaxation. A It is only when we realize that the nearest neighbors will
maximal moderojection, which selects, for each configura- not necessarily lead to the largest couplings that we get
tion, the mode with the largest coupling strenyttshows  closer to a quantitative picture of the relaxation mechanism.
that a single mode account® an average senséor about If we project out from each mode the contribution of the
40% of the total coupling strengiffable IV). This figure is  single atom with the largest coupling strengftable 1V), we
deceiving, however. On frequency resolving this projectionfind some impressive figures. Thisaximal atomprojection
Fig. 8, we see that it exactly matches the high frequency pagenerates from 88% to 96% of the rotational friction and
of the full influence spectrac«/2rc=160cm ). Evidently ~ 90% to 100% of the vibrational frictioH.****Because for a
it is a single mode out of the macroscopic total number ofgiven configuration the identity of the maximally contribut-
modes that matters in the high-frequency part of the rotaing atom varies from mode to mode, we are actually seeing

C. Few-body features of the friction spectra
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- TABLE V. Rotational and vibrational coupling strengths for a homonuclear
g 080 T diatomic dissolved in liquid argon.
T 0.60 — total
e . W ar Bond  Relaxation c R(IN® R(L) R(L) R(T)
&0 040 par. length process (10Pkgn?s™) (%) (%) (%) (%)
8 —-—- per
2 020 1.257 rot 43.4 241 759 682 311
3 - - cross vib 338 381 619 868 13.2
& 000
2 020 [ I 0.65r rot 9.9 189 817 887 104
& -60 0 60 120 1180 240 300 vib 7.5 502 498 944 5.2
_ ®/2mc (em ) 0325  rot 15 258 742 955 37
T 0.80 - vib 1.8 559 441 96.6 2.9
S 060 —total
weeser S lon #Total coupling strength derived from the rotational friction spectiuot)
“g 0.40 & and from the vibrational friction spectruiwib). The vibrational coupling
i ——— trans. reported here is multiplied by the bond length squadéd,
e 020 . cross bThe percentageR denote the fraction of the total coupling corresponding
= 0.00 to different kinds of solvent motion. In particula®(ll), R(L), R(L), and
E ’ | | i R(T) give the ratios of the areas under the parallel, perpendicular, longitu-
8 -0.20 : . dinal, and transverse projected friction spedimaspectively to the area
e -60 0 60 120 1130 240 300 under the total friction spectrum.
a ®/27c (cm )
-—IA,-\ 0.80 T | T | T I T
g i ' — total the rotational friction varies nonmonotonically between 60%
0 AR max. atom and 80% while the longitudinal projection monotonically in-
SD ——— nearest creases from 64% to 97% of the total friction. By contrast,
A . .
%< _ - max. mode the maX|maI—m9de§39% to 42%, nearest—n(_a|ghbdr72% to
= 82%), and maximal-aton{88% to 96% projections are alll
Q -1 . . . . .
5 . relatively invariant to the changes in the solute size. The
<3 -60 0 60 120 180 240 300  third, and most crucial point, though, is that, as shown in
& W2 (Cm'l) Table 1V, these few-body projections end up with nearly the

same fractions for both rotational and vibrational relaxation,
FIG. 9. Different solvent contributions to the rotational friction for a homo- though the vibrational relaxation numbers are almost always

nuclear diatomic dissolved iliquid argon(kgT/e= 1.0, po‘3:0.8). Drawn a few percent h|gher It is difficult to avoid drawing the
in the figure are the parallel-perpendiculgrar.—pern, longitudinal—

