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Molecular dynamics simulation of vibrational energy relaxation of highly
excited molecules in fluids. [Il. Equilibrium simulations of vibrational
energy relaxation of azulene in carbon dioxide

C. Heidelbach, V. S. Vikhrenko,® D. Schwarzer, I. I. Fedchenia, and J. Schroeder”
Max-Planck-Institut fu Biophysikalische Chemie, Am Fassberg 11, D-3707iGgen, Germany

(Received 25 February 1999; accepted 10 August 1999

The expressions for vibrational energy relaxatfotER) rates of polyatomic molecules in terms of
equilibrium capacity time correlation functioi$CFg derived in the first paper of this serig:

Chem. Phys110, 5273(1999] are used for the investigation of VER of azulene in carbon dioxide

at low (3.2 MP3 and high(270 MPa pressure. It is shown that for both cases the VER times
evaluated on the basis of the same potential model via solute—solvent interaction capacity TCFs by
means of equilibrium molecular dynamig€MD) simulations satisfactorily agree with the
nonequilibrium(NEMD) molecular dynamicg]. Chem. Physl10, 5286(1999] and experimental

[J. Chem. Phys105 3121 (1996] results as well. Thus it follows that these methods can
complement each other in characterizing VER from different points of view. Although more
computational power and refined methods of dealing with simulated data are required for EMD
simulations, they allow the use of powerful tools of equilibrium statistical mechanics for
investigating the relaxation process. To this end, an analysis of VER mechanisms on the basis of
normal mode and atomic representations is carried out. The influence of temperature and CO
pressure on azulene normal mode spectra and solvent assisted intermode coupling in connection
with the eigenvector structure is investigated in great detail. The normal mode capacity
cross-correlation matrix reveals the significance of intermode coupling, which significantly
contributes to intramolecular vibrational energy redistributipiR). As a new concept, partial
normal mode relaxation rates are introduced. It is shown that these rates demonstrate similar
properties as the energy exchange rates through particular normal modes in nonequilibrium
simulations. Atomic spectra and friction coefficients are characterized by a complicated frequency
dependence due to contributions from many normal modes. Atomic capacity TCFs and partial
relaxation rates are analyzed and reveal a similar picture to that obtained from NEMD simulations.
These results show that VER and IVR cannot be separated from each other and have to be
considered as mutually connected processes1989 American Institute of Physics.
[S0021-960609)51641-3

I. INTRODUCTION solute to the solvent. However, it is quite evident from a
general point of view that the latter cannot be considered

Over the last years vibrational energy relaxatidER) . . .
hseparately from other accompanying processes, especially in

in liquids has been studied for a variety of systems bot
experimentally and theoreticaly’® leading to an under- dense solvents. . .
standing of many factors affecting this type of process like L'Jnfortunately,'even ”P"O"?'ate experimental te,Ch”'queS
oscillator frequency, solute—solvent interaction, mode of moProvide us only with the vibrational energy relaxation time
tions, temperature, and the significance of quantum mechanf?hich, although it is a significant integral characteristics of
cal aspects. But while most theoretical investigations havd€ Phenomenon, is not sufficient to investigate VER in de-
been dealing with small molecules consisting of only a fewtail. Thus versatile theoretical |nvest_|gat|ons are of great im-
atoms, data are availaBle? now for moderate size mol- Portance for a profound understanding of VER.
ecules, too. Theoretical methods to consider this complex phenom-
VER of polyatomic molecules is a complex phenomenon€non for polyatomic solutes were developed in Ref. 24, here-
comprising several distinct but mutually connected processeafter referred to as paper I. They are based on classical mo-
such as energy transfer from a vibrationally exited solute tdecular dynamics (MD) simulations of equilibrium or
the solvent, intramolecular energy redistribution, and solvenfonequilibrium systems comprising one solute and several
energy transfer in the vicinity of the solute. VER is usually hundreds of solvent molecules. In turn, mode and atom spe-
addressed to the main channel of energy transfer from theific methods were developed to interpret MD simulation
data.
dpermanent address: Berlarussian State Technological University, 13a Sver- ReS.UItS of n(.)nequmb”um .mmecmar dynami¢$EMD) .
dlova Str, 220 050 Minsk, Belarus. simulations to directly determine the energy flux from a vi-
YElectronic mail: jschroe2@gwdg.de brationally hot molecule to the bath for the case of azulene
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dissolved in carbon dioxide or xenon and their detailedposed. The experimentally observetf exponential excita-
analysis were reported in Ref. 25, hereafter referred to aon energy decays are consistent with a linear energy
paper Il. This analysis revealed a complicated character aévolution equation and constitute a first indication of the
the energy redistribution in the solute—solvent system. applicability of our approach.

The remarkable equipartitioning of the solute vibrational =~ A second argument appears from the two-temperature
energy among its vibrational degrees of freedom wasnodel proposed in paper I. This model explains why a
demonstrated>>while the solute rigid body translations and weakly nonequilibrium theory can be applied to a strongly
rotations became thermalized on a subpicosecond time scaleonequilibrium process. The reason lies behind the weak
Thus during the relaxation process the solute vibrational subsolute—solvent interaction that allows us to introduce the
system can be represented in terms of its quasiequilibriunaoncept of two weakly connected quasiequilibrium sub-
state with slowly decreasing temperature. The solute—solversystems, namely the solute and the bath. Really the bath is
interactions play an important part in highly efficient in- almost an equilibrium subsystem while the solute is charac-
tramolecular energy redistribution ensuring the solute quasiterized by a slowly decreasing temperature. The correctness
equilibrium. of this representation was proven by direct NEMD simula-

