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excited diazabenzenes. |. Photofragmentation studies of pyrazine
at 248 nm and 266 nm

Eric T. Sevy,? Mark A. Muyskens,” Seth M. Rubin,® and George W. Flynn
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York,
New York 10027

James T. Muckerman
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The quantum yield for the formation of HCN from the photodissociation of pyrazine excited at 248
nm and 266 nm is determined by IR diode probing of the HCN photoproduct. HCN photoproducts
from excited pyrazine are produced via three different dissociation channels, one that is extremely
“prompt” and two others that are “late.” The total quantum yield from all reaction channels
obtained at low quencher gas pressukgs;1.3+0.2 for 248 nm and 050.3 for 266 nm, is in
agreement with preliminary studies of this process as well as recent molecular beam studies. To
investigate if HCN production is the result of pyrazine multiphoton absorption, this
photodissociation process has been further studied by observing the HCN quantum vyield as a
function of total quencher gas pressut® mTorr pyrazine, balance §Fand as a function of 248

nm laser fluence from 2.8 to 82 mJ/&nAt the highest SE pressures, the HCN quantum vyield
shows strong positive correlation with laser fluence, indicating that the “prompt” channel is the
result of multiphoton absorption; however, at low pressure, the HCN quantum yield is affected little
by changing laser fluence, indicating that the majority of the HCN photoproducts at low pressure are
produced from pyrazine which has absorbed only one UV photon. At the lowest pressures sampled,
HCN produced from the one-photon “late” process accounts for more than 95% of all HCN formed
(at low laser fluence At high pressures the single photon “late” pyrazine dissociation is quenched,
and HCN produced at high quencher gas pressures comes only from the multiphoton absorption
channel, which can be clearly observed to depend on laser fluence. The HCN quantum yield as a
function of laser intensity at high pressure has been fit to a quadratic function that can be used to
determine the amount of “prompt” “unquenched” HCN produced from multiphoton
photodissociation. Additionally, the information theoretic prior functions for energy disposal in the
248 nm photodissociation of pyrazine to form HCN have also been developed. Prior functions for
one, two, and three-photon absorption indicate that only HCN with near room temperature
translational energy comes from the one-photon process and that all HCN molecules with large
amounts of translational energy are produced by multiphoton processes. Finally, analysis of the
quenching data within the context of a strong collision model allows an estimate of the rate constant
for HCN production from pyrazine for the major “late” channél;s=1.69x 10° s, for 248 nm
excitation, andkg,s=1.33x10%*s ! for 266 nm excitation. After 266 nm excitation, pyrazine
produced by the major one-photon channel lives for almost an order of magnitude longer than after
248 nm excitation. ©2000 American Institute of Physids$§0021-96060)00310-X]

I. INTRODUCTION to study vibrational energy transfer following photoexcita-

come a very important molecule in the study of collisionaltronic states has been investigated by several groups. Weis-
energy transfer mechanisms. The favorable spectroscopfdan and co-workefS® have probed the collisional
characteristics of this molecule, namely its propensity to bothelaxation of triplet state pyrazine containing varying
fluorescé and phosphoresgé at low energies as well as its amounts of excess vibrational energy, and Rice and
internal conversion properties, have made it a model systemo-workers have investigated the intermode vibrational en-
ergy transfer in electronically excited singlet pyrazine. Troe
Al ink Energy Foundation Edwin A. Link Doctoral Fellow. and co-workers® using an ultravioletUV) absorption tech-
Ypermanent address: Department of Chemistry and Biochemistry, Calvilmque and Barker and co-work&rg® using time-resolved in-
College, Grand Rapids, Michigan 49546. . .
frared fluorescencéRF) studies have amassed an extensive

9Present address: Department of Chemistry, University of California, Ber )
keley, California 94720. collection of data on the average energy transferred per col-
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lision by highly vibrationally excited polyatomidgyrazine Over the past several years, the study of pyrazine pho-
among themin both the ground and first electronically ex- tochemistry has increased tremendoié&fylincluding some
cited singlet states. investigations of pyrazine dissociation after 248 nm absorp-