. conclusion that the universality of the influence spectra we
transverse(long.—trang, maximally coupled solvent modénax. mode, . . . . . A
nearest-solvent neighbanearest and maximally coupled solvent atom Saw in Figs. 4 and 5 is a reflection of the overriding impor-
(max. ator projections of the rotational friction spectrum for a solute with tance of few-body dynamicg:1%:32-34
bond lengthd=1.25. As a final matter, we should note that we have presented
all of our analysis based on a single thermodynamic state. To
see how the conclusions drawn from the dense supercritical
the contributions of several different atoms; the averagdluid would change with thermodynamic conditions, we re-
numbers of which are also listed in Table IV. As the bongPgated the ”;'M analysis for a true liquid-state pdik§T/e
length is shortened, the median number of these maximally” 10 @ndpo~=0.8) for three different solute bond lengths,
coupled atoms recedes slightly, from around 10 to 7. off/¢=1.25,0.65,0.325. In Fig. 9, we plot all of the same pro-
course, the size of the first solvation shell will also vary ag/€ct€d spectra we looked at before, but for the liquid solvent
we change the solute size, but the correlation with this coordnd for the one case=1.25. There is, in fact, a noticeable
dination number is surprisingly wedkWhat one can say is Cchange: the frequency range spanned by INMs is reduced by
that these median numbers tend to reflect little more thafi€@rly half in both the real and imaginary frequencies. The
half of the first solvent shell—still a microscopic number. On qughtgﬂve behaviors of the various prolectlo.ns,'thoggh, re-
the balance what we can see from Fig. 8 is that we capturB&in intact, and the pro_portlons_ of_each prolectlon_llsted in
the vast majority of the ways in which the solvent contrib- Tables V and VI remain in guantitative agreement with those
utes to rotational relaxation by focusing on just these fewffom the supercritical fluid.
maximally coupled atoms, though we apparently need more
than this tiny number. of solvents to c_apture the essence qp CONCLUDING REMARKS
the lowest frequency instantaneous friction.

Somewhat more globally, one can point to several fea- There is very little in the prevailing hydrodynamic mod-
tures common to all of these few-body projections. First, allels of rotational relaxation which would have led us to sus-
of them reproduce the high-frequency parts of the frictionpect that rotational dynamics would have anything in com-
spectra, and they do so with quantitative accuracy. Secondnon with vibrational population relaxation. From an
in contrast to the directional projections, these more locakxperimental standpoint, rotational relaxation and rotational
projections are insensitive to changes in the solute geometrgliffusion have almost become synonomous terms in the
With decreasing bond length, the perpendicular projection ofreatment of reorientation in liquids. That similar kinds of
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TABLE VI. Few-body contributions to the rotational and vibrational fric- solvents. One can also begin to ponder some extra dynamical

tion on a diatomic dissolved in liquid argon. possibilities opened by molecular solvents. What determines
Bond Relaxation R (max. modé R (nearest R (max. ator) # of max. how much of a solute’s energy initially goes to solvgnt rota-
length  proces8 (%)° (%) (%)° atom§ tion and how much to solvent translation? Are either the

few-body character or the similarity between vibrational and

1.257 rot 46.8 74.4 90.1 11.0 ) . P
vib 46.0 776 92.3 113 rotatlongl relaxgtlon altered significantly when the solute—
solvent interaction becomes long ranged?
0.65 ’F’; Z‘g-g ;g-g gé-g 13-2 This last question is essentially the issue of dielectric
v ' ‘ ' : friction, usually defined implicitly as the excess friction ac-
0325  rot 485 80.5 94.7 86  companying the electrostatic forces in the systemt*4!
vib 48.9 83.7 98.6 8.9 The concept has been central to much of the discussion of
#Projections of the rotationdfot) and vibrational(vib) friction spectra, re- rotathnal dynamics in polar liquids, y_et the recent C?‘refm
spectively. experimental study of Horng, Gardecki, and Maron€diks

PThe percentageR denote the fractions of the total solute-solvent coupling raised the question of jUSt how complete our picture of itis.
corresponding to different kinds of solvent involveméoomputed as the -gpe excess friction caused by Coulombic forces can be quite
t

ratio of the area under each projected spectrum to the area under the to if b d oth kers' ob . . d
friction spectrum. In particularR (max. modg is the fractional contribu- significant, but our and other workers’ observations in study-

tion from the maximally contributing solvent modR, (nearestgives the  ing Vvibrational relaxation were that the real effects of these
contribution from the solvent atom nearest the solute Bridhax. atom  forces could be rather indirett*>=**In our own study:>+?
gives the total contribution of the solvent atoms which have the Iarges(Ne noted that if the solute-solvent interaction could be writ-

coupling magnitude in any of the solvent modes. y . . .
“Because of the presence of finite, though small, negative contributions frof€N @s & sum of “mechanical” and electrostatic potentials,

the cross terms, individual projections can actually be slightly more than

100% on occasion. Uyp(M) = Umecd T) + Ugied 1), (5.9
9The average numbers of the maximally coupled atdess described in . L. . Lo .
footnote b in a single liquid configuration. we could rigorously divide the instantaneous friction into the

mechanical, p™(w), dielectric, p%(w), and cross,
pqw), terms

non-diffusive, few-body solvent motions would come into mec diel cros

. ! . . . ) w)= w)+ w)+ w 5.2
play in both rotation and vibrational relaxation makes the plw)=p"Nw) +p™Hw) +p™w) .2
connection especially intriguirft]. (as opposed to the more common expression without the