A mode specific analysis has shoi#f® that solute vi- tions in paper Il and Ref. 22. The properties of the hot solute
brations from the whole spectral region are active in theinvolved in VER appear in the velocity TCFs, which can be
solute—solvent energy exchange. However, this energy exescaled to the solvent conditions by a factor proportional to
change is not a unidirectional solute-to-solvent processthe solute temperature. The properties of the solvent are dis-
Some vibrational modes take energy from the cold solvent tplayed by the force TCF¢or friction coefficient and are
the hot solute. These peculiarities of VER are stipulated byonsistent with its equilibrium state at the bath temperature.
complicated inter- and intramolecule dynamics and nonlocal-  This explanation rests upon some approximations like
ity of the potential energy distribution. Although nonequilib- the scaling hypothesis for the velocity TCFs or the splitting
rium molecular dynamice€NEMD) simulations shed light on of the capacity TCFs into the product of the velocity and
many important features of VER they cannot give a completdorce TCFs. Although these approximations correlate well
description of the phenomenon especially with respect to itsvith a weak solute—solvent interaction, the direct verification
statistical mechanical features. of the model by comparing EMD and NEMD simulations is

Modern statistical mechanical theo®&s®allow one to  necessary. Thus we have to use the same potential model of
calculate different nonequilibrium characteristics via certainthe system to be able to make meaningful comparison.
equilibrium time correlation function§TCF9 providing the Of course, the same problem of the verification of the
basis for equilibrium molecular dynami¢EMD) investiga-  applicability of the Landau—Teller formula and equilibrium
tions of the correspondingonequilibriumprocesses. In pa- friction coefficients exists in the case of only a single vibra-
per | it was shown that the solute—solvent interaction capactional mode, also because of the strongly nonequilibrium
ity TCFs are of major importance for the case of VER.state of the solute. Again, the main reason why this approach
Considering the solute vibrations and the solvent as weaklyorks can be traced to weak solute—solvent interactions. A
interacting subsystems, these TCFs can be decomposed irfew successful comparisons of EMD and NEMD simulations
the products of solute normal velocity and external normafor this case are available in the literatdrg!1°
force TCFs. These three types of TCespacity, force, and It was mentioned above that the relaxation tifoerate
velocity) contain the main statistical mechanical characterisrepresents a very important but only a single characteristic of
tics of VER. VER. Analysis of NEMD data in paper Il revealed many

Conventional theori¢é1113of VER are mainly appli- peculiarities of VER dynamics. This paper is devoted to a
cable to solutes with one prominent vibrational degree ofdetailed investigation of time correlation functions directly
freedom. They are based on the Landau—Teller formula ineonnected to VER that substantially complements the
volving the force TCFs in the form of frequency-dependentNEMD analysis of VER. At the same time, the TCFs exam-
friction coefficients. Our approacfsee paper)lyields the ined can be considered in a wider context. Velocity and force
same result when the velocity autocorrelation functionTCFs are widely used tools of liquid state theories that in
(ACF) is approximated by a harmonic function of time. turn are appliet?*°to investigate VERsee also Ref. 30 and
However, for the multimode problem the velocity and forcereferences therejin
autocorrelation as well as cross-correlation functions come  Although a particular systerfazulene in carbon dioxide
into play. It was shown in paper | that these functions can bés considered here we believe that mechanisms of VER re-
considered either on an atomic or mode specific footing. Oneealed and discussed in this series of papers are of a more
may expect that the cross-correlation contributions are lesgeneral nature for a class of systems comprising a moderate
pronounced in the mode specific representation and thus thsize solute(toluene, cyclohexene, etand a dense solvent.
latter is a more convenient basis for the analysis of VER. To the best of our knowledge this type of analysis of VER is

Standard formulations of statistical mechanical theoriesepresented for the first time.
are concerned with weakly nonequilibrium processes de- The outline of the paper is a follows: In Sec. Il we
scribed by linear macroscopic equations. However, @riefly review the MD method used. Section Ill presents a
strongly nonequilibrium state of the solute—solvent system isnode specific analysis of azulene dynamics in fluid,CO
maintained during VER thus requiring an additional substanCharacteristics of azulene normal vibrations as well as nor-
tiation for applicability of the equilibrium approach pro- mal mode velocity, force, and capacity time correlation func-
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tions are considered. The section closes with an evaluation afith N (t), Q,(t), andg,(t)being the capacity, generalized

the vibrational energy relaxation time. Analogous results orexternal force on, and velocity of modeat timet, respec-

the basis of the atomic coordinate representation are consitively. Thus the energy transfer rate is represented by the

ered in Sec. IV. Section V contains concluding remarks. time integral over the vibrational capacity TCF, which in
turn consists of the sum of all matrix elements produced by

Il. METHODS insertion of Eq.(2) into Eq. (1),

The potential model used for azulene and,CGd the n
technical details of the computer simulations are described Kyibr= >, Kag (3
elsewheré€“?> and only the main characteristics are summa- *p
rized here. We use classical NEV equilibrium molecular dy- 1 "
namics treating both solute and solvent completely flexible. Kap= f (N, (t)N4(0))dt. (4)
The simulated system consists of one azulene molecule sur- cikgT?Jo

rounded by CQ Periodic boundary conditions are imposed Under the assumption that the normal mode velocity and

on the simulation box and long-range electrostatic interacforcep,zu can be decoupletsee paper)lthe last expression can
tions are calculated via the Ewald sum. All simulations Were . rewritten in the form

done with thecHARMM packagé! modified to our needs. The
potential for azulene and G@nd the thermodynamic states 1
considered are as described in paper II. For the azulene—CO  Kup= T2
system the number of bath molecules was 216 and 337 for C1Kg
low (~3.2 MPa,T=445 K, p=0.93 mol/’) and high pres- 1 o ) )
sure(~270 MPa, T=298 K, p=28.7 mol¥), respectively, ijo (Qu(1)Qp(0)){da(t)gp(0))dt, (5
where T and p denote the equilibrium solvent temperature
and density during the simulation. Equilibrium simulationsintroducing the time autocorrelatiofat «=8) and cross-
were performed for each thermodynamic state by generatingorrelation(at « # 8) functions of normal forces and veloci-
six trajectories of 396 ps length each as a basis for the caties.
culation of appropriate averages. It is evident from Eqs(1) and(5) that a solute with more
The separation of the solute eneigy into translational, than one vibrational degree of freedom cannot be considered
rotational, and vibrational contributions were done within theas a collection of independent normal mode oscillators due to
Eckart frame(see paper | for detailsAs shown in paper Il contributions from the cross terms. It was shown in paper ||
the vibration—rotation coupling contribution to the overall and Ref. 22 that each solvent molecule—solute atom interac-
energy transfer is less than 1%. Thus, this separation, thouglon contributes to several normal forces simultaneously that
not exact, should lead to reliable data for VER. should result in comparable values of diagonal autocorrela-
Spectral representations of different time correlationtion and nondiagonal cross-correlation functions of normal
functions were obtained by fast Fourier transfofiic To  forces. However, for an isolated harmonic solute its normal
improve simulation statistics each trajectory was divided upvelocity cross-correlation functions vanish and intermode
into segments of 33 ps length providing a spectral resolutiomoupling can arise through normal mode disturbances due to
of ~1 cm 1. Sampling was every 4 f@ach eighth point in external forces resulting in that the cross velocity TCFs ap-
the trajectory at a time step of 0.9 fgiving a Nyquist criti-  pear as the main indicators of the intermode coupling with
cal frequency of 4125 cit, well above the highest hydro- respect to VER. Thus, in the following sections, we analyze
gen stretch frequencies of azulene at about 3000'crAll properties of different TCFs involved in the energy transfer
Fourier transforms calculated in this way already drop toprocess according to Eqgl)—(5).
zero at~3500 cm L,