One reason for the substantial interest in pyrazine as fion to form HCN®3*1-*3As noted above, these studies are
donor in energy transfer studies is the subnanose®nd of particular interest to those who have used pyrazine and
—T intersystem crossing time during which excited pyrazinepther azabenzenes as donors in collisional energy transfer
m_olecules are_quickly cor_1vert_ed into vibrationally exc_ited studies due to the fact that the photoproducts may provide a
triplet state$ with near unity yield. Furthermore, pyrazineé gecond donor for collisional energy transfer clouding inter-
subsequently decays quickly almost exclusively By S, pretation of energy transfer results. Despite the fact that great

intersystem crossing producing hlghly wbrauonally exc.'t?dcare was taken to ensure that these pyrazine photofragmen-
ground state molecules. On the time scale of single collision

; . 2 tation studies were conducted in the region of linear pyrazine
events in low pressure gas mixturéX) mTorp, this inter- UV ab " limi i ted that
system crossing timéapproximately 35-50 nsis much absorption, preliminary evicence suggesied that some
faster than the gas kinetic collision tinfé us).16~1° HCN prqduced in our initial studies of t_he photodissociation

Experiments in this laboratory have focused on using®f PYrazine could be the result of multiphoton a_bsorp_ﬁ%n.
pyrazine as a highly vibrationally excited donor in collisions ' nerefore, a careful study of the nature of the intensity de-
with simple bath molecules, whose states can be probed withéndence in the photodissociation of pyrazine is of consid-
quantum state resolution after the collision event ha€rable importance. This is a particularly cogent issue in as-
occurre?®-23 The IR diode laser probe technique has beersessing the relative influence of fast photofragments, which
used to measure the nascent rotational and translational eRre more likely to be produced by multiphoton absorption
citation in various vibrational states of G@llowing colli-  than by single photon absorption.
sions with vibrationally hot pyrazin® 2’ The results from The work described in this paper is the first part of a
these studies have been used to determine the average enesgyies of papers focusing attention on the competition be-
transferred from pyrazine to GGn a single collision as well tween collisional deactivation and decomposition in highly
as the probability of that collision; further, the data can alsovibrationally excited azabenzene systems. The particular aim
be inverted to determine the probability distribution function, of this paper is to determingl) the lifetime of the excited
P(E,E’).?%2° pyrazine,(2) the dependence of the excited pyrazine lifetime

In addition to favorable spectroscopic properties,on excitation energy(3) the influence of collisional energy
aromatic molecules have a propensity to dissociate after agransfer(quencher gas pressiiren the photoproduct yield,
sorption of UV radiation. Excited benzene, for example,ang (4) the characteristics of any multiphoton absorption
dissociates to form b(gpgzzyne and other fragments under cokpannels and their effect on the identity of the donor in col-
lision free cond|t|on§.. Even though in some instances |isional energy transfer studies. The experiments described
these photoproduct yields are small, in collisional energy, .o cimilar to the simple quenching studies performed earlier

transfer StUd.'eS. the extent to which photodecom_posmori)ut investigate fully the intensity dependence of the photof-
takes place is important, as photochemistry may interfere

o . . fagmentation and quenching procesSe$he implications
with interpretation of energy transfer ddfaUnderstanding 9 g ng pro P
. - : for these photofragmentation studies for recent energy trans-
the photochemistry of collisional donor molecules is of

particular importance in studies that probe the collision partfer studies are investigated and discussed in the following

