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Complete experimental transition probability density functidh€’,E) have been determined

for collisions between highly vibrationally excited azulene and several bath gases over a wide
energy range. This was achieved by applying 2-color “kinetically controlled selective ionization
(KCSI)” [U. Hold, T. Lenzer, K. Luther, K. Reihs, and A. C. Symonds, J. Chem. Pti%.4076
(2000]. The results are “self-calibrating,” i.e., independent of any empirical calibration curve, as
usually needed in traditional energy transfer experiments like time-resolved ultraviolet absorption or
infrared fluorescence. The complete data set can be described by our recently introduced
monoexponential 3-parametét(E’,E) form with a parametric exponent in the argument,
P(E’,E)xexd —{(E—E')/(Cy+C;-E)}"]. For small colliderghelium, argon, xenon, N and CQ)

the P(E’,E) show increased amplitudes in the wings compared to a monoexponential Yorm (
<1). For larger colliders, the wings &(E',E) have an even smaller amplitud¥% 1) than that
provided by a monoexponential. Approximate simulations show that the windg¥(Bf,E) at
amplitudes<1x 10 8 (cm™1) " have a nearly negligible influence on the population distributions
and the net energy transfer. All optimize@(E’,E) representations exhibit a linear energy
dependence of the collision parametg(E) = C,+ C; - E, which also results in a@pproximately

linear dependence ¢AE) and(AE?)Y2 The energy transfer parameters presented in this study
have benchmark character in certainty and accuracy, e.g., with only 2%—5% uncertainty for our
(AE) data below 25 000 ciit. Deviations of previously reported first moment data from ultraviolet
absorption and infrared fluorescence measurements can be traced back to either the influence of
azulene self-collisions or well-known uncertainties in calibration curves.2003 American
Institute of Physics.[DOI: 10.1063/1.1622382

I. INTRODUCTION detect signals related to the average energy loss in time of a
whole population of excited donor molecules in a bath gas
Collisional relaxation and activation processes at chemin. These methods are sensitive only to the first moment of
cally significant energies play an important role in many mo-energy transfetAE), and details on the relaxing population
lecular reaction systenis: A complete description is pos- distributions andP(E’,E) cannot be obtained. The evaluated
sible if the central quantity governing collisional energy (AE) results of such studies are heavily dependent on the
transfer (CET)—the collisional transition probability quality of the calibration curve available, relating the observ-
P(E’,E)—is known. In the first paper, part | of this series, able (absorption or fluorescencavith the average energy
we presented the details of a method, which can map oute) of the molecules. By differentiating thé(t)) curve or
completeP(E’,E) distributions experimentally, called “ki-  related methods, the first momeE) can be obtained.
netica“y controlled selective ionizatiC(lKCSD."aThiS tech- Over the years, azulene has served as a key System in
nique is still the Only one available, which allows us to ob- such experimentsy because of its unique photophysicai prop-
tain full P(E’,E) from relaxing distributions of highly erties (see Sec. )l It was first studied by Barker and co-
Vibrationa”y eXCited m0|ecu|es, even |f th|S donor iS CharaC'\NorkerS by monitoring |ts time_resoived infrared ﬂuores_
terized by an extremely high, quasicontinuous density ofence(IRF) from CH stretching modes during the relaxation
states. From KCSI, the first moment of energy trangfeE)  procesS$ 2 A later reanalysis by the same group with an
and higher moments, like e.dAE?), and their energy de- adjusted calibration curve resulted in a substantial change of
pendence can be extracted with a high degree of accuracye original (AE) values by 30%-50%, depending on the
We have demonstrated this in detail in part Il of this seriesyaih gas.
in which the CET of toluene was investigated up to energies  on the other hand, several studies employing time-
of 50000 Cr.ﬁl-ﬂ' ) ) resolved ultraviolet absorptioftyVA) have been carried out.
The main body of available experimental CET data how-The first studies by Hippler and co-workers reported almost
ever stems from different types of direct experiments, Whlcf‘bnergy independeri\ E) for all colliders, except at the low-
est energies® However, later measurements by the same
dAuthor to whom correspondence should be addressed. group with an improved signal to noise ratio employing
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low'! and high excitation energi¥sfound a more or less AE A
linear energy dependence with a potential leveling-off at :
high energies. The most recent UVA study by Schwarzer and |
co-workers shows a further improved signal to noise ritio. 1
These experiments were carried out at temperate@g3 K !
for excitation energies<20 000 cm*. They found an essen- >:<
tially linear energy dependence @AE) over the whole en- KE)\
ergy range, in several cases with substantial deviations from
the results of Hippleet al.

Because of the considerable spreadAfE) between the S
available experiment&ven for the same detection method (BEdwo 4
and the complete lack of knowledge with respect to 3 it
P(E',E), there is clearly a need for a high accuracy study of Y
azulene. A thorough investigation of this type is carried out ‘: A

y
y

A

A

in this paper. We present the first measurements of CET, Ao M)

which arecompletely independermtf any calibration curve. )

This could be achieved, because the information content of X 7 “observation

the KCSI data set established in this study is so extended that i S N__/  window

all energy transfer parameters and also the shape of the KCSI So

observation window function can be deduced from the sig- _

nals, due to the mathematically very complex character of'C: 1. General scheme for a 1-photon pump 2-photon probe KCSI experi-
. ment. Note that the downward arrows on the left side refer tméienergy

the sets of the highly correlated KCSI curveésFrom the transfer (sum of downward and upward collisionsi.e., (AE), which

technical side, we employ for the first time2acolor KCSI is negative for all energies abol&)=(E)y, (=979 cnmi* for azulene at

process and will discuss its implementation in greater detail300 K).

We will show that all our data can be successfully de-

scribed by our recently introduced monoexponential

3-parameteP(E’,E) form with a parametric exponeiin  A. Preparation of highly vibrationally excited

the argumentP(E’,E)xexd —{(E—E")/(Co+C;-E)}']. This  azulene molecules

was originally introduced by us as a purely mathematical

function employing a minimum number of parameters. How-

ever, very recent theoretical studies by Nordholm and co

workers using a modified statistical model, the “partially er-

godic collision theory(PECT),” are able to reproduce the

shape of the KCSIP(E',E) functions and the observed

trends with bath gas siZé The PECT study for azulene can

be found in the following papér.

We use a fast internal conversi@iC) process for the
preparation of a well-defined nascent population of highly
vibrationally excited azulene molecules in the electronic
ground state: a suitable UV/VIS ns laser pulse is used to
promote azulene to an excited electronic s&te The sub-
sequent isoenergetic transitid®,— S, is very fast(ns or
shorter, see belowcompared to the timescale of collisional
deactivation(us). It therefore generates a population of vi-
brationally hot molecules iS5 before any collision occurs.
The resulting nascent population distribution can be well de-
II. APPLICATION OF KCSI TO THE AZULENE SYSTEM scribed by a thermal Boltzmann distribution at the tempera-
ture of the experimenthere 300 K shifted by the energy of

A full account of the KCSI technique has already beenthe exciting photon. It is thus very narrow, i.e., quasimicro-
given in part | of this serie$so only the key aspects will be canonical, compared to the total energy range of collisional
mentioned here. A general KCSI scheme is shown in Fig. 1deactivation.
Azulene is promoted to an excited electronic state by a pump  The photophysics of azulene in the gas phase has been
laser(wavelength\ o) and undergoes fast internal conversionstudied in considerable detail. The absorption specttum
to produce highly vibrationally excited molecules in the elec-Fig. 2 shows several electronic transitior®— S, (origin
tronic ground state%}). Subsequently, collisional deactiva- 14283.3 cm?),*® S,—S, (origin 28757 cm?),'"!8 s
tion in the bath gas M takes place. After a variable delay time—S; (origin ~34000 cm?), S;—S, (origin ~36 000
t, molecules within a narrowly defined observation windowcm %), andS,— Sg (origin ~42 000 cm'%).1%=?! Optical ex-
are probed by a 2-color 2-photon KCSI procésavelengths citation toS; results in an efficient, ultrafast internal conver-
N1 andX,), as shown on the right-hand side, via a resonansion back to Sy(¢,c~1), with a rate constank,:c=1
intermediate state. Two central requirements must be there<10'2s ! at the origin?>?® This value was recently ques-
fore fulfilled for applying KCSI. First, an efficient photo- tioned by Ruth etal, who find a smallerk,:=3.8
physical process should be available in order to produce x10's 1.'® k. increases with increasing excess
sufficiently large population of highly vibrationally excited energy!®?*Intersystem crossing;— T,) and fluorescence
molecules. Second, the molecule must posess an electronitay no role?>?® In the S, state, IC is also the dominant
intermediate state suitable to provide experimentally useablprocess: A quantum yield ap,c=0.96 was found, whereas
“observation windows” of the KCSI detection process. In fluorescence is of minor significance to the present work
both respects, azulene is ideally suited for KCSI studies. [ ¢:(S,—S;)=0.04 at the origi?’ The rate constant for
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internal conversion at the origin i§c=2.93x1fs ! and  dow functions with their calculated counterparts, based on
increases with enerd}7l318'27_30|ntersystem crossing froig, available photophysical data for the azulene system.
is negligible®® Excitation to the higher electronic states  The methodology of calculating window functions was
S;—Ss also produces highly vibrationally excit&§ azulene already described in part | of this seriellere we focus only
by IC via theS, state?®3! on the specific details for azulene. It has been shown that the
It is therefore clear that azulene is an ideal system t¢hape of the window at the wavelength and\, depends
prepare highly vibrationally excite8; molecules, because ©on the energy dependent rate coeffici&(E) of the loss
IC is the dominant process in all its excited electronic stateschannels in the resonant intermediate state and the wave-
For the KCSI experiments in this study, we prepared highlylength and energy dependent absorption coefficients in the
vibrationally excited azulene molecules by excitation withground (e;) and intermediate state£). These three quanti-
Ao=532nm,), 337nm@,) or 266 nm &,), correspond- ties must be determined to be able to calculate the window
ing to average excitation energi€g)y,+hc/\, of 19776, functionsW(E,\,\,) for azulene:
30653 or 38573 cit, respectively(E), being the average . N . N
thermal azulene energy at 300(R79 cm ). W(E(Sy).N1,Mp)=3€1(N1,E(Sy)) €2(N2,E(SS))
Finally, _the isomerizatior_l of azulene to naphthalene ha_1§ X[1+ (K(E(SH))- 7o) ¥ ¥4 (1)
to be considered. The available energy-dependent specific
rate constants for this process show that—under the pressure Rate constant k(E)
conditions in our study—the isomerization can only compete