f:@a(t)qa(t)Qﬁ<0)qa<0>>dt

A. Azulene normal mode characteristics

IIl. NORMAL MODE ANALYSIS Before starting the analysis of different TCFs it is useful
to sketch the main features of the azulene normal modes.
Apart from the symmetry represented in Tabla subdivi-
sion into local and global normal modes is also possible. Of
course, the latter is rather ambiguous as there are many
modes that are intermediate in character. However, all low
1 o frequency modes up to No. 17 can be called global as their
—ZJ (Nyipr(t)Nyipr(0) )dt, (1)  eigenvectors have components significantly different from
CikgT" /0 zero for all or almost all azulene atoms. Some global modes
where bracket$ ) indicate ensemble averagg, denotes the like vibrations 1, 2, 4, and 6see Fig. 1 are characterized by
thermal capacity of the solute, ardl;,, is the vibrational ~smooth change in displacements of neighboring nuclei. They
capacity of the solute—solvent interaction calculated for aeflect motions of the azulene rings as quasirigid objects. At

According to our analysis in paper | and the results of
paper Il indicating a negligible contribution of vibration—
rotation interaction to VER, Ed3.27) of paper | can be used
for the transfer raté;,, ,

Kyibr=

solute molecule of vibrational degrees of freedom as higher eigenfrequencies even nearest-neighbor nuclei can
N n move in opposite direction®.g., modes 20 and 48Among
_ _ : the high frequency C—H stretches only vibrations 44, 46, and
Nyipr (1) = N,(1)= t t 2
vir (1) Z’l ot aZlQa( Ga(t) @ 48 belong to global modes.
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TABLE I. Symmetry assignment of normal modes and their calculated fre-
quencies|The following abbreviations are used: in-plane symmeips),
in-plane asymmetri@ipa), out-of-plane symmetritops, out-of-plane asym-
metric (opa).]

Mode Frequencies (cit) Vode Frequencies (cit)
number opa  ops ipa ips  number ipa ips
1 185 26 1029
2 238 27 1041
3 327 28 1067
4 330 29 1130
5 392 30 1174
6 395 31 1224
7 434 32 1296
8 545 33 1398
9 554 34 1420
10 582 35 1480
11 588 36 1496
12 745 37 1528
13 759 38 1578
14 785 39 1598
15 789 40 1642
16 852 41 3028
17 859 42 3028
18 866 43 3031
19 916 44 3034
20 948 45 3036
21 967 46 3036
22 967 47 3036
23 999 48 3039
24 1016
25 1027 FIG. 1. Eigenvectors of particular azulene normal modes as indicated by

mode numbers. For each mode, projections of arrows on coordinate axes
determine all 48 eigenvector components in arbitrary units. The eigenvector
components of out-of-plane modék, 2, 20, and 2bare perpendicular to

the azulene plane.

Several normal modegamely, modes 18, 32, 33, 34,
35, 38, 39, 40, 41, 42can be ascribed to partially global

. . . Nuclei displacements are of major importance for an in-
excitations because mainly atoms of one ring or other small P J P

groups of atom show considerable displacements. EigenveégItIVe understanding of the strength of the normal mode

tors of local modes 19. 25. 28. 43. 45 47 have significan{merawon with a dense solvent. For example, the group of
components for one tV\’IO o’r th;ee élton%s modes 15-34 is characterized by low values of carbon com-

Amplitudes of nuclei displacements and velocities attrib—ﬁgnigtr]scthiar‘]tc'rga\gzwwﬁﬁ i?g)e('; t%arr;(fgergple nijteﬂ:l?; tr:\?in
uted to a given mode are proportional to the length of the d Y P T giving

respective arrows shown for particular modes in Fig. 1. Thén explanation for their relative significance in the solute to

o . solvent vibrational energy transfer. Comparatively low activ-
| . ) . .
normalization conditions ity of in-plane modes 4, 6, 7, 10, 13, 1dee Fig. 3 in paper

Os ) II) can be attributed to their eigenvector structures with large
izl M. =KeT, (6)  components of C nuclei.