ner, since the bath molecule is blind to the identity of thetompanion pgp(_e”ﬁ A th'm_' an_d fourth study W'”_ include
donor3? results from similar investigations of methylpyrazine as well
Nakashima and Yoshihara observed photoproduct for2S the di- and tri-substituted methylpyrazines, respectively,
mation from benzene at 248 nm. They concluded that th&vhich provide insight into the mechanism of the dissociative
nascent photoproduct in their system resulted largely fronPfOC€SS. _ _ .
multiphoton processeflaser fluences 40—90 mJ/@ni*<s The first experiment in the present study, a classic
This is likely the result of the propensity for aromatic mol- quenching investigation in which the HCN quantum yield is
ecules to undergo multiphoton absorption. Dissociation fol-neasured as a function of quencher gas pressure, was per-
lowing single or multiphoton absorption of UV radiation is formed to determine the rate constant for the photofragmen-
not limited to benzene but has also been observed in othéation of pyrazine excited at 248 nm and 266 nm. This ex-
aromatic systems. 3 periment can be described by the following equations:

pyrazinetr hv(248 or 266 nrm—>pyrazin§' (production of excited pyrazing
pyrazin& +quencher-pyraziné ~2E+quencher (collisional quenchiny

pyrazin@—>HCN+C3H3N (unimolecular fragmentation
HCN(00°0,J) + hv(~3.1um)—HCN(00°1J—1) (IR proba.
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Typically, a number of UV laser shots are fired into a closedshort term fluctuations in laser intensity, variations in diode
cell, and after allowing time for the system to reach equilib-laser power across the absorption line are corrected for by
rium, the HCN population is probed using an IR diode lasersubtracting the IR signal obtained from an empty cell from
Additionally, CO,, SFK;, and self-quenching were studied. To the absorption signals obtained from a cell filled with
determine the influence of pump laser intensity on thesample.

photofragmentation process, the intensity of the UV source is  Active locking of the diode laser frequency to a HCN
also varied and the above described quenching experimeabsorption line is accomplished using a separate HCN refer-
repeated. In these intensity dependent studiegn®B used ence cel?* A 30 cm long Pyrex reference cell filled with
as the quencher gas, except at the lowest pres€lbe 1,3,5-triazine is irradiated with 248 nm excimer laser pulses,
mTorr), where only pyrazine was placed in the cell. thus producing HCN via 1,3,5-triazine photodissociafidfy.

In addition to the quenching studies, information theo-Approximately 10% of the diode laser beam is directed by a
retic prior calculations were performed to assess the transldseamsplitter into the reference cell, through a monochro-
tional energy probability distribution of HCN photoproducts. mator(Instruments SA Inc., HR-320and then focused onto
These calculations were carried out for several different valan InSb detecto(Santa Barbara Research Centetlowed
ues of the available energy in order to correlate this distribuby a high gain preamplifier. The HCN IR absorption signal
tion with the intensity of the laser pump source in the experifrom the reference detector is input to a lock-in amplifier

ments. (Princeton Applied Research, Model 11%he output of
which is used as an error signal sent to the diode laser con-
Il. EXPERIMENT troller, thus keeping the diode laser frequency locked to the

HCN absorption transition.
To determine the dependence of pyrazine photodissocia-
gon on UV pump intensity, the quenching study described

samples of pyrazine, in some cases mixed with, ©OSF; aboye was repeated at multiple U\{ pump laser intensiti.es.
guencher gas. Typically, UV laser pulses from either a KrFThe intensity was changed by varying the number of win-

excimer lasefLambda Physik EMG 201, 15 ns pulse wigth ggws‘]i/n fﬁ?relvstir/ Str?%Ck' uv integs:iiestfr:om approx;lmately
at 248 nm or a frequency-quadrupled Nd-YAG lageoher- mJicnt to 1 mJ/ et were used. For the $Rjuenching

ent NY81, 10 ns pulse widitat 266 nm excite the sample at studies, 10 mTor_r of pyrazine was placed into a 10 ¢m long
a 1 Hz repetition rate. Studies have shown that pyrazine igell and then various amounts of Skere added. The 10 cm