at very high excitation energies and has no influence on the In th(_a case of _azulen@z s the ideal candldat.e for an
shape of the KCSI signalé32~3see Sec. 11 C for a detailed intermediate state in the KCSI process, because it shows the

discussion required pronounced lifetime dependen¢g) on excess en-
' ergy for kinetic control of the ionization process. Very re-
cently, highly accurate lifetime data for about 70 vibrational
levels in'S, up to 3700 cm! excess energy have become
available from fluorescence measurements using time-
As will be discussed in Sec. IV, the information content correlated single photon counting in a molecular béar.
of the mathematically complex, nonmonotonic KCSI curveswas found that the rate consta(t= 7" 1) at theS, origin is
of the experiments is so large that the wavelength and energy=2.93x 10® s ! and increases with energy. These results
dependent ionization probabilitiee=window functiong®*  confirm and considerably extend the earlier molecular beam
can be directly obtained from our master equation simulameasurements of Refs. 27 and 28. In addition, experiments
tions of the experimental data, see also part . The energin a gas cell at room temperature also performed ittiGo
transfer results of this study are thereforgelf-calibrating gen yielded precise lifetimes for 20 average excess energies
and no longer dependent on a window function calculatedE) between 1900 and 7700 ¢rh?® In a preliminary analy-
from external molecular data of various accuracy. Neverthesis, the multiexponential fluorescence decays observed in
less it is very instructive to compare the self-calibrated win-these thermal experiments were fitted by a monoexponential

B. “Self-calibrated” and calculated
observation windows
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FIG. 3. Rate constark(E) [=inverse
lifetime, 7(E) 1] of the S, state decay
of azulene. Time-resolved dat#®
from Ref. 17,8 from Ref. 29,A from
Ref. 27, and¥ from Ref. 28.X and +
are quantum yield measurements from
Refs. 30 and 31, respectively, based on
a value of 1X 10" s~ * for the radiative
rate constank; . The solid line repre-
sents a biexponential fit to the time-
resolved datdEq. (2)], which is used
for calculating the KCSI windows.
The inset shows a magnification for
low excess energies in tiI8 state. For
details see the text.
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function. This yieldsk values at the average ener@f) of 2. Absorption coefficients
the respective thermal distribution, which nicely extend the . . . o .
results of Ref. 17. Note that all time-resolved measurements During Fhe S'm”".a.”eous irradiation of th_e_rglaxmg
. P : ensemble with the ionizing wavelengthg and X, it is im-
(shown as filled symbols in Fig.)3are of very high accu- . L . .
. : Lo L possible to distinguish between the two possible absorption

racy, with typical error bars within a point size. sequences

k can also be deduced from the absolute fluorescence
emission quantum yieldg; of Amirav for energies up to AN A
15000 cm 3! and relative quantum vyields of Hiratt al. SESEo1t
given in Ref. 30. Hirata’s data were scaled to agree with
those of Amirav at low and high energies. Here both datnd
sets are merely included for the sake of completenkss. N Ay
values deduced from the latter kind of studies are less g5 g5+ 3
precise, as they crucially depend on the unknown energy
dependent radiative lifetimes. We took a reasonable estimat&hich comprise the ionization process. Therefore it has to be
of 1x10’s™ ! for the radiative rate constalt and calcu- keptin mind that there will be contributions from both com-
lated k(E) from the quantum vyield data viak(E) binations. The energy dependence of the ground state absorp-
=k;/$¢(E). These values are also included in Fig. 3tion for both sequences must be considered. In our earlier
(crosses All time-resolved measurements show excellentinvestigation on toluene, energy dependent absorption coef-
agreement. Not un-expectedly, the data of Amirav and Hiratdicientse; were deduced from temperature dependent shock-
show deviations. For the calculation &¥(E,\;,\,) we tube datd. Unfortunately, for azulene such experimental re-
therefore fitted the accurate data points from the timeSults exist only up to wavelengths around 300 ¥im.
resolved experi-ment§?’~?°by a biexponential functiofin- ~ However, as the probe wavelengthg= 365, 355, and 350

cluded as a solid line in Fig.)3 nm used in this study are located on the long wavelength
. edge of theS, band(Fig. 2), we can use a simple exponential

E . e _
(E) —8.42x 10" exd —5.1x 10~ Boltzmann expression for describing the temperature depen
s 1 cm 1 dence ofe;,

E E(Nref) —E(N\1)
LI 1089XF{4-9>< 10‘4( 1” @ elm,E(m):elmef,E(mef))eXp(_% .
cm B

4
Note that this fit yields very accurate values fqiE) up to @
energies of 8000 cit. This is more than sufficient for cal- Heree;(\f,E(\ o) is a reference absorption coefficient at
culating the observation window. Uncertaintiesk(E) at a reference wavelength,s. In our case we chose; (348
higher excess energies are irrelevant, because at such enem, 28736 cm')=2750 Imol'*cm™ for T=300K. For
gies the window amplitudes are anyway already very smalk ;=308 nm the results of the Sulzer—Wieland treatment in
(see below. Ref. 32 were interpolated by the expression,

Downloaded 27 Jul 2010 to 134.76.223.56. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



11196 J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Hold et al.

100 4 g
§ 2] 80 ! —
= R
=] i 2N 5
2 SRR
=] ! \ FIG. 4. Optimized KCSI window for
= 60 " ' A N;=350nm from master equation
e P simulations(solid line, histogramhand
© 1 ¢ 1 i calculated window for\;=350nm
~ ] | \ [dashed line, Eq(1)]. The dashed ver-
—~ A0+ e e - tical line marks the cut-off for the op-
< ! : \ timized window. The amplitudes of
< 4 : | L both windows have been scaled so that
w | ) « their integral above the cut-off value is

i N heir i | above th ff value i
g 20 : < identical.
l ~ el
Tl= = - ‘: pra—
0
0 5000 10000
-1
E/ cm

€,(308 nmY) T T\2 3. W(E,\y,\,) from independent molecular data
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Imol~tem ! K K

5) By combining the expressions f&(E) ande; [Egs.(2),
(4), and(5)] with Eg. (1) and assuming a constant value for

which is valid in the range 300-2700 K. The transformation€2, “window functions for each wavelength,” (i.e., the
betweenT and(E) in azulene can be accomplished via the SUmmed ionization probabilities of the two contributions
+\, and\,+ X\, wherek, is always 308 nmcan be cal-

partition function
culated. At this point it is possible to confront these windows
hv, with our optimized ionization probabilities as obtained from
hvi/ (exp( ﬁ) —1) (6) our master equation simulations. In Fig. 4 a comparison be-
B tween the optimized windowssolid line) and the ones de-
. . . . . termined from independent molecular ddtiashed ling is

using the 48 experimental vibrational frequencigs for _

azulene®® Between 300 and 2000 K this relationship can peShown fork, =350 nm. . .

