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Energy Transfer between Polyatomic Molecules II: Energy Transfer Quantities and
Probability Density Functions in Benzene, Toluenep-Xylene, and Azulene Collision$

Introduction
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Receied: June 30, 2005; In Final Form: September 18, 2005

Collisional energy transfer, CET, is of major importance in chemical, photochemical, and photophysical
processes in the gas phase. In Paper | of this selid2hys. Chem. B005 109, 8310) we have reported on

the mechanism and quantities of CET between an excited benzene and cold benzene and Ar bath. In the
present work, we report on CET between excited tolugpegjlene, and azulene with cold benzene and Ar

and on CET of excited benzene with cold toluepeylene, and azulene. We compare our results with those

of Paper | and report average vibrational, rotational, and translational energy quamiEgsransferred in

a single collision. We discuss the effect of internal rotation on CET and the identity of the gateway modes
in CET and the relative role of vibrational, rotational, and translational energies in the CET process, all that
as a function of temperature and excitation energy. Energy transfer probability density furle{ieis), for

the various systems are reported and the shape of the curves for various systems and initial conditions is
discussed. The major findings for polyatomisolyatomic collisions are: CET takes place mainly via vibration-
to-vibration energy transfer assisted by overall rotations. Internal free rotors in the excited molecule hinder
energy exchange while in the bath molecule they do not. Energy transfer at low temperatures and high
temperatures is more efficient than that at intermediate temperatures. Low-frequency modes are the gateway
modes for energy transfer. Vibrational temperatures affect energy transfer. The CET probability density function,
P(E,E), is convex at low temperatures and can be concave at high temperatures. A mechanism that explains
the high values of AE[] and the convex shape ®E,E) is that in addition to short impulsive collisions

there are chattering collisions where energy is transferred in a sequence of short encounters during the lifetime
of the collision complex. This also leads to the observed supercollision tail at the down wiP(E &).
Polyatomic-Ar collisions show mechanistic similarities to polyatomijgolyatomic collisions, but there are

also many dissimilarities: internal rotations do not inhibit energy tranB{&E') is concave at all temperatures,

and there is no contribution of chattering collisions.

atomic, PM, collisions. The major channel for energy transfer
in PP collisions is vibration-to-vibration, WV, energy transfer,

Collisional energy transfer, CET, plays a major role in agsjsted by rotations, whereas in PM it is vibration/rotation-to-
chemical, photochemical, and photophysical processetiva- translation, VV-R—T, energy transfer. Large values AE and

tion and deactivation of molecules are the vehicles through gpercoliisions can occur in PP by multiple encounters during
which energy is pumped in and out of molecules, enabling them y,q jitetime of the collision complex, whereas in PM supercol-
to undergo chemical transformations. However, the detailed jisions occur when the incoming atom is in phase with an out-
mechanism of CET in large polyatortipolyatomic, PP, of-plane, OOP, vibration and overall rotatioh$. The shape
collisions is not well known. In addition, the experimental results ¢ 1p o 40n-collisions wing of the probability density function
of large PP CET explored by IR fluorescence, UV absorption, P(E,E') in PP collisions is convex at low temperatures and

and kinetically controlled selective ionization lack in consis- : : : ;
e ) ! . becomes a straight line or even slightly concave at higher
2
tency? The deficiency in the understanding of PP CET in the temperatures. The shape of the down-collisions wing(&E")

gas phase is the motivation for embarking on a systematic an_din PM collisions is concave at moderate and high temperatures

comprehenglve stu_dy of thgse systems. The present article '[with a noticeable supercollision tail. THREE,E') are represented
the second in a series of articles that discuss energy transfer in

> . . as semilog plots in order to accommodate the few orders of
collisions between polyatomic molecules in the gas phase. Thema nitude in the probability function. The value of total average
first article in the seried paper |, dealt with collisions between 9 P y ’ 9

e benzen, B, and cold benzene b, e e res ST AT b colGRC PP colbions i
were compared to BAr collisions. The third article will deal 9

with CET in self-collisions. The major findings in paper | are IS an extr_a V__V _Char_‘”e' that is absent in the Iat_te_r. The R
the following: The mechanism of energy transfer in PP channel is similar in both systems. The collision complex

collisions differs in principle from that of polyatomignon- lifetime has no effect on the value QﬁE in PM collisions
because the actual CET event occurs in the last few tenths of

T Part of the special issue “William Hase Festschrift”. femtoseconds of the collision complex lifetimélow long the
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final outcome. In PP collisions, however, collision lifetimes do potentials was obtained. This enabled a comparison between
affect the values oAE inasmuch as multiple encounters occur CET quantities obtained for various colliders and excited
during the collision lifetime, each transferring a given amount molecules. The goodness of the parameters was checked by
of vibrational energy to the cold polyatomic bath. Freezing using the pairwise collision radius;, and well depthg;, for
rotations enhance CET in PP because they enable the formatiorC—C, C—H, and H-H interaction and calculating the literature

of a collision complex and hinder it in PM because the rotation- value for the effective L& ande for each molecule in a manner
to-translation channel is blocked. suggested by Lift and used by the program SIGMORIGood