extremely susceptible to multiphoton absorption, as will bece!I was used rather than the 300 cm pell to improve the
discussed further in this work; therefore, the UV pulse en_un|form|ty of the UV beam o) as a function of cell length

ergy for all data in this paper will be noted in mJ&nA (2). Even with gas in the cell, the UV laser intensity at the

series of glass plates set at Brewster's angle are used to Jyont of the 10 cm cell is close to the UV laser intensity at the

tenuate the intensity of the laser where necessary. The collfa-nd .O,f the cell; when using a 3.00 cm cell thls 's not the case.
dditionally, because the excimer beam diverges as a func-

mation of the~1.5 cm diam beam is adjusted to ensure thalp_‘ . :
Eon of cell length ), for long cells the intensity of the

The experimental technique for determining quantum
yields has been described previoddlyand will only be
briefly outlined here. A closed Pyrex cell contains gas-phas

the UV beam emerges from the cell unattenuated by the 2. N .

cm diam cell aperture, and the beam is turned with a dichroi eam decreases significantly as a function of cell Iength.
mirror coated to reflect 248/266 nm wavelengths into a joule- his is alsq the reason that 5“’?‘5 u_sed as the quencher in
meter detectofGentec, ED-200 which gives 10.5 mV per these studies rather than pyrazine itself, to keep t.he UV ex-
mJ response at these wavelengths. Typically, the peak heigﬂf’sure down the cell as close to constant as possible. Valves

from the UV signal is determined by averaging 40 Iaserat each end of the cell were closed before the UV laser was

pulses with a digital oscilloscopé.eCroy 9354A. fired to provide a more accurate measurement of the cell

The amount of HCN photoproduct is measured by infra-volume, an important value for the calculation of the total
HCN produced in the experiment.

dab ti i IR diode | techniqué.cw, 3.1 . . : -
red apsarpiion using an lode laser techniffle.cw Pyrazine(Aldrich, 99+%) is purified by several freeze

um diode laser beaniMutek) propagates collinearly with )
the UV beam through the cell and passes through a monch7 lal ptt']mp/tha;\é g)é%les, CQ(I\gathtehsorl, f92h995%a_?d
chromator(Bausch & Lomb, 0.5 mto select a single diode tio?] (GZS Srseosns’ureé in t?]/(:rceellljs\;\?ergvr;o?:ijtorzrd viirthp:irtlr:(;?-a 1
laser mode. The diode laser controlléraser Analytic )

dr yucs Torr (MKS-Baratron 220 € or a 10 Torr(MKS-Baratron

modulates the laser frequency over the enf22 00°0 299BA . d di h
—00°1 absorption line of HCN at 1 kHz, and the central ange ) capacitance manometer, depending on the pressure

diode laser frequency is actively locked using a techniqué
described below. The digital oscilloscope records the ampli-
fied signal from a liquid nitrogen cooled InSb detedi®anta || RESULTS

Barbara Research Cenkglaced at the exit slit of the mono- ) )
chromator. A dual-channel acquisition technigfuie used to A APProach to quantum yield calculations and
compensate for diode laser intensity fluctuations, and the rerpeasurements
sult from the summed-average of 1000 sweeps across the The quantum vyield,¢, for the production of HCN
absorption line is stored. This signal is usually acquired sevfollowing UV photodissociation is the ratio of the number
eral minutes after the UV exposure is complete to allow forof HCN molecules producedyycy, to the number of pho-
equilibration of the cell contents. In addition to correcting for tons absorbedN s or ¢=Npen/Naps.*® Naps is calculated
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FIG. 1. HCN photoproduct IR absorption signals recorded after pyrazine
sample exposure to UV excitati@d0 laser shofsfor several pyrazine pres-
sures(@) 2 mTorr,(b) 20 mTorr, andc) 200 mTorr. Signals are the summed 1 I T T
average of 1000 sweeps of the diode laser locked to the center &f2he - roo1L ®)
absorption line of HCNv; at 3241.7488 cmt. The magnitude of the frac- T 08p ‘. -
tional IR absorbedy, for each of these pressureqas 0.021,(b) 0.051, and -~ L o i
(c) 0.010. The full-width at half-maximurtFWHM) for each plot is essen- g 0.6 L J
tially the same, 0.00770.0001 cm* which corresponds to a room tem- 'E r . ]
perature Doppler broadened absorption lind 6f297+ 8 K. Measurements 3 04 . b
were conducted at a UV laser fluence of 9.5 m3cm g‘ It
g 02 .. ]
from the total UV energy absorbedt.,s, with Ngps P e ]
=E_,d{N/hc), where\ is wavelengthh is Planck’s constant, ) AEEPRTT STAAE S  S O
10 100 1000