I d ' fibed by the expression FI!’St, we compare the deciay of Fhe; window functions at
well desc y P ' energies above roughly 2000 ¢h This is due to the strong

decrease of the lifetimp=increase ok(E)] in the S, state

I=289>< log (E) 4+0.0301 ﬂ ~620. (7) with increasing excess energies which gradually closes the
K 0 et ' cm ! ' window towards high energies. We find satisfactory agree-

ment between the optimized window functiéwhich auto-

As discussed in our earlier publication, the absorptionmatically came out from our master equation simulations
coefficient from higher lying vibrational levels of electroni- and the calculated one. This is nice experimental evidence
cally excited azulene states;(\,,E(S3)), into the ioniza-  that our method to calculate window functions is essentially
tion continuum (vertical ionization potential for azulene, correct and reliable, especially with respect to systems where
59781 cm?) (Ref. 37 should be to a good approximation the experimental data set is not as complete as for azulene.
energy independefit.This is supported by a very recent Deviations between the self-calibrated and calculated
comparisoff of the fluorescence excitativh**and 1-color ~ window are visible at the low energy edge. The former one
(1+1) REMPI spectré for the S;— S, transition oftrans- has its lower edge at higher energies. Such a higher cut-off of
stilbene in a molecular beam. In both types of experimentshe optimized windows relative to the windows calculated
very similar spectral line intensities are found. The absorpfrom independent molecular data has been also observed for
tion coefficient for the second step in the REMPI procesgoluene? As explained in detail in our earlier publication, this
therefore appears to be virtually constéiné., independent difference is due to the continuous description of the window
of the S; vibrational level preparedand largely independent function which of course does not take into account quanti-
of the specific wavelength, for the transition fromS, into  zation effects at the lowest energies: Sparser structures of
the ionization continuum. rovibrational levels show up at sufficiently low energies of

48
B=2
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the electronic intermediate state and become especially im- 4

portant for relaxed molecules at energies close to the ground 1 X t
state even for larger polyatomic molecules like azulene. As a A T 1 2

result, thea priori “windows” calculated from external mo- 2 1 2
lecular parameters will overestimate the effective ionization 1 2 1 1
coefficient at their low energy edge. Truncating the low end ) 0 4 A

of such windows provided a surprisingly effective ad hoc 4 4 2
correction for the neglected quantum effects at least for suf- 2 oy 1 1

.. . . . 1 1 M it

ficiently large molecule$ After truncation, an identical de- o | .
cay behavior at higher energies is obtained when both types ; 'So
of windows are scaled to have the same inte¢maldone in S| 11 E E@©) Ko 10

Fig. 4. Such a normalization procedure is reasonable, be-
cause it ensures that both windows genetapgproximately
the same absolute signamplitude Note that the introduc- FIG. 5. The possible ionization channels in a three-colgy,k1,\ ;) KCSI
tion of such a normalization factor has no influence on thefXPeriment. The numbers refer to the wavelength indiées.p(t) repre-

. . sent the ion yields from the individual ionization channels shown #iisl
ShapeOf the KCSI fit. It should also be mentioned that therethe total degree of excitation. “M” together with the sequence of downward
is no way to conclude from some visible ambiguities be-arrows denote the deactivation by the bath gas during the time delay
tween alternative observation windows.g., in Fig. 4 on  between the pump and probe pulses.
possibly resulting uncertainties of corresponding KCSI re-
sults without detailed modeling. We refer to a long section,r
IV B of part II,* where it has been discussed in detail and
shown quantitatively that there is only a surprisingly low
influence of shape and extension of the lower part of th
window on the KCSI data and thus the derived values.

B C D A

rom Fluka (>95%); cis-2-butene(>95%) and n-heptane
(>99%) from Merck. Azulene was stored in the dark and
further purified by vacuum sublimation directly before use.
“The CHT samples were carefully distilled to remove residual
impurities and stored in the dark at 253 K. All liquid collid-
ers were thoroughly degassed by several freeze—pump—thaw
lIl. EXPERIMENTAL DETAILS cycles before use.

A. Overview of the setup B. Isolating the two-color 1 +1 KCSI ion signal
Full details of the KCSI setup were already discussed in
Ref. 3 so only the specifics for azulene will be given here.

The pump wavelengtR, (532, 337 or 266 ninwas typically

In a multicolor REMPI pump—probe experiment of the
present type it is essential to have an unambiguous method
for extracting the ion signal of interest from the sum total of

produced by an excimer pumped dye-laafth optional all participating ionization channels. Figure 5 presents all the
frequency doubler for 266 nmFor some measurements a : . .
ossible channels in such a 3-color pump—probe experiment.

frequency-doubled or quadrupled Nd:YAG laser was use(i)/I : .
easurement of the time-dependent KCSI signidlt) (the
(532 and 266 nm The tunable probe wavelenghy (350, 2-color, 2-photon ionization of the relaxing vibrationally ex-

355, and 3.65 m)nwas generat(_ad by a S|m|le}r excimer/dye cited population will be unavoidably accompanied by the
laser combination. A small portion of the excimer beam was

. . simultaneous registration of the ion signélsF. The time-
split off and used as wavelengity. Typical fluences were dependent total ion signal registerkg(t) is given b
8—12 mJcm? for the pump bean{diameterd,=2.5mm) P 9 g 9 Y
and 30—45 mJcnt for the dye laser beandiameterd, lio(t)=A+(1—7%)B+(1—75)C+(1—n)D+E(t)
=1.5-2.0mm). In contrast, the excimer laser output was FE(D)+15(1) ®)
strongly attenuated, which led to a considerable improve- AN
ment in signal quality(fluence typically 0.2 mJcif, d,  where 7 is the total degree of excitation. In order then to
=d,). Signals at 266 nm excitation had a much higher backextractl 5(t) from l,4(t), » and each of the ion signafs—F
ground of ions produced by the pump laser and consequentipust be quantified. To this end, separate control measure-
worse quality. Therefore only selected signals for helium andnents were performed throughout the experiment, which
argon were measured. monitored the various ion channels. The six control measure-

Bath gas pressures in the flow system ranged from abouhents and their associated ion channels are presented in
6 mbar(He) to roughly 0.6 mbafn-heptang corresponding Table I. Like I (t), the ion signalsE(t) and F(t) involve
to a typical pump—probe delay of 5—1&. The partial pres- ionization of the vibrationally excited azulene population
sure of azulene in the cell was extremely low so that azulenduring collisional relaxation. They are therefore time-
self-collisions had no influence on the measured KCSidependent and were remeasured at each new delay setting.
curves. This was routinely checked by changing the ratios o€hannelsA—D, whilst not delay-dependent, were neverthe-
the partial pressures. No changes in the signal shape wekess regularly monitored throughout the experiment to avoid
observed. long-term drifting in the laser energies.

The chemical substances were all commercially avail-  Since the control measuremenmgs-15 and the measure-
able: azulene from Aldricli>99%), helium, argon, M and  ment of the total ion signdl,y(t) are not simultaneous, and
CO, from Messer-Griesheinfall better than 99.995%xe-  as minor variations in the experimental conditions are inevi-
non from Linde (99.990%; 1,3,5-cycloheptatrienédCHT) table, precautions had to be taken to ensure that the control
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TABLE |. The measurements performed in a 1-color-pump-2-color-probe PR TS RS R S R S

KCSI experiment.l,—I5 are control measurements, wherdgagt) is the 200—: M= X —
time-dependent total ion signdlis the time delay between the pump pulse 1 a =Re -
1 o P_=6.36 mbar [
\o and the probe pulses; andA,. 150 3 tot F
Measured Wavelengths Participating 100 3 E
ion signals  employed ion channels ] L
lo No v e A 50 _: :_
| 2 cee ces )\2 C O ] - -_
I3 R P VY B+C+D ]
14(t) No N o A+(1—7)B+E(t) -50 3 -
I5(t) No Ao A+(1—79)CH+F(t) E ]
l ot N Ay A+(1—7)(B+C+D)+E(t)+F(t)+Ip(t T T 1 ;
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ion signals recorded remained relevant for the measuremen 1
of l,(t): Reasonably stable temperature conditions and pre- 0

liminary flow times long enough to ensure attainment of OG

steady-state conditions resulted in only very slight pressure

variations throughout the experiment, implying insignificant -500 e} M = n-Heptane
changes in the azulene concentration of the highly diluted o) P, = 0.87 mbar

gas mixture. Long-term drifting in the laser energies was o A, =337 nm
compensated for by discriminating against energies more Q:dfﬁ) :111:2(5)2 :2
than about 5% above or below the mean beam energies a d
measured at the start of the experiment. The effectiveness o ' T 1 " T
this procedure was monitored by the constancy of reference
l ot Signals measured regularly throughout the experiment at t/ us

a chosen fixed delay timge. The reference signals also FIG. 6. Signals of single KCSI measurements for the deactivation of highly
served to check for the effects of any loss in cell windowvibrationally excited azulene. The absolute ion yield of the KCSI process is
transmission due to slowly accumulating deposits of photoshown as a function of the delay timdéetween the pump and probe lasers.
products, though this was rarely a problem at the fairly low@_ M=xenon, pump:\o=337nm, probe:\,/A;=355nm/308 nm, P

=6.36 mbar; (b) M=n-heptane, pump:\y,=337nm, probe: \;/\,

laser intensities employed. The reSU|tlng variation in the ref_ 350 nm/308 nm,P=0.87 mbar. Note the slightly negative final offset at

erence measurements was found to be so small that neithess ;s for the signal inb).
the subsequent normalization of the signal amplitudes to an
appropriate reference energy, nor their correction as a func-
tion of the running t(_)ta_l of Ia_lser shots, was necessary. k. andm,; to be determined. For each of the 50 shots which
Shot-to-shot variations in the laser energies are inevi- o S .
. o . : . made up a single determination kf(t), the beam energies
table and lead to corresponding variations in the ion signals . . .
: . . ; and the appropriate fit parameters from the corresponding
which, assuming unsaturated transitions, scale with the . . .
. . ... control measurements were combined to determine the ion
power of the number of photons involved in the ionizing _. . . .
. signalsly—Il5. The ion signalsA—F were then taken into
transition. In order to compensate for the effects of such ccount by calculating a “raw” difference signBl,(t)
energy fluctuations, the following expressions were adopteél y g g '