O 2 2 B. Velocity time correlation functions

izl miqia:kBlea’ (7)

For a harmonic system the normal mode velocity TCFs

where ng is the number of solute atoms, indicate that the@'® characterized by a single peak at the eigenfrequency of
higher the frequency the lower the displacemeptsof nu- the_ _respectlve v_|brat|0n. Ho_wever, the kinematic anharmo-
clei i arising due to theath normal mode vibration, while Nicities present in polyatomic moleculésee paper )land
velocity amplitudes do not depend on normal mode fre[ntéractions with the _bath.can be expected to influence the
quencye, . For azulene the square of the ratio between théPectral pattern and linewidths of the mode spectra.
highest and the lowest frequencies is greater than 200. In Fig. 2 spectra of the velocity autocorrelation function
Again, the more nuclei that are involved in a given vibration 1 (= _ .

the lower the values of their characteristic velocities and dis-  V3(w)= T expliwt)(q,(t)g,(0))dt (8)
placements. The role of nuclei masses are also evident from BT

Egs.(6) and(7), and big weight coefficients of carbon nuclei for several modes at different conditions are shown. All
strongly reduce the normal mode vibrational displacementspectra are dominated by one peak at the eigenfrequepcy
and velocities when carbon components are significant.  of the respective vibration, indicating that the normal mode
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low pressure 6 7 decreasing temperature the contribution of kinematic nonlin-
earities decreases, leading to less diffuse spectra of modes

12 that are weakly coupled to the bath. As an example we con-
4 12 sider the structure of the tenth mode eigenvetiee Fig. 1L
3 11 15 16 Almost all carbon nuclei contribute to E7), resulting in
MO small mean square displacements. Moreover, the in-plane
fk nearly radial motion the majority of H nuclei suggests that

this motion weakly disturbs interactions of the nuclei with
the solvent. In-plane motions of the carbon atoms are well
isolated from the solvent influence, too. Another example is
mode 38, whose eigenvector mainly consists of stretch vibra-
tions of the bridge carbon atoms.
However, not all in-plane vibrations are insensitive to
100 300 500 700 300 changes of pressure. For example, the spectra of modes 28
and 37, both in-plane asymmetric, are broadened substan-
tially at 270 MPa. This behavior can be traced to the struc-
38 ture of the respective eigenvectors that have their main con-
tribution from a single hydrogen atom. Therefore, these
vibrations, despite being oriented in plane, are sensitive to

50 25 382 33 3587 40 the change in density because the hydrogen atoms, located in
L m peripheral regions of the azulene molecule, are coupled

high pressure

v [arb. units]

low pressure o9
28 31

M strongly to the bath. This feature is displayed in spectra of all
, high frequency hydrogen stretch modest shown 41-48,
high pressure especially local modes 43, 45, and 47 whose eigenvectors are
characterized by high amplitude vibrations of a few H atoms.
We note that the largest components of eigenvectors of
modes 28, 37, and 45 correspond to in-plane displacements
of the H atom that is connected the end C atom of the small
900 1100 1300 1500 1700 and thus more rigid azulene ring. The eigenvector of the
v/cm highest frequency out-of-plane mode 25 is almost completely
represented by vibrations of this hydrogen atom and its broad

FIG. 2. Spectra of normal mode velocity ACFs for azulene in, @Olow spectrum is notable even among the 0ut-of-p|ane mode spec-
(3.2 MPa,T=445 K) and high(270 MPa,T= 298 K) pressure. Mode num- aI
S

bers are indicated at each curve. Due to the blueshift of out-of-plane ban . . . . . .
the sequence of modes changes at high pressure. In addition to this, different vibrations like 9, 16, 25, or

37 lead to diffuse bands even at low pressure. Modes of this
type split up into two groups. On the one hand, for vibrations

picture can be used to represent azulene dynamics under t gtand 37 thefprewous dI|SCIL_J|SS;On h(_)rlr(]js as the main ﬁontn—
given conditions. As a rule, due to stronger interaction with ution comes Irom a singie 1 atom. Thus, even a weax per-

the bath these peaks are broadened and slightly bluesHifte urbation at low pressure together Wlt.h the temperature factor
at higher pressure. These effects are pronounced for out-of ads to a broadening of the respective spectra. On the other

plane modes. The frequency shift is about 35 &rfor the hand, vibrations like 9 and 16 are closely related to the prop-
first mode, 10-20 cim? for the other out-of-plane modes, erties of mode 1, described as asymmetric out of plane. As

and negligible for in-plane modes. Because of differences Ircfilscussed below, such vibrations are strongly correlated with

ach other.

the behavior of in- and out-of-plane vibrations, transposi-°2 _ .
tions of several modes with cIosF()a frequendies., 3 and F31 Thus the properties of the_ velocity AC.ZFS weakly depend
5 and 6, 10 and Dlappear at high pressure. Although aon temperature and are mainly determined by the solute—
tendency exists that the most diffuse bands in the velocnf
TCFs belong to the lowest frequency modesy., modes 1,
2, 3, and % there are exceptions as the highly diffuse band
for local modes 25 and 37 reveal the role of the eigenvector 1 (= ) ]
structure. Va,pl@)=1 Tf exp(i ot)(qs(t)q,(0))dt. 9

The spectral shape of many in-plane modes, e.g., 4, 6, 7,
29, and 31 only weakly depends on thermodynamic condifor modes of different symmetil and 11, 1 and 13, 3 and
tions. Even at 270 MPa the spectra of these modes mainta®, 3 and 13, see Tablg, Ithe spectra consist mainly of two
a sharp structure. Moreover, some in-plane modes like 1Qoisy disturbances at the eigenfrequencies of the contributing
12, 32, 33, 35, 38, 39 and 40 even exhibit additional narrowvibrations, whereas for modes of the same symméitrand
ing at high pressure. Most of them are symmetric modes9 or 5 and 9 they show a well-defined structure because of
This phenomenon can be attributed to the competing effectthe significant correlation between vibrations. Again, out-of-
of temperature and densitgr pressurgof the system. With  plane vibrations show stronger mutual correlations even if

structure. To underline this fact, we show in Fig. 3 spéttra
Sof the velocity cross-correlation functions calculated as
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amplitudes of the respective harmonics. The damping of vi-
brations and coupling to low frequency solvent modes are

v.@ :
W% 5,9 disregarded here.
rfﬁ’” Mode vy is a generating factor, which — induced by the
V(z) solvent — gives rise to harmonic contributions with fre-
W | w " 3,13 quencyw ., to different vibrationse. Moreover, solute vibra-
: tions are able to create structures of their own symmetry in
v.@ the solvent, giving rise to pronounced intermode correla-
- WMW e 39 tions. Thus the indiceg and y are not symmetric and sub-
@) stantial correlations can be expected only between the ampli-
V1,13 tudes or phases with coinciding second indices.
i W‘W As discussed above, the diagonal velocity amplitudes
@) u,. considerably surpass nondiagonal ones. The conse-
) ““““‘“WW"“ WW’% Vi quences of solvent assisted solute intermode coupling, lead-
ing to Eq.(10), are considered in the Appendix. There it is
‘M’M‘M v.@ shown that the strength of the intermode correlations can be
1,9 . . . . .
estimated by integration of the velocity cross-correlation

‘” spectra from zero to one-half the sum of the eigenfrequencies
\“ of the modes under consideration. For noticeably correlated
‘ ‘ , K ‘ ‘ modes(such as 1 and 9, 5 and these integrals amount to
0 200 400 600 800 1000 about 1% of the integrals over the spectra of velocity ACFs.
Thus even for such modes cross-correlations are rather weak.
In other cases the strength of correlations is even lower by an
FIG. 3. Fourier transforms of the velocity cross-correlation functions for grder of magnitude or more. At low pressure the normal
azulene in CQat high(270 MP3 pressure. mode velocity cross-correlation spectra are very weak and

hardly noticeable on the background of fluctuations.