andc is the speed of lighte,,—=E,— E is measured as the
difference between the energy emerging from an empty cell,
an and filled cell,E, using a calibrated joulemeter. FIG. 2. Quenching curves showing the HCN quantum yield dependence on

The number of HCN molecules produced is determineooressure(a) Displays the collisional quenching of excited pyrazine by un-
P excited pyrazine. The circles represent the HCN quantum yield after 248 nm

by measuring IR absorption on the, P22 transition of  eycitation, while the diamonds represent the data after 266 nm excitation.
HCN (»=3241.7488cm?). (It should be noted that the (b) CO,quenching curves for pyrazine showing the HCN quantum yield

HCN population inJ=22 is very sensitive to temperature, dependence on total pressufe a mixture of 10 mTorr of pyrazine with

which is a potential source of error in the measurement of théalance CQ); the circles are for 248 nm excitation, and the diamonds are
or 266 nm excitation. Quantum yield measurements obtained for 248 nm

HCN. gqncentratign an(_j consequendg_/) The dual-char_mel and 266 nm excitation were conducted at UV laser fluences of 9.5 rhJ/cm
acquisition technique yields the fractional IR absorptign, and 5.0 mJ/cf respectively.

which is defined byy=Al/l, wherel=1,—Al. Figure 1
shows the fractional IR absorption by HCN resulting from
248 nm photodissociation at three different initial pyrazinegver three decades is shown in Figa)2 The quantum yields
pressures. The desired quantity for calculating absorbance ffom 266 nm excitation are significantly less than the 248 nm
I/1o=1/(1+|x|), where the absolute value gfis used sim-  values at the same pressures. Note that the quantum yield
ply because the negatively-biased IR detector yigldsith  falls to less than half of the maximum value found at the
negative values. The number of HCN molecules is thengowest pressure within the first deca¢e-10 mTory. The
Npen=—In(1/(1+|x]))V/ol,*® where V is the vacuum significant quenching occurring at these low pressures sug-
manifold volume consisting mostly of the cell volume of gests that the photodissociation process is quite slow, occur-
length |, and o is the absorption cross section for this IR ring on a microsecond time scale. Another feature of these
transition. Assuming a Doppler lineshape function for thisquenching curves is that the quantum yield in the limit of
absorption line and using a literature value for the HEBR2  high pressure appears to level off at some small nonzero
line strengthS=23.88x 10" ?°cm* (cm’/moleculd,® we cal-  value. This is the clearest evidence of a second, “prompt”
culates=4.71x 10" **cn. Figure 1 shows clearly that the HCN production channel that is, therefore, less easily
absorbed IR radiation fails to increase continually with in-quenched_ At h|ghe|’ pressures this channel too will eventu-
creasing pyrazine pressure. The number of UV photons akglly be quenched. There is strong evidence to suggest that
sorbed continues to increa&s long as the cell is not opaque this second, fast HCN product channel is the result of mul-
to the laser beajmwith increasing pyrazine pressure; there-tiphoton absorption by pyrazine. This is discussed at length
fore, the quantum vyield falls off with increasing pyrazine pelow.
pressure. The quantum yields for the pressures shown in Fig. An interesting feature of Fig.(d) is that the quantum
1 are 1.16-0.24, 0.54-0.10, and 0.1&0.02 for 2, 20, and  yijeld for 248 nm excitation of pyrazine in the low pressure
200 mTorr, respectively. limit exceeds unity below about 5 mTorr. Although quantum
yield measurements in this low pressure regime are subject
to relatively large error, this is not necessarily an unrealistic
The dramatic decline in the HCN quantum yield from result because pyrazine may fragment in such a way that two
UV-excited pyrazine as a function of increasing pressuréeHCN molecules and acetylene are formed,