-1000

O
L B R L R BN R

o
-
N
w
IS
o

to describe the observed energy dependences of the control |y (t) =1(t)+1g+ 11+ 1= 13— 14(t)—15(t). (11
Ime?surement ion signalg—ls, for control measurements Substituting the expressions from E&) and Table | gives
0~ 12

| =k.EMe o) lran(t) =1p(t) — 7D, (12

¢ which provides access to the KCSI sighg(t) given thatyn
and for control measuremenig—Is, andD are known.

|c:kcEim°‘iE;n°’j, (10) If the ion signalD is nonzero, i.e., if the ionization win-

dow does not lie energetically above the fully relaxed ther-
wherec is the number of the respective control measuremeninal vibrational distribution, and given thatis not negligi-
(c=0-5), E; is the beam energy of lasgrandk, andm_ ; bly small, the “raw” ion signal will have a negative initial
the corresponding fit parameters describing the observed epffset and a final value of zero. An example of such a single
ergy dependence df. on E;. Those control measurements experimental KCSI curve for the collider xenon is shown in
which were known to produce no iong.g., |, with \g Fig. 6(a). The initial negative offset in,,,(t) arises because
=532 nm) were not recorded. All others involved recordingimmediately following preparationt & 0), no part of the re-
the ion signal and the laser energies over typically 15-50axing population has yet reached the ionization window
laser shots. Subsequent least-squares minimization of the lifi,e., | 5(t=0)=0]. At long times, the KCSI ion signal(t)
earized forms of Eqg9) and(10) enabled the fit parameters from the then fully relaxed population will be simplyD
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and thereford ,,,(t—)=0. Since the ion signaD is cal-  coefficients of thes , Sg* ,... populations to reliably model
culable from the control measuremeilif@ble ) and D is their individual contributions. For this reason, extreme care
available froml ,,(t=0), one has direct experimental accesswas taken in the measurements at the excitation wavelength

to the total degree of excitation via No=532nm. The pump laser intensity was attenuated to a
B _ level low enough to prevent visible influences of multipho-
=_ raw(t=0) =_ law(t=0) _ (13 ton excitation on the KCSI signal.
D l3— 1~ 1y Interestingly, such a dependence of signal shape on

For the curve in Fig. @) usingD=641mV andl 4,(t=0)  PUmp laser intensity was not observed gy=337 nm, and
——62mV one obtains a total degree of excitation ofthis isindicative of a further process which has to be consid-

7=9.7%. ered, the isomerization to naphthalene. If 8%, Sg* ,

We want to conclude this paragraph with a few remarksS " .- Populations undergo efficient, rapid unimolecular
on the error limits in our azulene KCSI measurements. Théeaction to “inert” products, they are effectively removed,
time-delay between the pump and probe pulses can be mel§aving only theS; population which then collisionally re-
sured with high accuracy. With an upper limit for the time laxes. The resulting KCSI signal should thus be identical in
measurement error of 1 ns, we obtain—at a typical maxiShape(though not in absolute amplituieo that recorded at
mum position of a KCSI signalXt=2000 ns)—a negligible lower pump laser intensitievhere only theSg population
error of 0.05%. The pressure measurement is precise withii$ Produced We have found evidence for such a mechanism,
roughly 0.3%, so the uncertainty on the “number of collision @S demonstrated in Fig(l§ for the collidern-heptane as an
axis” Z, {M]t (see belowis less than 0.4%. The uncertainty example. The raw KCSI signal has both an initial and final
of the measured KCSI ion yield is more difficult to estimate. negative offset. This can be easily explained as follows: The
For each time delay the total ion yield and control measurevalue of I from the fully relaxed population i$p(t— o)
ments were typically averaged over 15-50 laser shots, and 71-pD, where 7,_p is the degree of single-photon
then the aforementioned subtraction scheme was appliegxcitation. Withz being the total degree of excitatidre., 1-
Several of these KCSI signals were then averaged. We esf/us multiphoton as above, one has,(t=0)=—7D.
mate a 1%—4% uncertainty in the ion sigii@dbmpare, e.g., AS 71-p<7, one predicts a negative raw ion signal at
the tail regions of the signals in Fig).6-urther assessment long times, i.e.},(t—%)=(7;-p—7)D. For the specific
of upper and lower error limits on the basis of the maste€xample in Fig. €) [D=5395mV and I,(t=0)
equation analysis in Sec. IV C yields uncertainties in the mo= —1035mV] one obtains a total degree of excitation
ments of energy transfers of about 2%—5%, in reasonabl&=19.2% with a 1-photon contribution; - p=17.6%. Thus

agreement with the values obtained in this section. the multiphoton contributions amount to a total of 1.6%.
The observed behavior is also in excellent accord with

C. Influence of multiphoton processes the known energy dependence of the rate coeffidiég) for

and the isomerization to naphthalene the isomerization azulerenaphthalené?3?—**The isomer-

At higher pump laser powers, the total degree of excitaiZation yield in such a photoactivated system can be esti-

tion rises, apparent as a larger initial negative offsgt ~ Mated from the Stern—Volmer expression,

=0), but also the fraction of 2- or multi-photon absorption

increases, populating higher lying electronic states. As al- biso= (Kis(Ead) , (14)
ready described in Sec. Il A, rapid internal conversion is the (Kiso(Ead) + vcZ1iM]

dominant decay channel from these states, which produces i L . .
highly vibrationally excitedS, azulene via thes, state. The WheréExc is the mean initial energy of the various vibra-
multiphoton absorption ok, would lead to a multimodal tionally excited ground state populatioS§ , S* ..., and
distribution of highly vibrationally excited ground state azu- (Kis(Ead) is taken from the fit in Ref. 12. The calculation is
lene. In the following, we denote the excited ground statdletailed .here for the collldgr gas .I-[é\nalogous calculations
population resulting from 1-photon absorption and subse!©' N€avier bath gas speciegd higher,[M] lower) lead to

quent efficient IC as% , that following 2-photon excitation identical conclusion$.Z, ; is given in Table II, and the he-
asSt* | etc. lium pressure was 6 mbar. Finally, the collisional efficiency

was calculated using the analytical formula of Tfée,

Several influences can be expected: Higher pump intenC
sities will give rise to improved signal to noise ratios due to
the increased fraction of molecules excited. In addition, the Yo _ —(AB)s” (15)
signal will rise later and be broader than its counterpart re- 1— 'y% E-Ep
corded at lower pump energies. Such a behavior has been
indeed observed in our measurements for azulene pumped at The values for the parametess and E, were taken
A o= 532 nm(not shown here Qualitatively, this dependence from Ref. 32, and approximate\E) from Ref. 11. The re-
of the signal shape on the laser pump intensity can be easilulting isomerization yields are presented in Table Ill. The
accounted for by the fact that tI8&* populations require a expected trends based upon the above arguments are con-
longer collisional deactivation period before reaching thefirmed. Pumping with\ =532 nm produces effectively no
ionization window. A quantitative interpretation of such a naphthalene except at the highest pumping powers when
KCSI signal, however is very difficult, as it would require a 3-photon absorption may be relevant. If pump laser intensi-
detailed knowledge on the vario@eot known absorption ties high enough to produce significant quantitieSpf are
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TABLE Il. Lennard-Jones collision numbers and potential parameters for ) ! . . ] .
collisions between azulene and the collider gas (@HT=1,3,5- 100 pump: ’
cycloheptatriene © 19776cm’ EI»-—
® 30653 cm’” .
M au (R) Eh(ﬂlél)(B (1o7m§aLlJr1§1) (10*1°Z<:Lrjn3 s h i
M —| probe: L4
azulene 6.61 523 - A,=365nm |
He 2.55 10.22 1.971 8.108 I
Ar 347 1135 1.272 5.233 : . : : :
o a7a g0 143 ses 2 01 _
Co, 3.94 201 1.552 6.383 S5 80 -
cis-2-butene 527 312 2.026 8.334 > 0] 9( ;( ob, probe: [
CHT 5.83 423 2.053 8.448 o ] 7{ )L % =355 nm
n-heptane 6.65 351 2.169 8.923 5 40 ] 1‘ T
S 204
\D 0 1 N N N N
employed, the result will be broadened signals whose analy 100 ’ i '
sis is not straightforward due to the difficulty in characteriz- 80 ] [
ing the initial multimodal vibrational distribution. For this 1 -
reason, the\y=532 nm signals were recorded at intensities 60
low enough to prevent significant amounts of multiphoton 40 probe: e
absorption. The situation faxy=337 nm is very different, 20 ] 4,=350nm| [
where 2- and multiphoton excitation initiates efficierhd, Ow , [
~1) isomerization to naphthalene. Since naphthalene is R . . . .
transparent at the wavelengths employed in the present work 0 400 800 1200 1600 2000
the KCSI ion signals will not be disturbed by its production. ZL'J[M]'t / number of collisions

The \y=337 nm signals could thus be recorded at signifi-
cantly higher laser intensities than thg=532 nm signals, FIG. 7. KCSI data for the deactivation of highly vibrationally excited azu-

with the increased fraction CfBS resumng in an improved lene by helium. Two different excitation energié®, 19776 cm?; @,
signal to noise ratio 30 653 cm'%, measurements for 38 573 chnot shown here for the sake of

clarity) and three different observation windows,E& 365, 355, and 350
nm). The lines represent an optimized fit obtained from a master equation
analysis using a monoexponential transition probability with parametric ex-