Paper | also discusses the common features of PP and PMagreement with experimental values was obtained. A table of
collisions; identical and very small net overall rotational energy, experimental and calculated values ofand € together with
[AERL, is transferred during the CET but the average values of pairwise parameters; ande; are presented in Appendix | (see
the up and down CETAER[] 4 are large, which indicate active the footnote in th'e Appendlx). The LJ pairwise parameters for
participation of rotations in the energy transfer process. Also the Ar—polyatomic collisions were based on the-Br values
common are the existence of gateway modes in CET. In both calculated by SIGMORF but adjusted slightly to give best fit
cases they proved to be the low-frequency OOP modes of theto o ande obtained from the literature. The parameters used in
excited polyatomic molecule. Overall, translational energy the calculations are given in Appendix II. To further check the
transfer values[AE+[g, in PP and PM collisions are small and reliability of the intermolecular parameters, we have compared
almost identical. However, the values of the average up andthee ando for B—Ar obtained from LJ pairwise potential with
down transfefAE:[q are fairly large, between 100 and 250 those obtained from ab initio calculations by Bludsky, Spirko,
cm~* depending on the temperature, but because there are equdfierouda, and Hobza (BSHHj.The results are in good agree-
chances for both up and down events, the@d¥ [ is small. ment: oy = 0.447 nme k= 214 K, osssn= 0.436 nm, and
Despite its importance to CET, translational energy transfer €sssHk = 309 K. The full details are given in Appendix Il. -
contributes only a fraction to the overall energy transfer in PP The equations of motion were integrated by using a modified
collisions, V-V, being the major channel, it is the only CET ~ computer program, Vend4The initial relative translational and

channel in PM collisions, which explains their smalEQ rotational energies were chosen from the appropriate thermal
values. distributions. The initial impact parameter was chosen randomly

An extensive list of references dealing with previous experi- oM values between 0 and its maximum valbg, The value
mental and computational work on CET is listed in paper I, of the maximum impact parameter was determined separately
and readers interested in general background can find it there.for €ach moleculé® The values oby, were: by(B*—B) = 1.3
In the present work we expend our previous work by studying "M Pm(B*=T) = 1.2 nm; bm(T*—B) = 1.2 nm; br(pX* —B)
collisions of excited toluene, TH-xylene, pX*, and azulene, ~ — 1-35 NMbn(AZ*—B) = 1.3 nm; The initial vibrational energy
AZ*, with cold benzene, B, bath, and B* collisions with T, pX, Was assigned in two ways. In one, constant photon energy of

and AZ bath and compare the results with B*-B CET reported 40700 cm! was assigned to all molecules and the thermal

in Paper |. The present work also presents results and discusse§N€'dy at each temperature was added to it. In the second, the
collisions between T*, pX*, AZ*, and Ar, and a comparison is vibrational temperaturely, of all molecules was assigned the

made between polyatomic and monatomic colliders. We explore Tv Of €xcited benzene plus thermal energy and was kept constant
the effect of internal rotation on CET by comparing T and pX for the whole series. For constant excitation energy, the average
to B and AZ. It should be pointed out that pX and AZ are ©€nergy per mode in molecules of different sizes will be different.

structurally different but have the same number of normal modes 1NiS might affect the values of the variolAElquantities. A
and hence very similar vibrationatotational temperatures, ~Unifying physical property is the vibrational temperature. After

which should facilitate a comparison between the CET quantities @ Molecule absorbs a photon, fast internal conversion otcurs
of the two molecules. In another part of this work, we assign and the ergodic molecule can be assumed to have a vibrational
identical vibrationatrotational temperatures to all four mol-  €mperature given by:

ecules and study the individual CET quantities under these
conditions. E+ Zhvi Nlexp(w, /KT) — 1] =
I

Theory Zhvi Nexp(w, IKT,) — 1] (1)

The numerical methods used in the present work are reportedin the present calculationg,is the excitation energy of benzene
in Paper | and in refs 7 and 8. The classical equations of motion (40 700 cn1?). The second term is the thermal energy where
that describe the relative motion of the colliding pair include is the frequency of thé&h normal mode and is the ambient
the inter- and intramolecular potentials. The intramolecular temperature. The vibrational temperatufig, was found by
potential includes all of the normal mode contributions, stretch- iteration. Oncely for B was found, it was substituted in eq 1
ing, bending, torsion, and wagging. The values of the parametersand the internal energy of each of the molecules was calculated.
of this potential for B, T, and pX were obtained from valence Of the four molecules studied, three have a different number
force field calculations by Draedeand were modified slightly of normal modes, and therefofg is a unifying feature. A table
to give the best agreement of calculated to experimental normal-of vibrational temperatures and internal energies for all four
mode frequencies, especially the low-frequency ones. The molecules at the temperatures studied is given in Appendix Il1.
experimental and calculated frequencies are given in Appendix The collision duration was determined by monitoring the
IV. The force constants for AZ were taken from Lim and beginning and end of each collision by the forward and
Gilbert!® and modified to reproduce the experimental normal backward sensing (FOBS) meth6#16In the FOBS method, a
modes frequencies. The parameters of the pairwise intermo-collision is defined by a change, in the internal energy of the
lecular Lennare-Jones (LJ) potential of BB, which are excited molecule in a time intervalat. After careful and
reported in Paper I, were used for the rest of the aromatic exhaustive study, the ratidAt was taken to be 0.35 crifs.
molecules in the series. This way, a consistent set of PP Approximately 50 000 trajectories were used for each set of
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TABLE 1: Energy Transfer Quantities of the Excited Molecule in Polyatomic—Polyatomic Collisiong

excited molecule cold molecule

B*—B T*—B pX*—B AZ*—B B*—B T*—B pX*—B AZ*—B
[AEQ —755 —643 —551 —765 737 614 529 694
[AE[ —888 —766 —690 —888 -53 —65 —69 —-61
[AEL] 55 73 91 77 869 728 651 805
AEVH —-767 —657 —558 —784 731 600 515 636
[AEVH —874 —766 —678 —894 -13 —15 -21 -20
[AEVL] 27 55 62 61 815 674 593 709
[AERH 12 14 8 19 7 14 14 58
[AERL —-126 —-114 —-116 —-120 -126 —-135 —-130 -131
[AERL] 144 132 124 141 136 147 146 204
AERTCH 18 30 21 71
[AEH*C —136 —150 —151 —147
[AEH*C ] 157 182 182 235
Feonld 2.23 2.28 2.54 2.51 2.23 2.28 2.54 2.51
HFeonld 2.39 2.44 2.75 2.66 1.27 1.36 1.46 1.44
Feonld 1.29 1.39 1.56 1.47 2.39 2.44 2.76 2.66

aE, = 40 700 cn1! plus thermal energy at 300 K. The units [@ECare in cnm* and the units ofz.q0are in ps.[AEMC;Oindicates the total
translational energy gained or lost by the hot and cold molecules

initial conditions. A large number of trajectories were used in toluene,p-xylene, azulene, and Ar bath, and a comparison is
order to provide good statistical sampling in the binning process. made between polyatomic and monatomic colliders.
The FOBS method was also used in identifying effective
collisions among the total elastic and me_lastlc collisions. Results and Discussion
The average energy transferred quantities were calculated by

the following equation The results of the computations of CET enable us to gain

insight into the mechanism of CET between polyatomic
molecules. The details are given below.