-1
v/cm

] ] C. Force time correlation functions
they are of different symmetrge.g., symmetric mode 3 and

asymmetric mode J9as compared to other combinations of For t_he normal force friction coefficients as .defined by
symmetry indicatorémodes 1 and 11, 1 and 13, 3 and 13,the Fourier transform of the ACF of the quctuapng normal
see Table)l force Q,(t) exerted on azulene by the surrounding medium,
Several physical factors could be responsible for the ob-
served features of the velocity TCFs. On the one hand, the
solute molecule is exposed to the fluctuating potential field
of the surrounding solvent. This results in the spectral blue-
shift previously mentioned of modes that are most sensitivgjifferences between low and high pressure data are also pro-
to the solvent influences, i.e., mainly of out-of-plane modesnounced.
Again, thermal fluctuations of the force field lead to the  As shown in Fig. 4, at 3.2 MP&®)(w) has a similar

broadening of the spectra with increasing pressure. shape for all modes. After a fast initial rise the function
On the other hand, the solute and the nearest solvengaches its maximum at20 cm *. For higher frequencies it
molecules’ temporal clusters possess their own mode strugtecays almost exponentially up 6500 cn *. Weak mani-
ture that includes slightly modified eigenvectors of isolatedfestations of the eigenfrequencies of other modes are observ-
azulene. In turn, spectra of these clusters consist of slightl4ble only for vibrations 1 and 2. Differences in symmetry for
modified isolated solute bands and the low frequency contrigifferent modes are manifested in the intensities of the re-
butions due to weak solute—solvent interactions that can bgpective spectra. In-plane modesg., mode %usually show
attributed to the bath normal modes. The modified eigenvecmuch lower intensities than out-of-plane modes of compa-
tors are composed of linear combinations of the isolated sokraple eigenfrequency. This effect is also observed at high
ute eigenvectors and additional components belonging to soltensity where lower intensity spectra are also connected to
vent molecules with respective weight coefficients. The mainn-plane motions within the azulene molecule. Nevertheless,
contribution to the solute part of a temporal cluster eigenvecthe overall appearance of the spectra is rather different under
tor is made up by its prototype is the isolated solute. Accordthese thermodynamic conditions. At 270 MPa mg)(w)
ingly, the time evolution of a solute normal mode velocity decay cannot be described as monoexponential. It consists of
may be represented as a linear combination of all vibrationg fast decaying component followed by a slowly declining
tail. For many higher frequency vibrations like modes 9 or
16 the force ACFs display some structural features in the low
frequency range(below 200 cm?). In addition to this,
prominent peaks with decreasing intensity at increasing fre-
where the sum is taken over all vibrational degrees of freequencies are observable at, for most of the vibrations,
dom of the solutey,, andu,, are fluctuating phases and indicating that at high pressure vibrations are directly

)

E@( ) i
a (w)_ kB_T e equwt)<Qa(t)Qa(0)>dt! (11)

S

Q)= El Uyy COS @ t+ 8,,), (10)
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FIG. 4. Fourier transforms of the normal force ACFs for azulene in &0 v/ (;m'1

low and high pressure. Mode numbers are indicated at each curve.
FIG. 5. Fourier transforms of the capacity ACFs for azulene in, @Jow
and high pressure. Mode numbers are indicated at each curve.
coupled to the bath. However, for specific vibrations, like
mode 16, in addition to the contribution of the eigenfre-

quency to the spectrum here is a signal at the frequency Qfontribution from force autocorrelations at high frequencies.
the lowest vibrational mode due to the same symmetry Ofag in the previous cases, signals of lower intensity are cal-
these modes. As for the velocity ACFs this behavior can b, jated for in-plane vibrations at both pressures.

attributed to the intermode coupling in cases of a similar

eigenvector structure.

o . . E. Vibrational energy relaxation rate
D. Capacity time correlation functions

Considering that cross correlations only to a small extent

Spectra of the normal mode capacity ACFs contribute to the process of energy relaxation, in a first ap-

@, [ ) i ) proximation the relaxation ratfEgs. (3) and (4)] can be

N, (0)= f_w exp(i wt)(0,(1)Q4(1)0,(0)Q,(0))dt calculated from diagonal elements of the capacity correlation
(12)  Matrix

display properties of fluctuating normal forces as well as 3ng—6 3ns—6 .

velocities. The spectra observed at 3.2 MPa differ strongly k.= > k,,=—— 2, (N,(t)N,(0))dt

from the high pressure resukee Fig. 5. At low density the a=1 cikgT? =1 Jo

structure of the spectra can approximately be described as a 30— 6

broad Gaussian signal centered.gt, while at 270 MPa the _ 1 2 N(2)(0) (13)

spectra are dominated by two peaks: a first one, as in the low 48(kgT)? a=1 “ ’

pressure case, at the eigenfrequency of the respective mode

but with sharper structure, and a second at,Zhowing an  where we use the harmonic approximation for the heat ca-
asymmetric structure. As was shown in the velocity andpacity of the azulene vibrational subsystem. From simulation
force autocorrelations, this frequency doubling is due to condata this approximation was found to be quite accurate.
tributions of the mode eigenfrequency both to the velocitiesThus, the value of the capacity ACF @t 0 should give an
and the external forces under these thermodynamic condéstimation of the contribution of a specific mode to VER. At
tions. The intensity of the second peak decreases in compai3-2 MPaNf)(O) decreases rapidly with increasiag, indi-

son with the first one at increasing, because of a declining cating that only the lowest frequency modes contribute sub-
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low pressure high pressure