IV. KCSI CURVES AND QUANTITATIVE ANALYSIS ponenty in the argumenfEq, (16) and Table IV,

OF P(E',E)

Our azulene KCSI measurements can be found in FigsThey were calculated as described in Ref. 43. Missing data
7-14 together with optimized fits from a master equationfor € _; and o5 of individual substances were determined
analysis(see below. The results for the pump wavelength either from critical data or on basis of a reference substance
\p=266 nm have been omitted for the sake of clarity. Each(e.g., naphthalene in the case of azuj@meusing increment
signal represents the average of between four and eight sep@ables for structural grougé.
rate experiments, and is shown, normalized to its maximum, The lines in each figure represent our best master equa-
as a function of the average number of collisiaghg[ M |t, tion fit using a monoexponential transition probability func-
experienced at timé Note that putting the KCSI data on a tion P(E’,E) with parametric exponent in the argum¢Bt.
number of collision scale is only a matter of convenience for(16), see belo The KCSI curves show the same systematic
comparison with older data. This procedure is totally equivatrends as in our toluene measureménisith decreasing
lent with discussing CET rates. For a summary of theprobe wavelengtkifrom top to bottonm the observation win-
Lennard-Jones collisions numbegs; in this study(includ-  dows are shifted down the energy scale. Consequently, the
ing effective well depthse,; and radiioj), see Table Il. corresponding KCSI signals for an excitation energy of
19776 cm?® appear at increasingly later timéhe popula-
tion distribution needs more collisions to reach the winglow
At the same time, the residual ion signal increases due to the
larger overlap between the window and the Boltzmann dis-

TABLE lll. Estimated isomerization yields for single- and multiphoton ex-
cited ground state azulene populations in 6 mbar helium.

Number of tribution. KCSI signals for increasingly higher excitation en-
No photons = Kiso(Ead ergies (30653 cm! and 38573 cm') show exactly the
(nm)  absorbed  (cm™Y) (s Yc Piso same trends. They are, however, systematically shifted to
1 19776  below threshold - 0 larger number of collisions, as the population distribution
532 2 38573 K10 0.039 <0.01 needs more collisions to reach the respective window. Note
3 57370 6<10° 0018 074 that—for a given window—the difference in “arrival times”
337 12 %%%52% iigﬁ 8:8?2 <%.%12 between two excitation energies is an approximate direct
3 90000 5¢ 108 0011  >0.99 measure of AE) in this energy interval. For instance, in Fig.

7 (helium) a difference of roughly 120 collisiongeasily
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FIG. 8. Same as in Fig. 7, but for the collider argon.
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FIG. 9. Same as in Fig. 7, but for the collider xenon.
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FIG. 10. Same as in Fig. 7, but for the collides NOnly measurements at
the excitation energy 19 776 crhare available for this bath gas.

measured with ruler and pencifor excitation at 30653
cm tand 19 776 cm?, gives an averageAE) of —91 cmi

from a simple back-of-the-envelope calculation, in excellent
agreement with the exact result of the detailed master equa-
tion analysis(see Fig. 18 beloypresented in the following.

A. Best fit P(E',E): Monoexponential
with parametric exponent Y

As in our earlier publications, we employed a master
equation approach to explore the full information content of
the KCSI curves:* Experimental vibrational frequencies
from Ref. 36 were used to calculate the densities of states of
azulene using the Whitten—Rabinovitch approximation. A
grain size of 20 cm! was employed in all simulations.

Because in the present case the experimental information
basis for azulene from mathematically complex and highly
correlated KCSI curves is so extensiythree excitation
wavelengths, three detection windows and eight bath gases
no assumptions with respect to the window functions have to
be made. In other words, both, the actually used KCSI win-
dows and theP(E’,E) parameters, can be extracted in a
unique way from our fits to the KCSI data. This is a major
step forward compared to traditional energy transfer meth-
ods, which always have to rely on the validity of some ex-
ternal calibration input:**

Just as in the case of toluene CET, our recently intro-
duced functional form oP(E’,E) (monoexponential with a
parametric exponenY in the argument provides an opti-
mum representation for all azulene—bath gas combinations
studied® For downward collisions it is given by
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FIG. 11. Same as in Fig. 10, but for the collider £O
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FIG. 12. Same as in Fig. 10, but for the collidgs-2-butene.

Hold et al.

pump:
o 19776.cm”
® 30653cm”

[ropane ||

1

probe:

2, =365nm ||

100

80
60

20

I, / arbitrary units
(]

404

probe:
A, =355 nm

100

80 4

60

40

7
/

9

24

20
)
0

20

40 60

80 100

Z [M]t / number of collisions

FIG. 13. Same as in Fig. 7, but for the collideheptane.
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FIG. 14. Same as in Fig. 7, but for the collider CHT.
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TABLE IV. Optimized parameters for the monoexponential transition prob-
ability P(E',E) with parametric exponent and energy dependent param-
etera,(E)=Cy+C;-E [see Eq(16)].

Co Cy
Bath gas (cm™Y (1079%) Y
He 28 2.30 0.65
Ar 33 4.20 0.65
Xe 28 4.50 0.65
Ny 50 6.00 0.70
Cco, 130 8.30 0.80
cis-2-butene 380 39.0 1.20
CHT 450 51.0 1.20
n-heptane 645 59.5 1.20

o1 E-E'\Y
PEE=E ‘(am)

1 E-E' )Y
“c®

Co+CiE
wherec(E) is a hormalization constant. The upward branch
of P(E',E) with E’'>E is then given by detailed balance.

, (E'<E), (16)

The best fit master equation simulations using this functional

7 PRI ST R N R ST SO N [ TN U VA S S SN W T A S U S T U ST AT S B I T B B S B A

64 | A | He |
Y=0.65

E) / 10°% (cm™)"
'
1

W 2 co, -
a - Y=0.80
1 4 cis-2-Butene -
¥=1.20
0 - 5
12 13 14 15
E/ 10°cm’
10-2_.........I-........I.........I......._
E He E
- 1| b F
A ] [
N
~ 1073 3
TR 5
g 4 | cis-2-Butene L
Y=1.20
107 3 1
12 13 14 15

E/ 10°cm’

FIG. 15. (a) Linear representation of the monoexponential transition prob-
abilities P(E’,E) with parametric exponenfin the argumengEq. (16)] for

the bath gases helium, GQandcis-2-butene aE=15 000 cnT!; (b) same

as in(a) but using a semilogarithmic representation. Notedbecaveover-

all curvature forYy<1 (helium and C@) and theconvexcurvature forY

>1 (cis-2-buteng. The parameters are from Table IV.
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FIG. 16. Collisional transition probabilitie®®(E’,E) for the collider
n-heptane at the excitation energies 1000, 10 000, 20 000, and 30 060 cm
(a) Linear and(b) semilogarithmic representation. Note the “convex” shape
in the lower plot {f=1.2). The dotted horizontal line itb) at P(E’,E)q
=5x10"%(cm™1) ! shows the cut-off value for the simulations in Fig. 17.
The dashed line aP(E’',E)4q=1x10"%(cm 1)~ ! represents the cut-off
value which would produce KCSI simulations indistinguishable from those
employing the fullP(E’,E).

are included in Figs. 7—-14. Table IV shows the parameters
for the whole set of colliders. There is a remarkably smooth
and uniform increase dll three parametergC,, C,, and
Y) with the “size” of the collider.Y varies between 0.65 for
helium and 1.2 for large polyatomics. For an illustration how
the shape oP(E',E) changes for selected bath gases with
differentY values, see Fig. 15. In the semilogarithmic repre-
sentation, exponen¥<1 correspond to a “concave” curva-
ture, whereas exponent¥>1 vyield a “convex” curvature.
Compared with the linear shape of monoexponential
P(E’,E) at Y=1, this clearly classifies only small colliders
with Y<<1 as having relatively enhanced probabilities for
transfer of largeAE. On the contrary, large colliders system-
atically showY>1 and thus aelative drop-off of P(E’,E)
in the wings or reduced probabilities of “supercollisions.”
These findings are very similar to our recent KCSI re-
sults for toluené, where parametric exponent between
0.65 (helium) and 1.5(n-heptan¢ were found, as well as a
linear energy dependence of the parametgiE) for all col-
liders. It occurs as a general behavior in all the systems stud-
ied by the KCSI technique so far. Very recently, Nordholm
et al. have presented an extensibof their partially ergodic
collision theory(PECT).*6~#8 This very simple and intuitive
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statistical theory, which is of course no model on dynamicalbptimized parameters from Table IV, but deliberately trun-
detail, is nevertheless the first one which can reproduce bottatedP(E’,E) at a certain value, e.g.,»510 % (cm %)~1
the bath gas dependenceYoaind the energy dependence of [dotted line in Fig. 160)]. When doing so, the normalization
ay(E) on a sometimes even quantitative level. It thereforeconstants(E) in Eq. (16) must be adjusted. Note that this is
appears as if Eq16)—originally proposed by us empirically an approximate procedure which will—to a small extent—
as a very flexible?(E’,E) functional with a minimum num-  giminish the contribution of the tail, as the amplitude of the
ber of parameters—also can be justified on the basis of gmaining part of the truncate®l(E’,E) will be scaled up
statistical description without dependence on detailed aSsompared to its untruncated counterpart. The resubiiti)