Energy Transfer Quantities at Constant Internal Excita-
tion. In this part, we report on CET of the four molecules excited
Where X can be V, R, or TAE without X indicate “all” at a fixed internal energy of 40 700 cth The thermal energy
quantities. Y indicates up, down, or all quantitidg.indicates at the ambient temperature was added to this value. Here, only
the number of effective trajectories as determined by FOBS. effective trajectories that lead to collisions, as defined by FOBS,

Nj

[AEQ = ZAEX/N]- 2)

For example, iNAEy[ the effectiveN, is the number of all are considered. From effective trajectories, it is possible to find
trajectories in which the molecule lost vibrational energy. The the actual amount of energy that is transferred per collision and
value ofN; changes for each quantity; therefolg for [AEy[J the detailed mechanism of energy transfer. In addition, bulk

is different than that fofAE;[d. However, when we compare ~ AEDWIll be compared to the experimental results.

our results to the experimental ones, we always use the total The results of CET of collisions of B, T*, pX*, and AZ*
number of collisions, effective or not. The disadvantage of using With B as a bath at 300 K are given in Table 1. A clear trend
the total number of trajectories instead of effective ones when is seen in the values ¢Efor all and down collisions. The
studying the mechanism of CET is that a good number of them absolute values decrease in the following ofde[4z ~ [AE(4
describe large-impact parameter elastic collisions that do not> [AEGR > [AE[ix. As can be seen, pX*, with two internal
transfer energy at all. By mixing elastic and inelastic collisions, rotors, transfers on the average less than T* with one rotor.
we get average CET quantities that are smaller than the actuaHowever, CET in AZ*, with the same number of internal modes
average energy transferred in a collision. Therefore, we report@s pX* but without internal rotors, is much more efficient than
results for both effective and total number of trajectories. We PX*. Internal free rotors in the bath gas, however, do not inhibit
use the former to draw mechanistic conclusions and the latter CET, as is evident from a comparison of the results in Table 1
for comparison with experimental results and other computa- With those in Table 2. The values bRELIn B* collisions with

tional work reported in the literature. T, pX, and AZ as a bath gas are larger than those in excited
In comparing the present results with experiments, we have Polyatomic-benzene collisions. That is to say, internal free
used the following expression rotors in the cold bath molecules do not inhibit CET, whereas
in the excited molecule they inhibit CET. Az is more efficient

b2 than B as a bath. Both do not have internal rotations, but B is

[AEC= [AEL, Tm 3) missing the large number of low-lying modes that are available

ref in AZ. A graphical presentation of the results is given in Figure

1. It shows that the same general behavior is true over a wide
wherebyer = (07,2227 2and AEL; = (3N, AE)/Nyj, by, is temperature range.
the maximum impact paramet&2(2* is the collision integral, To understand the mechanism of the CET process, we have
andNy; is the total number of trajectories. monitored, simultaneously with energy loss in the excited
Below we report on collisional energy transfer between molecule, the energy gain in the cold bath molecule with only
excited toluenep-xylene, and azulene with cold benzene bath thermal energy. The results are also given in Table 1, which
and excited benzene collisions with toluenexylene, and shows the energy gain and loss in the hot and cold molecule
azulene. We also report and discuss collisions between excitedsubsets of trajectories. As can be seen, CET is mainly through
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TABLE 2: Energy Transfer Quantities of Excited Benzene Colliding with Bath Toluene,p-Xylene, and Azulené

excited molecule

cold molecule

T=300K B*—B B*—T B*—pX B*—AZ B*—B B*—T B*—pX B*—AZ
[AEQ —755 —735 —855 —864 737 729 857 861
[AEQ —889 —864 —992 —1000 —53 —49 —47 —58
[AEL] 55 45 40 42 869 856 989 998
AEVH —767 —744 —851 —863 731 733 861 864
[AEyH —874 —842 —965 —-971 —-13 —34 —21 —41
[AEVL] 27 37 30 28 815 836 958 986
[AERH 12 9 —4 0 7 —4 —4 -3
[AERL —126 —-132 -131 —-132 —126 —-116 —114 -118
[AERL] 144 140 131 132 136 112 111 113
AERTC 18 7 -3 2
[AEH*C —136 —146 —152 —154
[AEH+C[] 157 154 153 156
Feonld 2.23 2.57 2.92 3.17 2.23 2.57 2.92 3.17
[Feonld 2.39 2.77 3.15 341 1.27 1.37 1.36 1.58
Feonld 1.29 1.36 1.41 1.59 2.39 2.77 3.15 3.41
excited molecule cold molecule
T=60K B*—B B*—T B*—pX B*—AZ B*—B B*—T B*—pX B*—AZ
[AEH —775 —787 —802 —796 756 776 825 806
[AEL —1027 —1020 —1031 —1043 —115 —88 —89 —115
[AEL] 106 81 87 98 1012 1001 1048 1060
[AEyO -781 —-789 —784 -781 754 795 846 818
[AEvH —1005 —976 —970 —989 —44 —69 —53 —86
[AEyL] 71 54 64 75 963 979 1031 1038
AERH 6 2 -19 —-15 1 -19 —21 —-12
[AER[ —-212 —220 —226 —230 —-219 —-193 —190 —194
AERL 222 224 207 199 215 177 171 170
[AEH+C 19 12 -23 -11
[AER+CY —229 —242 —254 —255
[AEH*C[ 248 254 229 245
Feonld 1.32 1.44 1.55 1.69 1.32 1.44 1.55 1.69
Heonld 1.40 1.55 1.66 1.82 1.05 1.09 1.14 1.22
[Feonld 1.06 1.05 1.13 1.23 1.40 1.54 1.65 1.82

aE, =40 700 cn* plus thermal energy at 300 and 600 K. The units®ECare in cnt! and the units ofz.qCare in ps.[AE"*C[indicates the

total translational energy gained or lost by the hot and cold molecules.