Hafmmacaanan FIG. 6. The gray shade coded distribu-
= m tion of absolute values of the capacity
| it me o R 40 cross-correlation matrix elements for
: HHomain! azulene in CQat low and high pres-
T+ ain aE SEN-EmCmECCREn 5 sure. Mode numbers are indicated
5 SE-mEm e mnsEmmcEs 30 among the coordinate axes. The diag-
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stantially to the overall process. At high pressure, howevercan be used for semiquantitative estimation of the matrix
even high frequency modes are active. These observatiomdements displayed in Fig. 6, but are not sufficient for a
agree with results from our nonequilibrium simulations in precise investigation of the relaxation rates. To circumvent
paper Il showing that in a dense environment almost althese obstacles, we recalculétg, according to Eq(3) as
modes are participating in energy transfer to the bath. The n

relaxation rates calculated from Ed.3) correspond to relax- Ko — 2 K (14)
ation times ¢= 1/k,;,,) of 120 and 6 ps for 3.2 and 270 MPa, vibr =y R

respectively, significantly smaller than the values obtained L I
from the nonequilibrium simulations of 306 and 12.5 ps considering each term here as the contribution of mede

Therefore, the overall contribution of the cross terms to théhe relaxation rate

relaxation rate cannot be neglected, as one could expect from n 1 w0
the velocity cross-correlation functions. k,= 2 kaﬁ:?f (N4(t)Nyip(0))dt. (15
We have calculated the zero frequency vald&g)(0) p=1 C1kgTJ0

for capacity cross correlations at low and high pressure. Thentegrating capacities we rewrite this expression in terms of
resulting coupling matrices normalized according to .  energiesw,,(t) and W, (1),

are displayed in Fig. 6. All diagonal elements in Fig. 6 are
set to zero because many of their values are an order of _ft Nt _f‘ IN gt
. . . W, (t)= ] N, (t")dt", Wy (t)= ] Nyp(t")dt’,
magnitude higher than the largest nondiagonal elements. o) 0 o) vior(t) 0 vior(t")
The intermode coupling at both pressures is well pro- (16

nounced although the coupling strength decreases with ir]t'ransferred for the solute to the bath during tilnby ath

creasing frequency of at least one of the correlated mOdeﬁﬁode and by all vibrational modes, respectively, and repre-
However, the hydrogen stretch vibrations are strongly corre- ' '

lated among each other as well as to the other modes. Thfﬁiggra;hdeéy,gg artial - relaxation  rates  through  Helfand
intermode energy exchange is essential for the fast internal
thermalization of azulene during vibrational relaxation that d
was observed in nonequilibrium simulatioffs?> ka=—2|im&<Wa(t)inbr(t)>- 17
Different signs of the matrix elements indicate that the 2C1kg Tt
respective coupling enhances or reduces the overall VER rateguation(17) offers the possibility to represent the expres-
for positive or negative contributions, respectively. Thesjon under the time derivative by a linear fit, thereby smooth-
greater number of dark points in the upper left-hand parts ofng fluctuations caused by poor statistics. Also, data for the
the squares in Fig. 6 indicate that the overall contribution Ofota transferred energw,,(t) are more reliable than each
the negative matrix elements is greater than that of the posparticular contribution to it.
tive ones, thus reducing the vibrational relaxation rate. |5 addition, Helfand integrands were used to calculate
Therefore, a calculation of relaxation rates on the basis Ofne vibrational relaxation rate,
Eqg. (13) can only serve as a rough approximation to the
multimode problem. . d
For a proper estimation of the relaxation rate the cross- kvibr:mg'nla<
correlation contributions have to be taken into account. How- B
ever, the evaluation of time integrals over correlation func-In Figs. 7 and 8 we plot relaxation rates for individual modes
tions by means of a Fourier transform implies using the zer@nd the accumulation of the rate for all modesn againstn
frequency limit. Our calculations have shown that the availfor low and high pressure. The time dependencies of the
able frequency resolution and statistics of the simulated datdlelfand integrands for the total energy transferred and that

W2 (1)) (18)
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. T ‘ ‘ - lations taking into account this effect was found to be 19.1
s ] ps, which can be compared with the present EMB.2 p3
and experiment&f (18.7 p3 results.

An excellent agreement between EMD and low tempera-
5 ] ture NEMD simulation results is not surprising because the
same potentials were used in both cases, thus validating the
former approach. However, the relaxation rate as determined
from NEMD simulations weakly depends on the solute tem-
perature. Minor differences between the relaxation rates in
EMD and high temperature NEMD simulations indicate that
equilibrium and quasiequilibrium TCFs are not identical.
Still these differences are not significant and EMD simula-

-
[=]

<W§ib(t)>  keal® mof?

(WelhWai() / keal® mol®

) 10 20 &L tions at the solvent equilibrium temperature reflect the real
t/ps mode nonequilibrium situation at least qualitatively.
FIG. 7. Relaxation rates for azulene in €@t low (3.2 MP3 pressure. In spite of some disagreement between partial relaxation

Helfand integrands for the totdh) and partial(b) relaxation rates. The rates calculated by means of NEMD and EMD simulations

distribution of the partialc) and cumulativgd) relaxation rates. the genera| behavior of the cumulative energy fluxes shown
in Figs. 1d) and 8d) is very similar. Due to shorter relax-
ation times at high pressure, MD simulations were available

entering the expression for the partial relaxation rates ar@ith better statistics. Therefore, at high pressure fluctuations,

shown for several individual modes. After an initial period as well as deviations between NEMD and EMD, results are
that reflects memory effects, the total energy transfer inteconsiderably lower.