_sur_nptlons of very s_pecmc dynamics. Thls_sr[_uat_mn seems t(}?)opulation distributions and corresponding KCSI simulations
indicate parallels with the success—and limitations—of sta—for an observation window at 355 nm are shown in Fig. 17 as
tistical theories in reactive processes. A detailed discussion i i

given in the article following this one. Fashed lines for the colliden-heptane. Solid lines corre-
spond to simulations with the fuR(E’,E). We see a minor
difference for the truncate®l(E’,E): As expected, thg(E)
distributions and KCSI simulations lag a bit behind those
employing the fullP(E’,E), due to the lack of a few effi-
Considering recent debates on CET it is interesting taient deactivating collisions. An analysis of runs for several
check, to which extent long tails ¢(E’,E) distributions at  cut-off parameters and a variety of bath gases shows that for
large |[E' —E| have an influence on the energy transfer begjues<1x 10~ % (cm™ 1)~ ! [dashed line in Fig. 1@)] the
havior and how they will appear in the shape of our KCSlgjmylations with full and truncate®(E’,E) become indis-
simulations. Small changes P(E’,E) will show up during  {inguishable. A more detailed calculation including an exact
the collision cascade as clear changes of the resufi)  (eatment of the normalization procedure will lead to a de-

distributions, because the KCSI signal is very sensitive 1q o466 of this cut-off value, which however—as our prelimi-
cumulative effects. The following discussion is based on thehary calculations show—uwill not let this limit drop below

heptane case, but it should be stressed at this point that al _7 -1

. 100" (em %)~
other collider, e.g., argon or GQ could have been taken, o .
) o . : The message from such an analysis is, that the influence
i.e., the findings are independent of the detailed curvature off llisi in the P(E' E) wi i litudes bel
P(E’,E), and are validwithin small numerical differences of collisions in the P(E',E) wing at amplitudes below

6 (em—1)—1ia i iqible i

for colliders withY<<1 andY>1 alike. Additional examples rou_gh_ly 1x10 _(C”_‘ ) s |_ndeed neghglble m_the '?‘rge.

are omitted here only for the sake of brevity. majority of applications. For instance, in the typical kinetic
The energy dependent shape of the hepf(E&',E) is competitions between unimolecular reactions and CET these

shown in Fig. 16 for the energies 1000, 10 000, 20 000, angollisions will not matter because of their very low statistical

30000 cnit in a linear(a) and semilogarithmicb) repre-  contribution. One exception to this will only be a clear single

sentation. In the lower plot, one can clearly notice the concollision situation, like in special chemical activation sys-

vex shape ofP(E',E) for this bath gasY=1.2). In addi- tems, with conditions under which statistical chances of se-
tion, the energy dependence of the parametgs Cy+C; quential collisional activation are so low that especially effi-

-E, which leads to an increase of the widthRfE',E) with cient single collisions are the only way to introduce at all a
increasing energy, is evident in both plots. We carried outeaction with a high product activation barrier in a strongly

detailed master equation simulations, in which we took thedeactivating solvent.

B. Influence of the long P(E’,E) tails
on the energy flow

10'0............................_

100 EI

I, / arb. units
<€D
i=]

FIG. 17. Evolution of a population of highly vibra-
tionally excited azulene molecules during a typical
collisional relaxation process. Collidern-heptane.
0 15 0 45 60 75 | Solid line: Master equation simulation employing
Z, M}t / number of callisions the full P(E’,E). Dashed line: Same simulation, but
40 - L with  P(E’,E)y amplitudes truncated for <5
full P(E",E) distribution %1078 (cm™1)~L. Each number corresponds to the

""" with P(E",E), < 510 cm cut-off L number of collisions experienced for the respective dis-
IZI tribution. The inset shows the KCSI curve and corre-

20 H E IE] - sponding simulations at; =355 nm.

60 < 0 S

g(E) / arb. units
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FIG. 19. Same as in Fig. 18, but for the collideis-2-butene, CHT, and
FIG. 18. (a) First moments of energy transfeAE) and(b) square roots of  p-heptane.

the second moment of energy transf&rE2)*2 as functions of energy for
the colliders helium, argon, xenon,Nand CQ. See also Tables V-VII.

For all colliders,(AE(E)), the average energy trans-
ferred per collision, is approximately linear, with the excep-
tion of the lowest energiesE(=2000—5000 cm?, depend-
from P(E’,E) ing on the bath gas((AE)=0 has to be fulfilled in thermal

Having established our optimizeRI(E’,E) parameters equilibrium (E)=(E)y), thus, the sudden turn towards zero

We are specifically interested in the energetic dependence ¥hen approachingE)y,, here 300 K. A more detailed look

—(AE) with increasing energy beyond the low range for
small colliders up to B. However, this slightly concave
shape disappears with increasing size of the polyatomic col-
I)i/ders. Interestingly, the “crossing” of thé AE) curves for

C. Moments of energy transfer (AE") for azulene

(AE(E)”>=f0 (E'-E)"P(E',E)dE’, (17)
n=1 is denoted as the first moment, the average energ
transferred per collisiofAE), which represents the sum
over all downward (=deactivating and upward
(=activating collisions. The second momenh£2), the
mean-squared energy transferred per colligiAiE?), is re-
lated to the width oP(E',E) and therefore also the width of

TABLE V. (AE) values calculated frorR(E’,E) of KCSI. Parameters, see
Table IV.

—(AE) (cm™Y) at

the relaxing distributiorg(E,t).

5000 10000 15000 20000 25000 30000 35000

(AE) and the square root of the second moment, Bath gas

(AE?)Y2 are plotted in Figs. 18 and 19 for all bath gases, -

—1

—1

—1

employing the optimized®(E’,E) parameters from Table 4,
IV. For the following discussion, the first and second mo-xe
ments are summarized for selected energies in Tables V ang

VI. In addition, Table VII contains the parameters of accurate“©:

third order polynomial fits to{ AE) and (AE?)Y2 for the
energy range between roughly 4000 and 40 000’camd the

bath gases of this study.

cm cm cm cm cm cm cm
20 36 54 72 92 112 133
34 68 104 143 183 225 268
30 65 103 145 188 233 .-
47 20 136 184 .-
98 154 208 263

cis2-butene 245 410 570 728 .

CHT 331 550 761 969 1176 1382

n-heptane 497 763 1011 1255 1498 1739 ---
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TABLE VI. Same as in Table V, but fofAE?)"2 The second moment of energy transféAE?), the
mean-squared energy transferred per collision, also shows a
pronounced energy dependence. The same order of increas-

5000 10000 15000 20000 25000 30000 35000 ing values for the various collider gases is found as for the

(AERDY2(cm™Y) at

Bathgas em™ em™ cm? cm? em em™  cm first moments. This becomes more evident after removing
He 134 169 205 242 279 317 356 the quadratic dependence, as done in the plots of Figb) 18
Ar 182 246 314 384 455 528 602 and 19b): (AE?)2 the square root of the second moment,
Xe 170 240 312 387 464 542 oo also follows an approximately linear dependence on energy
N, 215 290 369 450 - .

co, 304 401 481 563 rather similar to thaf[ observed for &l E_) curve_s._The_ same
cis2-butene 547 743 945 1152 .. type of cross over in the order of collider efficiencies from
CHT 673 936 1206 1479 1753 2029 - argor>xenon at low energies to xenomrgon at high vibra-
n-heptane 903 1225 1546 1867 2190 2512 --- tional energies appears as in the first moments.

V. COMPARISON WITH RESULTS
the bath gases argon and xenon in Fig.(al8at E FROM OTHER EXPERIMENTS
~16700cm?! is not only found in azulene, but was also
observed in our earlier study on toluene, where it was, how
ever, shifted to lower energidabout 8000 cmt).* We have recently published detailed experimental KCSI

A statistical y? error analysis was carried out to get up- data for the collisional deactivation of toluene starting at an
per and lower bounds for the parameters of B{E',E)  excitation energy of about 50000 cfh*° The similarities
expression in Eq(16) (see also the discussion in the end of between thé®(E’,E) distributions from the toluene and azu-
Sec. Il B). This translates into an estimate for the uncertaindene experiments were already discussed above.
ties in our(AE(E)) curves. Note that this method yields It is standard practice in the literature to compare the
results, which are practically identical to those obtained fronfirst moments of different excited molecules for the same
a “visual inspection” procedure, as discussed in our earliercollider. Often then{AE) values and their energy depen-
publication® We find very small errors ifAE) of about dences are discussed and interpreted, without considering
2%-5% over the whole deactivation ran¢about 40000 differences in the collision numbers. In a majority of appli-
cm * for helium and argon, 30000 cr for xenon, CHT  cations, e.g., in chemical reaction kinetics, the rates of en-
andn-heptane, and 20 000 crhfor all other collider$. This  ergy transfer are the actual quantities of interest, typically in
is even smaller than in our toluene stu@p—7%, and un-  a competitive situation of CET with reactive or other pro-
derlines the high accuracy of the first moment data fromcesses. A comparison of the full rate coefficient of CET or
KCSI experiments. The reason for this is easily understoodelated quantities is therefore much closer to actual needs,
For excitation at 19 776 ciit we have “full KCSI visibility” and also avoids any problems of the best choice and the
of the g(E) distributions, as the signal immediately rises energy dependence of collision numbers. For that reason, we
after the beginning of the deactivatighigs. 7—14. Curves  consider the energy dependence of the momkatsof the
for higher excitation energie$30653 and 38573 cit)  rate coefficientk(E’,E) for CET given by
show a clearly defined period with “zero signal” before the
actual rise of the KCSI signal. The difference in risetime of Ken=ZLAE(E)"). (18)
these signals compared to those starting at 19 776'd¢sna  Specifically, we are interested in a comparisorkgf, the
crucial experimental parameter: It is directly correlated withfirst moment of the rate coefficiefin units of cnfs ! times
the absoluté AE) at high energies and imposes very severeenergy(here in cm?)], as shown in Fig. 20.
constraints on possibl&AE(E)) dependencies in the energy There are two important findings. First, both excited
range above our direct “KCSI visibility” range. molecules, toluene and azulene, show a similar linear in-