V-V transfer with other processes being minor channels. misleading. A graphical presentation of the results of the V/IR
Comparing the first four columns that describe CET quantities energy transfer is provided in Figure 2, which shows the overall
in the excited molecule with the remaining four in Table 1 that energy transferred,AE[{ and [AEy[j, for the hot and cold
describe CET quantities in the cold molecule shows that molecule in collisions of T* pX*, and Az* with B and of B*
practically all of the energy lost by the hot molecule was picked colliding with Az. The temperature effects will be discussed
up by the cold one. This does not mean that rotations and later, but it is interesting that in all of these cases as well as in
translations are not involved at all in the energy transfer process.collisions of B* with T and pX (given in Table 2) ¥V is the

As Table 1 shows, the up and down transitions are fairly large dominant channel with minor contributions of rotations and

and can amount to ¥520% of the -V CET transfer. The
fact that their overall contribution tAER[ is negligible is

JE Y -
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Figure 1. [AEQ vs temperature for polyatomigolyatomic collisions.
The excitation energy of the hot polyatomic molecule is 40 700'cm
Note the high efficiency of the cold bath colliding with excited benzene.

translations. We explain this extraordinary—V transfer
efficiency by the fact that there is a large number of low-lying
gateway modes, as can be seen clearly in Appendix 1V, which
are very efficient in CET. The internal rotors in T and pX bath
are cold and therefore are not in the way of CET, unlike the
situation in hot T and pX where the rotors are excited.
Comparison with Experimental Results. To make the
results of the calculations amenable to comparison with experi-
ment, we use eq 3 with the actual valuesrahat were used in
evaluating the experimental results. Unfortunately, the experi-
mental results of CET of the excited molecules studied here
are unavailable except for-BB collisions, which were studied
by Toselli and Barkér using IRF. They repoffAEl] = —1477
cm~! compared to—1671 cnm? found in the present work.
Considering the fact thaELIn the experiment was 25 000 ¢t
compared to 40 700 cm in the present work and becaugeEl]
is a function of internal energy, the agreement is acceptable.
Additional comparisons with experiments are given in the
discussion of the probability density function.
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Figure 2. (a) |[[AE[ and (b)|[AEy[J vs temperature for polyatomic J IR e =
polyatomic collisions. Energy lost by the excited molecule, empty - ] P
symbols, and energy gained by the cold molecule, full symbols. The 'E 10004 e
excitation energy of the hot polyatomic molecule is 40 700tm ° 1 - ’
a4
P N RN— <
Collision Lifetime. One fact that emerges from the present 1200 T
calculations, and can be seen in Tables 1 and 2, is that in the ] e --o-- B*B
hot molecule the collision duration of up collisionsly, is much ] e _—‘;_— T;('PB
shorter than that for down collision§ld. The fact that the I --v—~zz*-B
values offlAE[§ are much larger thathE[] is explained by the 1400 17 ’ . . '
existence of a chattering mechanism of langn addition to 200 300 ;‘°°K 500 600

short impulsive collisions in which energy is transferred ) ) o
piecemeal by multiple internal encounters of the colliding pair. Figure 4. [AELvs temperature for polyatomigolyatomic collisions.
All molecules are at identical vibrational temperature at a given bath

_Th's was dlscusse(_j In nger . The valuesio], QS reported temperature. The excitation energy and vibrational temperature of each
in Table 1, vary a little with the mass of the excited molecule mglecule are given in Appendix II.
T*, pX*, and Az* colliding with B, that is, with the intermo-
lecular potential and all colliding pairs have similar values.
However, when B is excited and T, pX, and AZ are the bath, values of excitation energy. Table 3 shows the results of the
the values ofiz[{ at low temperatures are significantly longer calculations for the four molecules at ambient temperature of
than the previous case because of the fact that the bath collidel300 K andTy = 2851 K, which correspond to B excited at
has unexcited low-frequency modes and unexcited internal rotors40 700 cn1? plus thermal energy, and the overall temperature-
and therefore are not in the way of forming a collision complex. dependent behavior is shown in Figure 4. It is clear from the
In up collisions, wheréd#l] is short, the collisions are mainly  Table that the larger the molecule (and the larger the excitation
impulsive. energy) the higher the value GhEL] However, when pX* and
Rotational Energy Transfer. Examination of Tables 43 AZ*, which have almost identical excitation energies, are
shows that even though the overall rotational energy transfer compared, AZ* is much more efficient than pX* with internal
[AER[, is close to zero, the up and down rotational energy rotors. So, low-lying vibrations do help CET and internal
transfer is fairly large and can amount to up to 20%AE[]. rotations are in the way of efficient energy transfer. Therefore,
Because the mechanism of CET betweenr-B* Paper |, and when the results in Tables-B are compared it is clear th&y
the present PP systems is similar, it is safe to say that the does affect CET but it is one parameter among few: internal
present results support the findings in Paper | that freezing therotations, collision lifetime, and translational energy being the
overall rotations enhances CET in a significant way. An overall others. The overall picture that emerges from this set of
view of rotational energy transfer is given in Figure 3. calculations supports the CET behavior discussed above.
Vibrational Temperatures, Ty. As indicated before, at Temperature Effects. Figure 1 shows the results foAE[]
constant excitation energy, the average energy per mode, thagas a function of temperature for the molecules studied. For these
is, the vibrational temperature, varies with molecular size. That molecules, the absolute values OAE[] are large at low
is to say, benzene with an excitation energy identical to that of temperatures, reach a minimum, and increase again at high
p-xylene, but with a smaller number of internal modes, has a temperatures. For T*, pX*, and AZ* colliding with B, the
higher internal vibrational temperature. This may affect the increase is very modest, whereas for B* colliding with T, pX,
values of the CET quantities. To check hdw affects CET, and AZ the increase is dramatic. An explanation for the high
we have calculated the CET quantities for molecules with values offAECat low temperatures can be found in Figure 5,
identical vibrational temperatures, but of course, with different which shows the values @t[as a function of temperature. At
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TABLE 3: Energy Transfer Quantities of Excited Benzene,
Toluene, p-Xylene, and Azulene Colliding with Bath Benzene
at 300 Ka 250
B*—B T —B pX*—B AZ*—B 150
E'v, cm?t 41069 53777 66597 66897 e
[AEQ —755 —812 —930 —1241 c
[AE[ —888 —959 —1093 —1413 350
[AEL] 55 61 56 43 A
[AEvQ —767 —-827 —956 —1334 Y 50
[AEV —874 —954 —1100 —1480 M
[AEyQ] 27 48 37 36
[AERM 12 15 26 92 =150
[AERH —126 —115 —-112 —50
[AERL] 144 134 142 157 250
[AEHTC 18 39 68 111 ' ' ! ' ! ' ' " !
AEH+C [ “136 147 143 YY) 200 300 T I:OO 500 600
[AEHTC[] 157 199 228 285 . Y .
Figure 6. Average translational energy transferred in up, down, and
[conld 2.23 2.33 2.28 2.32 all collisions vs temperature. The excitation energy is 40 700'cm
(Feonld 2.39 2.49 2.43 2.44 Although [AE:[d is almost nil, the up and down values are significant.
Feonld 1.29 1.34 1.36 1.39
2 All excited molecules have the same vibrational temperaflire, 200+
of 2851 K which is theTy of benzene excited to 40 700 cfrplus the 300K e tem e
thermal energy of benzene at 300 K. The unitd¥AdEare in cnt
and the units off.Care in psAE"+C;Mndicates the total translational -200
energy gained or lost by the hot and cold molecules.
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Figure 5. Average collision lifetime of all collisions vs temperature.