Pressure (mTorr)

B. Self-quenching of excited pyrazine
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C4sH4N,+hv—2HCN+C,H,. (Channel 2 ST
Strong acetylene absorption lines exist in the frequency 2.5 | -
range of the diode laser used to probe HCN, allowing for a ;5 ) :
measurement of the acetylene quantum yield for 248 nm _'.: 7 7
excitation of pyrazine. These results show a maximwid.C S 15°LC 3
guantum yield of no more than 0.03, indicating a HCN quan- = : ]
tum yield of 0.06 from this channel. A self-quenching curve g 1 — —
for the acetylene quantum yield as a function of pressure, 05 E E
analogous to Fig. (@), indicates that the quenching of this T 1
acetylene producing channel occurs at an even lower pres- 0 W b L L

0 10 20 30 40 50

sure than for the dominant HCN product channel.
Pressure (mTorr)

This “extra” HCN which is produced via “Channel 2”
easily accounts for the greater than 1 quantum yield. At thgiG. 3. UV absorbance of pyrazine at 248 nm plotted as a function of
lowest pressures, the maximum HCN quantum vyield is appressure. The line is a linear least squares fit to the data and shows good
proximately 1.2-0.15 which is within error limits of the adherence to Beer's Lav_v for UV absorption over a pressure range of more

. . . . than two orders of magnitude. Measurements were conducted at an UV laser
theoretical maximum quantum yield of 1.06 determined by ence of 9.5 mJ/cha
adding the maximum o= 1.0 from the 1 HCN channel and
¢=0.06 from the 2 HCN channel. Sources of uncertainty are

discussed below.
tivity of pyrazine at 248 nm is 3:20.1x 10° (L/mol) cm™ .

These absorption studies are in reasonable agreement with

C. CO, quenching of excited diazabenzenes other measurements of the absorption coefficient of pyrazine

y Bolovinos and co-workers 4+0.3x 10° (L/mol)cm ™2,

nd those performed in our lab using a UV/Vis spectrometer,
3.9+0.4x10° (L/mol)cm 1. Additionally, the UV absor-
bance has been found to be a linear function of laser intensity
over the range of 0—-30 mJ/émThe basic assumption of
Beer’'s Law, that absorbed light intensity is directly pro-

The dependence of the HCN quantum yield on adde
CO, acting as a quencher is displayed in Figo)2where the
total pressure is the result of a mixture of 10 mTorr of pyra-
zine with various amounts of GJe.g., 20 mTorr total pres-
sure with equal amounts of pyrazine and £LO'he overall

features of decreasing quantum yield and apparent nonzeboortional to the incident light intensitlp, is only appropri-

guantum y'ﬁld_l_it high ptressureldse?nl(l)n F_'I_gi) Zir? present ate if there is no multiphoton absorption and thus adherence
ere as well. 1he quantum yleid a mUorr of pure pyray, gears Law for UV absorption of pyrazine in these studies
zine agrees reasonably well with corresponding data in Fi

Ynight lead one to believe that there is no multiphoton ab-
2(a); therefore, these curves clearly show the relative 9 P

hi fecti f CQ ine. | L th sorption. However, as seen in Fig. 4, the HCN quantum yield
quenching effectiveness of G@s pyrazine. In general, the after 248 nm excitation of pyrazine is intensity dependent at