A. KCSI experiments for toluene

TABLE VII. Third order polynomial fits to the first and second moments of energy transfer for collisions between azulene and the collider M. Vali@iGrom 40
cm ™t up to Epax, WhereEn,,=38573cm? (M=He, An), 30653 cm? (Xe, CHT, n-heptang or 19 776 cm? (N,, CO,, cis-2-buteng. (AE)=A,+A,
“E+A,-E2+A;-E® and(AE?)Y2=A+A,-E+A,-E?+ A;-E® calculated using the transition probabili§(E’,E) of Eq. (16) with the parameters from
Table 1V.

<A E> <A E2> 12
M Ag(em™) A (10%) A (10°%cm) A (10 Bcm?)  Ag(eml) A (10%) A (10 %cm) Ay (10 HcnP)
He -4.27 -2.97 ~2.42 1.06 101.05 6.57 2.76 ~2.09
Ar —2.89 ~5.89 —6.63 5.18 120.21 11.93 7.44 ~6.26
Xe 0.29 ~5.60 ~10.36 10.37 104.96 12.71 8.54 ~7.86
N, ~5.16 -8.13 —3.44 ~3.64 147.30 12.84 16.93 ~27.50
Co, ~32.10 ~14.22 26.31 ~65.35 256.12 12.73 20.98 ~39.56
cis-2-butene ~59.87 ~39.19 53.21 ~122.89 368.14 33.99 42.80 ~85.02
CHT -97.17 ~47.97 31.72 —49.06 417.88 49.93 21.63 —30.57
n-heptane —200.61 ~61.56 64.17 —100.55 566.76 67.40 -18.93 35.18
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L FIG. 20. Comparison dfg ;, the first
moment rate coefficients of CET, from
KCSI measurements for azulefsolid
line, this work and toluene(dashed
- line, Ref. 4. Colliders: helium, argon,
_ xenon, CQ, andn-heptane(insey.

-7 3 -1 -1
-kE1 = -ZLJ'(AE) / 10" cm™s -cm

50

0 10 20 30 40 50

E/ 10°cm”
crease of- kg ; with energy. Second, for all colliders we find We ascribe this to the fact that azulene has more low

that azulene is more efficient than toluene. At this point—lying vibrational frequencies compared to toluene and is
briefly coming back to a “per collision” picture—we note therefore slightly more efficient. Trajectory calculations for
that this difference can be explained largely by the differencéarge molecules by 48 and other¥>? as well as work on
between the toluene and azulene collision numbers. The lasmaller systen?S~>° have shown that low frequency vibra-
ter ones are consistently larger by 10%—-20%. In the picturéions, especially those showing large amplitude motions, are
of individual molecular collisions in the gas phase one wouldthe dominant gateway modes in large molecule CET under
therefore argue, that the larger Lennard-Jones diameter amghs phase conditions. The idea itself dates back to the model
well depth of azulene produces more inelastic collisionsof Landau and Tellet® which however is only valid for lin-
compared to toluene, and that the average energy transferredr atom-diatomic collisions in thadiabatic limit ({AE)

in a single collision for both systems is not so different. Still —0), so the applicability of such models to the large sys-
this cannot account for all the observed effects, e.g., for théems studied here, showing substantial amounts of inelastic
colliders argon ana-heptane. collisions, is not necessarily expected.

200 1 " 1 " 1 " 1 " 1

y-axis / A

FIG. 21. Dependence ofAE) on
the frequency of the lowe&, normal

g { 4.0keal/mol i mode of azulene as obtained from
- . T T classical trajectory calculations for
—~ 150 - 0 . 2 4 L azulené&+argon. The frequency can
w z-axis / A be selectively tuned by adjusting the
<
S~
1

torsional barrier for the bond connect-
ing the 5- and 7-membered rings. A
smaller barrier corresponds to a re-
" duced stiffness of the azulene skeleton
allowing extended large amplitude
out-of-plane motions of the ring

structure.

30.0 kcal/mol

- 59.9 kcal/mol }

100

] T T
160 180 200 220 240

frequency of the lowest B, normal mode / cm’
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FIG. 22. KCSI energy dependence of
(AE) for azulené&+helium (solid
line) compared with IRF result&dot-
ted lines from Ref. 6 (IRF 1983 and
Ref. 9 (IRF 1988; UVA data (dashed
- lines) from Ref. 10(UVA 1985), Ref.
11 (UVA 1989), Ref. 12(UVA 1991),
and UVA resultgdashed—dotted lings
L from Ref. 13(UVA 1997). All curves
are scaled to the collision number in
Table II.

s 1 1 1 . 1 1 1 . |
Azulene* + He -7
150 Kesl - N
_~7 UVA
e (1991)
g 100 -
- (1997)
i LA UVA
p . (1985)
e
50 —
0 e . , . T . T . ,
0 10 20 30 40 50
3 -1
E /10" cm

The impact of low frequency modes can be nicely illus-However, we have already shown earlier that differences be-
trated by some of our accompanying trajectory calculationsween the microcanonical and the respective bulk averaged
for azulene—Ar collisiongFig. 21). For these, we used our values of the first moments are small, as long as one is suf-
valence force fieldVFF) already successfully employed in a ficiently far away from thermal equilibriuthin the follow-
study of temperature dependent collisional energy transfer img, we therefore use the notatigd E) for both quantities
the azulene systefi.By changing the torsional barrier for and we have not transformed our KC&\E) into the bulk
twisting around the central C—C bond connecting the 7- andjuantity in any plot of this paper. A comparison for the bath
5-membered rings, we can selectively tune the second lowegias helium is shown in Fig. 22. All curves are scaled to the
vibrational frequency of azulerige., change the stiffness of KCSI Lennard-Jones collision numbgfEable II).

the azulene ring systemand thereby study its influence on

(AE). Experimentally, this frequency has been determined

as 240 cm* % corresponding to a torsional barrier of 59.9

kcalmol ! in our best fit VFF. By artificially lowering the 1. UVA experiments

barrier down to 4 kcal mol* this frequency drops to about

160 cm %, which is accompanied by a jump in(AE) from

Four sets of UVA data are available. The earliest mea-

120 to 180 cri'. Obviously, the less stiff the ring, the more surements by Hippleet al. reported an almost energy inde-

efficient CET.

B. “First moment” data from UVA
and IRF experiments

penden{ AE) for all bath gases studied, except at the lowest
energies? However, later experiments of the same group
with a better signal quality employing Idvand high exci-

tation energie’ found a more or less linear energy depen-
dence with a possible leveling-off at high energies. Figure 22

Over the years, azulene has served as a benchmark syd10ws that especially at lower energies the older UVA data
tem for studies of collisional energy transfer. The data mosti€ considerably higher than the KCSI values. This is a gen-
relevant for comparison with the KCSI measurements comegral trend observed for all the bath gases studied in those
from time-resolved methods employing UV absorption andeXperiments. )

IR fluorescence spectroscopy. As these methods cannot pro- N @ more recent study by the @iagen group a further

vide transition probabilitiedP(E’,E), we will restrict the

improved signal to noise ratio was achieVé@hese experi-

following discussion to a comparison of the energy depenMents were carried out at temperature873 K for excita-

dence of the first momenta E(E)). Strictly speaking, UVA
and IRF yield(AE((E))), which corresponds to @ E(E))
“bulk averaged” over the distributiorg(E) having energy

(E),

(AE(EN)= f:g<E><E'><AE(E'>>dE'. (19

tion energies<20000 cm’. Almost monoexponential de-
cays of the UVA signals were observed. Because the
calibration curve in this region exhibits an essentially linear
energy dependence, this results in a linear energy depen-
dence of( AE) over the whole energy range. For the whole
set of colliders, these data show the closest agreement with
the KCSI measurements.
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100 1 -
\

'\ Azulene* + He

FIG. 23. Master equation simulations
of experimental UVA data from
Ref. 11 (\prope=290 nm, T=298 K)
with P(E',E) from KCSI.
M=helium,  Ao=590nm, Py
=1592ubar, P(azuleng=9.89ubar,
dashed line: fit using Eq16) and the
P(E',E) parameters for helium from
Table 1V, solid line: fit using Eq(20)
with parameters from Table IV for
the first term (helium and second
term (CHT), as explained in the text;
a fraction x=P(azulene)P .
=9.89ubar/1592ubar=6x 10"% was
used to mimick a contribution of 0.6%
azulene self-collisions. The calibration
curve of Ref. 13 was used.