Figure 7. Average energy transferred in a bin in excited benzene
The excitation energy is 40 700 cf 9 9 9y

benzene collisions as a function of the initial relative translational energy
at 300 and 600 K. The excitation energy is 40 700 &m

low temperatures, the collision complex lifetimes are long, _ _ _ _
which enable a chattering process of multiple encounters in is that in the first series the bath molecules have low-lying
which energy is transferred in a stepwise manner, and thus largevibrations that are instrumental in the V/R/T process.

values of AE[iare obtained. Also, it is clear from Figure 5that ~ There is an effect of translational energy on the values(of
large bath molecules have longer collision lifetimes than smaller @nd hence on the values@ELI The AE transferred was binned
ones. This explains why when B*, the smallest of the lot, according to its initial relative translational energy and is
collides with larger bath molecules it affects lai@eE[Jwhereas ~ averaged in each bin. Figure 7 shows the dependentiEif
when the larger T*, pX*, and AZ* collide with B the collision N each bin on the initial relative translational energy at 300
lifetime is shorter andAELlis smaller. At high temperatures, and 500 K. The absolute values oAECat low values of
the lifetimes of all pairs are similarly short and the collisions translational energy are high and decrease with temperature until

are mpuisive. The unexcied T, pX, and AZ have lowying 17 V% OF & OR tansiatoral energies st o
gateway modes and are more efficient than B. P ’ 9 9y

. . (z0s high, there are high values GREL] At high temperatures,
Translational Energy. The energy transfer process involves,

] > however,[2[Jis lower because the average translational energy
in addition to V-V and V=R, also V/IR-T. Tables 1 and 2 s higher and chattering does not take place and collisions are
and Figure 6 show values of the average translational up, down,impu|sive.

and all energy change in both hot and cold molecultE;L]q,a Probability Density Function. The probability density

as a function of the temperature. As can be seen, although thefunction, P(E,E’), which is used in master equation calculations
values of[AEr({ are very small, the up and down transitions and plays a major role in the interpretations of experimental
can be as much as 25% of the valueSXE[d. The up collisions  results, is an elusive commodity that was not found, yet, experi-
in the series B* colliding with T, pX, and AZ are more efficient mentally or from basic principles. During the past few years,
than those in the series T*, pX*, and AZ* colliding with B. An . many models for CET were developkdut they lack first-

explanation consistent with the other findings reported above principle foundations. Trajectory calculations come close to the
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Figure 10. Average energy transferred in a given lifetime for excited
azulene colliding with benzene at 200 K. (a) as a function of collision
lifetime. (b) The data in a is weighted by the probability of obtaining
a given value of. It is clear from a that the longer the collision complex
lives the more energy is transferred, and it is clear from b that there is
a long tail at high values af during which chattering collisions occur.

Figure 8. P(E,E") of (a) excited toluene and (b) excitgexylene in
collisions with benzene at 200 K (empty symbols) and 600 K (full
symbols) vSAE. The excitation energy is 40 700 cfn There is a
noticeable supercollision tail at high energies at the down-collision part.

10%
performed previously on the subjéctAnother feature that is
common in all figures is the fact that the low-temperature data
on the down collision side form convex lines. Actually, some
P(E,E') have a distinct peak on the down collision side away
from the 0-0 peak. The high-temperature data, however, can
be represented by concave lines. If one was to fit the points to
the stretched exponential function of Lenzer, Luther, and co-
workerg8