The instantaneous perspective, though, makes it clearross termn While it was tempting to identify the purely
that not only rotation and vibration, but solvation are trig- dielectric term here as the dielectric friction, the cross term
gered by a spectrum of solvent motions virtually identical towas often found to be of similar magnitude and opposite
one another. There are still some detailed geometrical differsign. The direct dielectric effects were thus largely cancelled.
ences: solvents moving perpendicular to the solute bond axislectrostriction, however, inevitably served to amplify the
are best at promoting rotational relaxation, for examplemechanical friction: electrostatic interactions made the local
whereas motion parallel to the bond axis is best for fosteringtructure around the solute more compact, thereby enhancing
vibrational relaxation, but, for the most part, the relaxationthe effects of the short-ranged forc®&slt is worth noting
processes for our nonpolar solute dissolved in our nonpolahen, that in this vibrational case the key to understanding the
solvent seem to be remarkably universal. Both rotational andole of dielectric friction was having a theory sufficiently
vibrational friction are largely governed by the longitudinal microscopic that we could tease out these kinds of coupled
motion of solvent atoms towards the center of the soluteprocesses. We might anticipate that unraveling the molecular
Much more strikingly, both kinds of friction are dominated contributions to dielectric rotational friction could now be
by the motions of a miniscule number of solvents. Unlike thecarried out similarly.
geometrical considerations, which depend to a varying extent We should probably also remind the reader that, as we
on the size and shape of the solute, the few-body character @nphasized in the Introduction, we have not even tried to
as close to an invariant as one could imagine. Just one or twoome to grips with the diffusive time scales of rotational
atoms in the vicinity of the solute contribute more than 70%motion. We were interested, instead, in the triggering mo-
of the friction spectra, and no more than 10 atoms is evetions that define the mechanisms by which relaxation takes
needed to reproduce the friction at 90% level. It is undoubtplace in a solvent. However, it is revealing to note that there
edly this few-body flavor of the solvent friction that lies are some connections with theories for the rotational diffu-
behind most of the universality we see in the influence specsion. Gordon’s classicm- and J-diffusion models, for
tra for different physical processes and the distinct solutexample®® are concerned, for the most part, with a limit
sizes. completely opposite from ours. By keeping gifixed in our

These results, nonetheless, do pose a number of quefrmulation of the twist angles, Eq2.19 of paper I** we
tions. Most obvious of these is what happens to our findingsre assuming that bond axis of our solute moves relatively
when we go to more complicated molecular solvents. Al-little, so that the solute rotates smoothly, without tumbling,
though the pronounced few-body signatures found in recerfor each liquid configuration. Both ther and J-diffusion
INM analyses of vibrational relaxation in molecular fluids models, by contrast, are based on significant random jumps
are suggestive, it remains to be seen how, or if, rotationaih the direction of the angular momentum vector, followed
dynamics changes when we shift from atoms to molecules asy free rigid-body motion. Still, the-diffusion model also
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postulates that the magnitude of the angular momentlim, G(t+dt) —G(t+ idt)
randomly switches in such a way as to sample a Boltzmann  (ji(t+dt)~ - z
distribution. Were we to interpret each successive jump as 2dt

placing us in a new instantaneous liquid configuration, our _ N - "
approach too could be thought of as randomly choosing the =g (t+dy—|a(t+dy|*e(t+db), (A6)
magnitude of the solute angular momentgamd the orien- where Eq(A2) has been used. Taking the dot product of Eq.
tation of the solute bondirom the Boltzmann distribution. (A6) with e(t+dt) gives

The difference is that our “jumps” are much more infre- . R -

guent and we attempt to trjeatpthe dynamics between our dt|u(t+dv*=26(t+dt) - t(t+ zdv), (A7)
jumps much more accurately than simple, gas-phase, rigidvhere we have used the orthonormality of the bond direction
body motion would; the bond orientations and magnitudes ofiector @- G- =&-G=0,2-&=1). This expression can be sub-

Jwe choose are only initial values in a subsequent trajectorytituted into Eq(A6) to give the desiredi(t+dt) and com-

calculation’® plete the final step of the propagation, E45). The angular
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