grands show quite reasonable linear character. Higher fluc- 1t is necessary to note that the EMD partial relaxation
tuations are observed for the partial integrands. Still theyates calculated in accordance with Etj7) and the energies
permit the estimation of partial relaxation rates. Time inter-transferred by particular modes in NEMD simulatidi.
vals [20,60 ps and[20,4Q ps for low and high pressure, (16) of paper I, although very similar from an intuitive
respectively, were used for these estimations. point of view, still cannot be identified exactly with each
In agreement with nonequilibrium calculations in paperother. The cross-correlation contributickg) defined by Eq.
Il'and Ref. 22, at 3.2 MPa only 5-10 low frequency vibra- (4) reflect the influence of other modes on the energy ex-
tional modes contribute significantly to the overall energychange through a particular mode. However, their interpreta-
transfer process, whereas the activity of the other modes rgjpn as well as the interpretation of the EMD partial relax-
sults mainly in intramolecular energy redistribution. At high ation rates and the energies transferred by particular modes
densities almost all modes with exception of the C—Hin NEMD simulations in terms of local energy fluxes is am-
stretches contribute to the energy flux to the bath. The totghiguous due to the nonlocality of the interaction energy. The

relaxation rates,, amount to 426 and 19.2 ps at low and azyjene intramolecular potential consists of two-, three-, and

high pressure, respectively, agreeing reasonably well withoyr-pody interactions which, due to kinematic nonlinearities
our nonequilibrium simulations in paper Il where VER times 54 solute—solvent interactions, give rise to intermode cou-
of 306 and 12.5 ps were obtained. However, as noted iRjing terms after the transformation to normal mode coordi-
paper Il, the rate of energy transfer progressively decreasggyes. Thus VER and intramolecular vibrational energy re-
in the nonequilibrium simulationéence, the relaxation time distribution (IVR) cannot be separated from each other and

increasepas the temperature of the solute becomes loweryaye to be considered as mutually connected processes en-
The estimated relaxation time in high pressure NEMD Sim“'suring an efficient energy decay of the solute.

In Sec. llI B it was shown that the normal mode repre-
sentation is well founded for solutes of the azulene type.
Even in high density solvents like carbon dioxide at 270
MPa the energy exchange rates are quite low in comparison
with characteristic vibrating time scales. During a relaxation
time of an order of 10 ps a mode with frequency as low as
200 cm! completes about 100 vibrations, dissipating only
‘ about a percent of the mode energy per each vibration. Of
’ course, under these conditions the solute motions preserve a
well-define mode structure as demonstrated by the spectra of
normal mode velocity TCFs.

However, the energy fluxes, although small in compari-
son with the mode energies, consist of intra- and intermo-
lecular contributions, which cannot be separated from each
0 20 w %o 10 2 s 4 other due to the nonlocality of the interaction energy dis-

t/ps mode . . .
cussed previously. This complicated character of the energy
FIG. 8. The same as in Fig. 7 at high70 MP3 pressure. exchange manifests itself by significant differences between
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different mode energy fluxes in NEMD as well as by non-two orders of magnitude in pressure. For carbon nuclei one
zero values of the nondiagonal energy exchange matrix ele&zan see wide bands from zero frequency to approximately
ments in EMD simulations. The nondiagonal matrix ele-1500 cm! with numerous peaks on the background of
ments are an order of magnitude lower than the diagonalowly decreasing amplitude, and weak contributions of
ones. This indicates that the effective intermode energy exc—H stretches at-3000 cm . It is produced by a collection
change between two particular modes on average is one oof normal mode contributions shown in Fig. 5. In accordance
der of magnitude smaller than the energy exchange betweemith Fig. 5, peaks are more pronounced at high pressure.
a particular mode and the solvent. Thus the cumulative enAgain, the structure ONi(Z)(w) closely reflects the location
ergy exchange of a particular mode with all other coupledof the atoms and three different classes of nuclei can be
solute modes can compete with the energy transfer from thidistinguished from the spectra. For C nuclei 1 and 2, which
mode to the solvent, leading to fast IVR if there is a suffi-belong to the five-membered ring dominated by low fre-
cient number of solute vibrational degrees of freedom as iuency out-of-plane motions and, due to its rigid structure,

the case of azulene. high frequency ring deformations at1500 cm* N{®)(w)
slowly decays up to 1000 cm and then sharply drops in
IV. ATOM SPECIFIC ENERGY TRANSFER intenSity. In the fO”OWing, peakS are observed a..rO-Und 1500
o ) . cm L. Consequently, for atoms,CCs, and G main inten-
A. Atomic time correlation functions sity is redshifted to 1000 ciit where the deformations of the

In contrast to the normal mode case each atomic velocitjarger, floppier ring are located. In contrast to this, the spec-
ACF spectrum consists of a variety of signals related to contra for C; nuclei have low intensity in the low frequency
tributions of different normal vibrations that strongly dependrange below 500 ci due to the position of these nuclei on
on the position of the atom in azulene in accordance with théhe rigid bridge that connects the two rings and does not
structure of eigenvectors. For example, C—H stretch vibracontribute to most low frequency out-of-plane motions.
tions are displayed in spectra of all C nuclei but the third one  All capacity autocorrelation spectra for hydrogen nuclei
(see Ref. 21 for the assignment of atrtist is in a bridge  are dominated by two broad peaks around 1000 camd at
position and not directly connected to hydrogen atoms. Théhe frequency of the hydrogen stretch vibrations3000
competition between decreasing temperature and rising pre§M V). In agreement with our nonequilibrium simulations,
sure that was already discussed in Sec. Il B, enhances tHetensities are by a factor of 5 higher in comparison to the
resolution of atomic spectra at high pressure. carbon spectra, indicating that most of the energy is trans-

The frequency-dependent atomic friction coefficientsferred through the H atoms. As for the friction coefficients
F@(w) were calculated as the Fourier transforms of theonly small differences between the capacity spectra of dif-
atomic force TCFs. At low pressure they show similar struc-ferent hydrogen nuclei can be found.
ture of broad distorted Gaussians centeree #00 cni * for
all C and H nuclei. The third bridge carbon atom being
mostly isolated from the solvent is characterized by com
paratively low intensity spectra at both pressures. In the high  In analogy to the normal mode analysis, atom specific
frequency range H nuclei exhibit connection with different relaxation rates can be calculated according to Et3)—
normal vibrations. At high pressure the low frequency maxi-(17), where now the capaciti{;(t) and the energyw,(t)
mum is displaced to higher frequencies and azulene eigenransferred through atoirinstead of the mode specific quan-
frequencies, especially the lowest one, manifest themselvagies have to be substituted and the summations are carried
by respective peaks indicating stronger solute—solvent intelaut over all azulene nuclei.
actions. The calculation of the capacity ACFNi(Z)(w) already