104

_ -6000  -4000 = 2000 0 2000 P(E.E) = a exp(-AE/a)” )
wherea and Y are fitting parameters, then at 200YK< 1,
which indicates a convex lines, and at 600YK> 1, which
indicates concave lines. Thus, the shape of B{E,E') is
temperature-dependent. This conclusion augments the findings
in Paper | on B*B collisions and in Higgins and Chapman’s
work on the pyrazineCO systent® discussed in paper I. A
possible explanation for the off-@0 peak at low temperatures
is that becausézllis long at low temperatures the chattering
T T T T T T 7 mechanism is operative andElis large as indeed is seen in
6000 -4000 AEj2c°,2°-1 0 2000 Tables -3 and Figures 1 and 2. Therefore, at low temperatures
Figure 9. P(EE) of (a) excited azulene in collisions with benzene there is @ maximum ifP(E,E'), which leads to large absolute
and (b) excited benzene in collision with toluene at 200 K (empty Vvalues oftAEL]Added support for this explanation can be found
symbols) and 600 K (full symbols) vAE. The excitation energy is in Figures 10 and 11 where the average energy transferred in a
40 700 cntt. There is a noticeable supercollision tail at high energies given lifetime is shown as a function of collision lifetime for
at the down-collision part. two temperatures. Figure 10 shows excited AZ colliding with
B at 200 K. From part a it is clear that the longer the collision
first-principles method, but they also have their shortcomings; complex lives the more energy is transferred. Part b shows that
the major one being the uncertainty in the value of theD0  when the data in a is weighted by the probability of obtaining
peak. Therefore, we report the dataRE,E') for various excited a given value ofr, the averagézllis long and there is a long
and bath molecules at various initial conditions but will not give tail at high values of during which chattering collisions occur.
fitting parameters, which depend on the value of th®@eak. Figure 11 shows the same data at 600 K. Here the situation is
Figures 8 and 9 shoW(E,E) for collisions of T*, pX*, and totally different, (zUis short, and there is no significant tail at
AZ* with B and collisions of B* with T all at 200 K and at  longer times. That is to say, very little chattering collisions and
600 K. One feature that emerges very clearly from the figures less energy is transferred.
is that there is a supercollision tail at all temperatures for all ~ Polyatomic-Ar Collisions.An extensive discussion of poly-
collision pairs. This is no new fact and augments studies atomic-monatomic, PM, CET was presented in paper | and a

10°
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Figure 11. Average energy transferred in a given lifetime for excited
azulene colliding with benzene at 600 K (a) as a function of collision
lifetime. (b) The data in a is weighted by the probability of obtaining
a given value ofr. It is clear from b that there is no long tail at high
values ofr during which chattering collisions can occur.

Figure 12. Average energy transferred in a bin in excited benzene
Ar collision as a function of the initial relative translational energy at
300 and 600 K. The excitation energy is 40 700-ém

a)
107+
comparison was made to PP CET. These conclusions were based %
on B*—B and B*—Ar collisions and are listed in the Introduc- 107 P
tion. Here we expend our study of PM collisions to include T*, 10° WEo
pX*, and AZ* collisions with Ar. Table 4 shows the results of 3 .o'.‘ °o®
CET parameters at 300 and 600*KThe values off AE[] do P P
not differ significantly from one another, so the overall
conclusion is that internal rotations do not inhibit-¥ energy e 10°;
transfer in PM. If at all, they enhance up and down vibrational 2
energy loss and gain[AEy[]gq Despite the diversity of 5}10 3 )
structures, the balance of gain and loss leads to only small %_1:10-5_ ..:- ®
differences in the values 6AE[]. Here again[AEQ in AZ* — el °
Ar collisions is the largest because of the many low-frequency 10° .
gateway modes in AZ. Similar results were obtained in trajectory R
calculations by Linhanata and L#¥2on CET in ethane and 107
propane, which show that the effect of free rotorsI&[ is 10
very small. Another feature of PM collisions is the short collision RS ‘6@3,
lifetime. This supports our previous finding that CET in PM is 10° 4 .o"?o"o O?O'o.‘
impulsive. In addition, we found that impulsive collisions cause Jd . ° o * o
overall rotations to play a major role in the mechanism of energy 10 500 000 0 , 1000 2000
transfer. This in contrast to PP collisions where many collisions AE, cm”

form long-lived complexes and energy is transferred by multiple Figure 13. P(EE) of (a) benzene, (b) toluene, and (Bxylene in
encounters, chattering collisions with Ar at 300 K ©) and 600 K @) ande/At = 0.35 cnY/

’ ’ fs. The excitation energy is 40 700 ci The lines become progres-
Another difference between PP and PM CET that emerges sively more concave and there is a noticeable supercollision tail at high

from the present study is the dependence A& on the energies at the down-collision part.
translational energy. Figure 12 shows the average energy

transferred in a B-Ar collision in a given initial translational The data in Figure 12 supports the mechanism of short,

energy ?t 30053.?? a; GOOK. Thhe Ilhnes atlthfe t\(/jvo tﬁmgeraturesimpulsive collisions for PM in contrasted to PP collisions, which,
are similar and differ from each other only in details because j, 3 jgition to impulsive collisions, have a large fraction of long-
the overall rotations are a function of temperature and affect |;,eq chattering collisions. Figure 13 shoREE E') for B*, T*

the mechanism of energy transfer. The figure shows that the 53ng pX* colliding with Ar at 300 and 600 K. The lines are
vibrational-rotational energy transfer depends almost linearly concave and become more so as the temperature increases. For
on the translational energy. This is in contrast to the-B* all of the lines,Y in eq 4 is <1.0. This is in contrast to the
collisions depicted in Figure 7 where the average energy shape ofP(E,E') of PP collisions, which is convex at low
transferred reaches a plateau at higher translational energiestemperatures and becomes concave only at high temperatures.
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TABLE 4: Energy Transfer Quantities of the Excited Molecule in Polyatomic—Ar Collisions at Various Temperatures?