80

60

40 4

UVA &(f) / arb. units

20 4

2. IRF experiments the problem of the—at first sight—puzzling differences

The first time-resolved infrared fluorescence data for@MONg various “direct” values ofAE) is solved. The de-
azulene were obtained by Barker and co-worRéra. later tailed ev!dence will be publlshed separa?ely, trgcmg the ob-
reanalysis by the same group with an “improved calibrationserved d_lffert_ances back to e|t_her uncertainties in th_e _IRF and
curve’ changed the origindlAE) values by 30%—500%1n  UVA calibration (_:urve§49 or influences of self5-9c0II|S|ons,
their so-called “simple analysis” they give values for two POth leading to different deduced values(afE). _
fixed energies (E)=13943 and 24023 cnd). The results For illustration, here we only give one example: In Fig.

. . l .
for helium are included in Fig. 22 and connected by dottec?3 @ UVA trace for azulerfethelium is showrt which de-
curves for the sake of clarity. Note that their argon result<£@yS much faster than the simulated(@iashed curveusing

(not shown hereobtained from a more detailed master equa—the KCSI parameters from Table IV. A more detailed inspec-

tion simulation in the same paper deviate substantially fronfion of the experimental conditions reveals a non-negligible
the results of the “simple analysis.” The IRF analysis pre_mfluence of azulene self-collisions in the UVA data sets. We

dicts a linear increase of (AE) with excess energy as the tried to estimate the contribution of azulene—azulene colli-
KCSI data. However, the IRF moments deviate substantially>'o"s On the UVA trace by adding a second exponent to our
ranging from a different slopéFig. 22 to a substantial over- " (E',E) expression Eq(16),

estimation of—(AE) for other bath gase@ot shown herg E-E' \N1
P(E ,E)OC (l—X)-EX[{— m)
3. Reanalysis and recommendation E_E \Y2
For all colliders studied, a considerable spread of the +X-ex;{— m) ] (E'<E). (20
0 1

(AE) results is observed, as shown in Fig. 22 for the case of
helium. Such diversity and spread of the literature data un- Based on the experimental conditions given in Ref. 11
fortunately support an existing and persisting belief among P(azulene)P,y,=0.6%] we tookx=6-10"2 as a reason-
interested users ¢AAE) data for chemical kinetics purposes, able estimate for the contribution of efficient azulene—
that the field of CET is still not really settled and taking someazulene collisions. Based on th&E) data in Ref. 9 one can
sort of average values from literature data corresponds to thextrapolate that the behavior of azulene as collision partner
state of the art. However, such a procedure is by no mearshould be very close to that of CHT. Therefore, we used
advisable, as we have found out by confronting the availabl€HT parameters from Table 1V fdB,, B4, andY, in the

IRF and UVA data with the KCSI results. second exponent of Eq20). The resulting simulatioridot-

We have analyzed all UVA and IRF data—as far as weted curve in Fig. 23 shows excellent agreement with the
had access to experimental traces—by calculating UV abexperimental trace and therefore strongly suggests a con-
sorption profilese(t) and IR fluorescence intensity curves tamination of the UVA traces by self-collisions, which
I(t) from g(E,t) of KCSI and the respective calibration has not been considered in the extraction of the YW¥A)
curves [e({(E)) for UVA and I({E)) for IRF, values.
respectively.>***8 Surprisingly, we can show very convinc- A consistent set of such examples for several UVA and
ingly that all these measurements agree nearly perfectly withlRF signals will be given in our forthcoming publicatioh.
the (AE) from KCSI, for azulene as well as toluene. Thus, By this procedure we can demonstrate that our “self-
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calibrating” KCSI data are in complete agreement with thein trajectory calculation& Therefore suitable modifications
body of available UVA and IRF measurements. Deviations inhave to be introduced to account for incomplete redistribu-
reported(AE) values from UVA and IRFas, e.g., in Fig. tion of energy between the collision partners during their
22) must therefore be due to the following two systematicencounter. Very recently, a breakthrough in the statistical de-
errors in the UVA and IRF experiments, namély contri-  scription of CET has been achieved. The “partially ergodic
butions of efficient azulene self-collisions which were notcollision theory(PECT)” of Nordholm and co-worker$—48
accounted for an@2) unavoidable uncertainties in the UVA was extended by the same group to successfully predict the
and IRF calibration curves. The second point can have drashape of the collisional transition probabilities in the toluene
tic effects, as we have already shown for toluene in part Il oksystem* A full account of the work for azulene is included
this serieg. in the following papef® Here, we only want to mention that
On the basis of the present analysis one can give a cleaheir modified statistical model represents the first theoretical
recommendation: When available, KCSI data should be&pproach which is able to qualitatively and semiquantita-
used, as they have the highest accuracy and can be—like {iely reproduce the shape &f(E’,E) from KCSI data. It
the present case—independent of any external calibratiofherefore appears as if our—originally purely empirical—
Simply taking an average of several available measurementiinimum parameter form d?(E’,E) [Eq. (16)] can thus be
from different sources cannot be recommended in the |Ight Ofe|a‘[ed to some basic physica| background, as the overall
the above discussion and the results of Ref. 59. Experimentfechanisms governing the energy transfer are
using high fractions of the parent molecule should begpparently—to a considerable extent—correctly reproduced
checked for the contribution of self-collisions, and correctedyy a suitable statistical treatment.
accordingly. One should also analyze if calibration curves of
sufficient accuracy were used, as this will possibly introduce
a substantial source of error.

C. Trajectory calculations and theoretical models VI. CONCLUSIONS

Trajectory calculations have yielded a wealth of infor- o . ) o )
mation on CET. In this respect, the pioneering work of Gil-  The c.:0II|.S|onaI.reIaxat|on of highly vibrationally e?<C|ted.
bert and co-workers for large systems, e.g., azulenee  @zulene in eight dlff_erent bath gases has peen studied using
gases, has to be mention¥dDue to computational limita- 2-Color KCSI. A series of complete, experimenk(E’,E)
tions, only a few hundred trajectories were calculated irdistributions for this system could thus be obtained again,
these early investigations, and firsAE) values, most of just as for toluene relaxation befotdll data coiul_d be rep-
them in the correct order of magnitude, could be obtainedresented perfectly by our recently proposed minimum param-
Extended calculations by our group, using an improved vagter form for P(E’,E) with a variable exponen¥ in the
lence force field for azulene, more sophisticated intermolecu@rgumentEq. (16)]. The systematic trends for various col-
lar potential functions and several 10000 trajectories, reachders found in our earlier studies on toluene were confirmed
an agreement within 30% of the experimental KCSI vaftfes. (fromY<1 for small monoatomic colliders t6>1 for large
Obtaining reliableP(E’,E) is an even more demanding task. Polyatomic colliders The different shapes d?(E’,E) can
Earlier calculations by us show that the intermolecular poPe explained by a modified statistical model which will be
tential has an influence on the shape of the transition propresented in the following pap&t.
ability function®® Further calculations employing intermo- In approximate simulations we have quantified a nearly
lecular potentials fromab initio calculations or molecular negligible influence of the wings d?(E’,E) at amplitudes
beam experiments will therefore be necessary to accuratefpughly <1x107%(cm™')~* on the population distribu-
model P(E’,E). tions. Although further refined calculations will provide

As far as theories are concerned, a complete model fomore detall, it is nevertheless already apparent that collisions
describing details in large molecule energy transfer with preat these low amplitudes are of negligible importance for the
dictive capabilities is still missing. One early approach wagates of chemical reactions, apart from rare special experi-
the “biased randow walKkBRW)” model by Gilbert which ~ mental situations. Thé(E’,E) data reflect into moments
describes CET as a diffusive process in energy space using({dE) and (AE?)"? of very high precision. A benchmark
Smoluchowski-type equatidi. Systematic agreement was character of the data is achieved in this system as it is shown,
however not very convincing. In addition, the model predictsthat the results are “self-calibrating.” An experimental situ-
a shifted Gaussian form fd?(E’,E), which is strongly at ation is reached, where no input of external molecular data
variance with each experiment®(E’,E) from KCSI in all ~ (“calibration” or “reference”) is necessary, in contrast to all
systems studied so far. other available methods in energy transfer, like UVA and

On the other side, the large group of statistical modeldRF. An (approximately linear dependence ofAE) and
has to be mentione®:%* Early simple approaches of this (AE2)Y? was found. Our study could even trace back sys-
kind were hampered by the fact that they considerably overtematic reasons for apparent deviations from the present re-
estimated the amount of energy transferred per collision, besults in earlier IRF and UVA studies on the CET of azulene.
cause they implicitly assumed a complete equilibration of allContributions of azulene self-collisions were identified as a
degrees of freedom in the collision complex. In reality, thesesecond effect in addition to the well-known large conse-
collision complexes are, however, short-lived, as e.g., foundjuences of slight uncertainties in calibration curves.
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