From F{®(w) three different types of C atoms can be indicated that the hydrogen atoms are most active agents in
distinguished at both pressures. First, C nuclei 1 and 2he energy exchange with the bath. The evaluation of the
which form the core of the five-membered ring in azulene,energy transfer rates supports this observation. In Fig. 9
show the highest intensities because due to the small bendirgomic partial rates for all azulene nuclei are shown. Contri-
angle within the molecule~110°) these atoms are in closest butions of carbon nuclei in and adjacent to the bridge are
contact with the solvent; second, the bridge nuclei C extremely low. These nuclei do not actively participate in
shielded in the center of the solute, are coupled only weaklyut-of-plane motions.
to the bath leading to low intensity spectra; and third, the  Of course, the overall contributions can be decomposed
core atoms of the seven-membered ring with intermediaténto diagonal and nondiagonal parts. The nondiagonal parts
intensities. Differences between hydrogen nuclei are muckor the bridge and big ring carbon atoms are almost exactly
less pronounced. For a given pressure the calculation afqual to the diagonal contributions but with negative sign,
F(?)(w) leads to comparable results for all H atoms, indicat-thus resulting in almost vanishing activity with respect to
ing that due to their location in the peripheral regions of theenergy transfer. Zero activity of atoms in the big ring close
solvent all of them experience the same interacting with theo the bridge is compensated by high activity of hydrogen
solvent. atoms bonded to them, especially at high pressure. The dis-

For the atomic capacity ACFNi(z)(w) a change in den- tribution of the energy transferred among different atoms
sity leaves their spectral shape almost unaffected. Despite th€ig. 9) is more inhomogeneous in comparison with NEMD
different intensitiesNi(z)(w) keeps its basic structure over results. However, the ratios of the energies transferred by all

B. Energy relaxation rates
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the solvent state. It is especially true with respect to inter-
mode correlations that are almost completely determined by
high pressure solute—solvent interactions.
H The general requirement concerning the fast decay of the
0. [L1] O capacity correlations is not so easily fulfilled because the
low pressure behavior of the Helfand integrands and the low frequency
dependence of the Fourier transforms of the capacity TCFs
show that a memory time scale can be of the order of 10 ps,
' : : which is comparable to the vibrational energy relaxation
time. However, the coincidence of the relaxation times and
other features of VER obtained by EMD and NEMD sug-
gests that either these indications of long memory effects are
due to the lack of statistics, or the influence of the capacity
TCF tails is of minor importance.

Some differences between the relaxation rates in EMD
and high temperature NEMD simulations indicate that the
equilibrium and quasiequilibrium TCFs are not fully identi-
cal. More realistic azulene intramolecular and azulene-, CO
‘ ‘ : ‘ potentials and better statistics are required to investigate the

0 4 8 12 16 difference between these functions in more detail. Unfortu-
Atom No. . . . . - .
nately, in spite of some information aab initio potential
FIG. 9. Atomic partial and cumulative relaxation rates. Carbon atoms aresurfaces of isolated azulef&reliable data on anharmonic
”_U’“bezjed ffog‘ 11010 begtir_‘“irl‘lg frlom tdhete“d agom of thf S”;a” azulengontributions to intramolecular potentials for such complex
i rimbert SyTITELCAl plced Sl b 8 soule of hcces=hE stems as azulene in dense environments that are suitable
are numbered in the same ordéd, 12 and 13, etg. for MD simulations are not available at present.
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The vibrational relaxation rates were calculated sum- Start!ng from Eq.(10) the velocity cross-correlation
ming up all partial atomic rates. This resulted in relaxationfunCtlon is represented as
times of 389 and 19.2 ps for low and high pressure, respedq,(t;)qs(t,))
tively. Again, these results agree reasonably well with the
NEMD rates and the values obtained by means of the normal
mode analysis.

= 2; UgylUgy COS @ b1+ 8,,)COL @) to+ 85, )
Y
=(U,gUgplCOF w4(t1+1)+ 8,5+ Ogp]
+codwg(ta—ty)+ Sup5— Sppl})
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V. CONCLUSION

The results of this work clearly demonstrate that &),
representing the relaxation rate in terms of gwuilibrium
capacity TCFs, is appropriate for the description of VER of —t1)+ 80— Sual}), (A2)
h|ghly excited polyatomic molec_ules m_flwds. Chara_gtenz-where angular brackets designate the ensemble average. The
ing the solute and solvent as interacting quasiequilibrium . : .

. . squares of the nondiagonal velocity amplitudes are neglected

subsystems by their own temperatures is the necessary con- : : .

. e ere as they are small in comparison to the terms kept in Eq.
dition (see paper)lfor the applicability of Eq(3). The non- ; .

L . ) . X (Al1). As the cross-correlation function depends only on the
equilibrium molecular dynamics simulations in paper Il and ime internalt, —t
Ref. 22 have shown that this condition is met due to faslI 2 b
solvent assisted intramolecular energy redistribution in azuéu,gUgs CO 8,5+ 85p)) =(UapUgs SINSapt 855)) =0,
lene and efficient energy redistribution in the solvent. Addi- _ . _A(A2)
tionally, in the present work it is shown that the velocity (Uaaliga €O Ouat pa)) = (Uaallpa SN aat 5pa)) = 0.

TCFs, which represent the properties of the hot solute, ex- This means that the sum of two random phases with
cept for being proportional to the solute temperature, arequal second indices is also a random phase symmetrically
weakly dependent on the latter and are more influenced bglistributed around horizontal and vertical directions in the
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to fluctuations of frequencies and amplitudes, damping and
dephasind processes, which are very important here be-o
cause the multipliers of the trigonometric functions in Eq.
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