B*—Ar T —Ar pX* —Ar AZ* —Ar B* —Ar T —Ar pX* —Ar AZ* —Ar
T=2300K T =600 K

AEQ —7 -12 -15 —41 -13 -8 1 —47
[AE( -112 —130 —127 -170 -197 -203 —194 —268
AEQ 104 115 114 109 170 199 194 194
AEVQ -15 —14 -10 —47 -25 -5 6 -43
AEV{ —81 -103 -102 —159 -137 ~156 —146 —242
AEV 61 85 87 93 101 150 145 175
[AERG 7 2 -5 7 13 -4 -5 -4
[AERY —98 —93 -93 —96 -165 -156 —144 -172
[AER 108 97 97 103 183 154 138 168
[AE**Crl -2 -5 ~7 -22 -4 -3 1 —25
AEMClg —36 —51 —58 —89 —64 -81 -88 -141
[AE+C{] 33 45 50 57 54 78 87 102
(Feold 1.41 1.37 1.34 1.46 0.88 0.84 0.88 0.95
(Feonld 1.41 1.39 1.38 1.44 0.90 0.83 0.87 0.94
(ol 1.41 1.35 1.30 1.48 0.86 0.85 0.89 0.95

aE, =40 700 cm! + thermal energy. The units @AECare in cnt! and the units ofz.qdare in ps.[AE""C;Cindicates the total translational
energy gained or lost by the hot and cold molecules.

Summary. Collisions between excited toluergxylene, and Comparison of aromatic polyatomipolyatomic collisions
azulene with benzene bath and collisions of excited benzenewith polyatomic-Ar collisions shows that there are mechanistic
with toluene p-xylene, and azulene bath at various temperatures similarities: (a) In both cases, rotations and translations play a
shed light on the mechanism of energy transfer between largerole in the energy transfer process but the average total rotational
aromatic molecules. These results, together with those presente@nergy exchanged is small. (b) Low-frequency modes are gate-
in Paper I, pinpoint the major mechanistic features of the energy way modes. However, there are differences as well: (a) In poly-
transfer process in large aromatic molecules. A comparison is atomic-monatomic collisions, internal rotations do not inhibit
made with collisional energy transfer between excited poly- energy transfer as is the case in polyatofpolyatomic colli-
atomic aromatic molecules and a monatomic bath, Ar in the sions. (b) The values aAEL] and[AE[{ in polyatomic-mon-
present case. The major findings for aromatic polyatomic- atomic collisions are affected by the temperature. However, the
polyatomic collisions are: (a) Energy transfer takes place mainly overall energy transfefAE[, which is the sum of the two, is
via V=V energy transfer with ¥R and V/R-T contributions. not. (c) Unlike in aromatic polyatomiepolyatomic collisions,

(b) Up and down rotational energy exchange takes place during€nergy transfer in polyatomiemonatomic collisions is linearly
collisions, but the overall average rotational energy exchange dependent on initial relative translational energy. (d) The
is very small. (c) Internal rotations in the excited molecule hinder collisional energy transfer probability density functi®fE,E’),
energy exchange, whereas in the bath molecule they do notin polyatomic-monatomic collisions is concave at all temper-
because the internal rotors are not excited. (d) Energy transferatures, whereas in polyatomipolyatomic collisions it is convex

at low and high temperatures is more efficient than that at at low temperatures.

intermediate temperatures. (e) Low-frequency modes enhance Acknowledgment. This work is supported by the Technion
energy transfer. Thus, azulene with the same number of normalV. P. R. Fund, by the E. and M. Mendelson Research Fund, by
modes ag-xylene but with modes of lower frequencies and the fund for promotion of research at the Technion, and by the
without internal rotations is much more efficient in transferring Ministry of Science and the Arts under the KAMEA program.
energy to benzene bath molecules. (f) Energy transfer dependsA
on the initial relative translational energy at lower values and
reaches a plateau at higher values. (g) Vibrational temperaturesTABLE 5: Lennard —Jones Parameters for
affect energy transfer. In a series of polyatomic molecules of Polyatomic—Polyatomic Collisions

ppendix |

different sizes and identical vibrational temperature, that is, o(m)a ek (K) @ refs o (nm)® e yk (K)®
Fhfferent excitation energies, the largest valuesAiEl] occur benzence 0546 201 23 0546 205
in the largest molecules with the lowest frequency modes. (h) (o1uene 0.592 410 24 0584 447
Collisional energy transfer probability density functi®i,E'), p-xylene 0.621 438 25  0.620 494
in aromatic polyatomie polyatomic collisions is convex at low  azulene 0.661 523 26  0.655 605
temperatures and can be concave at high temperatures. (i) Theragenze”e toILIJene 005-329 41186 : 8-222 ﬁg

; o ; ; N (i enzeng-xylene . .

is a clear supercollision tail at the down wingR(E,E"). (j) A benzene azulene 0.604 458 © 0601 489

mechanism for obtaining high values GRE[] in addition to .
short impulsive collisions, is chattering collisions where energy ~  Experimental value<: Calculated values by program SIGMON
is transferred in a sequence of short encounters during theffom painwise LJ parameters used in this wasky = 0.282 nm.ocx

. . .. . . . . =0.297 nmocc = 0.312 nmiepn/k = 8.04 K, ecn/k = 14.23 K, ecdk
lifetime of the collision complex. (k) The collision lifetime is ~ _ 5c7a e Parameterss; and e_/k were calculated from the

long, >2ps, at low temperatures. This enables many chattering appropriate combination ruld Note: The value of for p-xylene
collisions to take place, and therefore this is one of the main reported in refs 24, 27, and 28 is smaller than that of benzene and
reasons for the large values @E[. toluene, a highly unreasonable situation, and is in error. The value

- - L reported by Vogel and Heridlis very reasonable. The values of
. To Summarlzle, the r_neck;anlsm_of Collll_ls_lonal _ene_rgy trr]ansfer that are reported by them for benzene and toluene, 0.538 and 0.588
In aromatic polyatomiepolyatomic collisions Is via short, nm, respectively, agree well with accepted literature values. This lends

impulsive collisions and long chattering collisions, which are credit to their vapor-phase viscosity measurements including the
operational at low temperatures. p-xylene value.
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Appendix I

TABLE 6: LJ Pairwise Parameters for Polyatomic—Ar Collisions and Effective Overall o and €

Bernshtein and Oref

benzene-Ar toluene-Ar p-xylene—Ar azulene-Ar
H—Ar C—-Ar H—Ar C—Ar H—Ar C—Ar H—Ar C—Ar
oij (nm) 0.318 0.333 0.340 0.356 0.334 0.350 0.323 0.337
€iilk (K) 28.62 50.64 23.67 41.88 22.04 38.99 27.59 48.81
calcct refe calcd ref calcd ref calcd ref
op-ar (NM) 0.447 0.447 0.477 0.470 0.483 0.484 0.504 0.504
ep—arlk (K) 213 214 216 216 224 224 244 244

2 Calculated values from pairwise LJ parameters used in this Wéktained from the combination rulesp-ar = 0.5@p+0ar), €p-ar = (€p.€ar)®>,
P indicates a polyatomic molecule. The valuesdgrandep were taken from appendix I. The values for Ar are = 0.347 nm,ea/k = 114 K.
Note: The LJ pairwise parameters for toluere used in previous work by dsnd by others are erroneous. All of the data for toluenar were
recalculated® The BSSH pairwise intermolecular potentf&f is given by: Vi = A Irj* — Bjj(1/ri® — Ci/ry”); i,j = 1—6; and the parameters for
the BSSH intermolecular potential for the benzene/Ar system are:13.305, Aj_ar = 77.211x 10773 cm nmt3:305 By_r = 120.279x 1073
cm ! nmP; Cy_ar = 0.27149 nm; A-ar = 287.901x 1076305 cm=1 nmi3395 B = 343.979x 103 cm™! nmf; Ce—ar = O NM.

Appendix 111

TABLE 7: Vibrational Excitation Energies, Ey, at Vibrational Temperatures, Ty of Excited Benzene at Various Ambient
Temperatures. Benzene Excitation Energy Is 40 700 cm

Ev, kcal mol?
T, K Tv, K benzene toluene p-xylene azulene
200 2837 116.6 152.7 189.2 190.0
300 2851 117.4 153.8 190.4 191.3
400 2879 118.9 155.8 192.9 193.8
500 2917 121.1 158.6 196.3 197.2
600 2965 123.8 162.1 200.7 201.6
Appendix IV
TABLE 8: Experimental and Calculated Normal Mode Frequencies
benzene
calculated
E2u EZQ BZg A2u Elg Alg Elu E2u Blu BZg
400 617 657 680 833 926 991 1015 1026 1070
EZQ BZu A2g Elu E29 BZu Elu Alg EZQ Blu
1134 1173 1375 1531 1739 1749 3057 3057 3059 3060
experimentai®
398 606 707 673 846 993 1037 967 1010 990
1178 1146 1350 1482 1600 1309 3068 3073 3056 3057
toluene
calculated
A2 Bz Bl Az Bz A1 Bl BZ Al BZ
1 214 329 385 479 496 616 645 766 869
A1 Az Bl A1 Bz Bl Bz Al Bl AZ
957 960 976 1007 1018 1047 1122 1129 1160 1170
A1 Bz Bl Bl Bz Al Bl Al Bl Bl
1216 1246 1338 1479 1483 1494 1499 1586 1727 1749
A A B, B1 A B1 A B1 A
1777 2859 2974 2975 3057 3057 3058 3059 3060
experimental
217 344 408 464 521 623 695 784 728
1003 843 1040 1030 893 1080 978 1175 1154 964
1208 140 1312 1460 1460 1379 1460 1494 1494 1586
1605 2921 2979 2952 3055 3029 3063 3039 3087
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TABLE 8 (Continued)

J. Phys. Chem. A, Vol. 110, No. 4, 2008551

p-xylene
calculated
Au Blg BBu BZu BZg BBg Au Ag BBu BBg
1 2 140 272 323 383 385 431 536 616
BZg Blu B3u Ag Blg BZg Au BZu BZg Blu
665 669 806 955 960 973 993 1005 1030 1089
B3u BZg BZu Ag Blu Ag BSg BZu Blu Ag
1100 1113 1170 1195 1217 1234 1317 1443 1483 1483
BZu BSg B3u BZg BZu Blu BBg Ag BZu Ag
1483 1486 1487 1517 1640 1716 1746 1801 2859 2859
Blu B3g B3u B3g B3g Blu BZu Ag
2974 2974 2975 2975 3057 3058 3059 3059
experimentd
15 15 132 285 312 389 410 454 481 643
700 694 795 830 832 930 972 972 972 1026
1032 1032 1099 1183 1225 1203 1313 1320 1385 1378
1400 1416 1458 1446 1458 1520 1579 1616 2950 2950
2950 2950 2950 2950 3050 3050 3050 3050
azulene
calculated
Ag Bg Bl 82 A1 Bl Az Bz BZ Al
174 174 326 335 373 404 405 456 596 600
Bl A2 A1 A1 Bz Bz A1 Az Bl AZ
666 731 753 806 873 913 975 982 1069 1072
B, Az B, Az B: Bi Az Bi B, B;
1117 1148 1178 1193 1198 1223 1252 1283 1322 1327
A1 B: Az Bi Az Az Bi Bi Az B;
1357 1480 1569 1634 1714 1786 1806 1920 1991 2036
A1 A1 A1 B: Az Bi Bi Az
3032 3033 3033 3033 3034 3034 3039 3043
experiment&l
189 240 323 304 406 486 331 680
987 542 825 900 762 795 1210 813 1012 911
952 971 965 1160 712 1049 941 1117 1085 1216
1268 1160 1396 1378 1448 1457 1443 1480 1579 1536
2968 3037 3037 3018 3072 3042 3098 3077

aEaton, V. J.; Steele, DI. Mol. Spectroscl973 48, 446.° Pearce, R. A. R.; Steele, D.; Radcliffe, K.Mol. Struct.1973 15, 409.¢ Fuson, N.;
Garrigou-Lagrange, C.; Josien, M$Spectrochim. Acta96Q 16, 106.9 Draeger, J. DSpectrochim. Acta985 41A 607.¢ Varsanyi, G. Asignments
for Vibrational Spectra of S&en Hundred Benzene Dedtives Wiley: New York,1974 Vol. 1. fChao, R. S.; Khanna, R. Kp8ctrochim Acta,

1977, 33A 39.
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