CO; quenching exper_lments show a much smaller effect OI?‘Iigh guencher gas pressure. These intensity dependent stud-
the HCN quantum vyield over a given pressure range, say

10-100 mTorr. than for th i hi tudi leacs described in detail in the next section, show that pyrazine
N mtort, than for Ihe sefi-quenching studies, a clealy oo nitive to multiphoton absorption. For laser intensities

|pd|cat|on that CQis a I_e_ss efﬂment_qut_ancher th?” UNeX" ~30 maicr multiphoton absorption is very small compared
cited pyrazine. The collisional deactivation experiments of

both Barker! and Tro& have convincingly demonstrated
that the quenching efficiencies of highly excited molecules
scale roughly with the “complexity” of the bath gas. Thus, 0.5 ——V— 1
our observation that pyrazine is a better quencher thap CO
is not surprising. Additionally, the 248 nm data from Figs.
2(a) and 2Zb) are in reasonable agreement with those ob-
tained in previous experiments.

0.4 [ 7
0.3 e 79.8 m]/cm2 —
.

9.5 mJ/cm®

02 ¢ J
r 8 ]
L ® L ] i
0‘1 o 0’ / [ ] ° [ _:

The UV absorbanceAy,= —log(l/lg) of pyrazine is r * .,
found to be linear with pressure af=9.5 mJ/cm. Figure 3 0 F fl s
shows that the pressure dependence of the UV absorption for 0 200 400 600 800 1000
pyrazine at 248 nm is linear over a range of more than two Pressure (mTorr)
ordgs of magnitude, and similar behavior is observed at 266, 4. piots of the HCN quantum yield as a function of pyrazine pressure
nm>-Beer's Law relates the slope of the plots shown here tat two different UV excitation laser intensities. The circles represent data for
the molar absorptivityE, by A= (E|/R'|')p, where concen- a 248 nm pump laser excitation fluence of 79.8 m3/arhile the diamonds

; ; ; _ ; represent data from a 248 nm pump laser fluence of 9.5 mMJA&limough
tration Is eXpressed in terms of pressprén/V p/RT), lis the HCN quantum yield at low pressure appears to be independent of pump

the cell path _Iengthl_? is the gas Iaw constant, afidis the  |aser intensity, the high pressure tail is markedly different for the two sets of
temperature in Kelvin. Based on this data, the molar absorpdata indicating that the photodissociation process is intensity dependent.

D. UV absorbance

HCN Quantum Yield

Ll ]
1200 1400
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T S m/ad significant quenching occurs at low pressures suggests, as
L [N reported previously, that the majority of the HCN formed in
5 08 i - = fu/m’ the photodissociation process is produced quite slawly
E [ S 28 mI/cmi crosecond time scalé® The nonzero quantum yields seen at
S o6h o igjzzz high quencher gas pressures are as;ociated with a differgnt,
I . YT 94m/em’ faster HCN production channel tha’F is, .therefore, less easily
E 0.4l — o goory? quen(_:hed. As can be seen clearly in F|(_b)5a blow up of _
B ] the high pressure region, the asymptotic value of the high
§ 0.2 g pressure quantum yield also decreases as the excitation laser
o s # inte_nsity is decr_eased. Fur'.chermorez the general shape of the
00*\i’&—?‘z—(ﬁ'fﬁ;ﬁi&g&??ﬁﬁa—104 various quenching curves is essermally the saamdy low-
Total Pressure (mTorr; 10 mTorr Pyrazine + SFG) ered by some facto_r a§_the |nten§|ty. decrepses
- There are two significant qualitative features that are ob-
- giz‘jjzzz vious from inspection of the quenching curves. The first is
— pmiem? that the HCN quantum yields do not appear to be substan-
R 28 m] /et tially affected by the variation in 248 nm excitation intensity
5 rrrrr 19 mJ/cm? at low quencher gas pressure. This is due to the fact that the
E — " 15mJ/cm® yield from the multiphoton channel is only a small fraction
< R 94 m]/cm’® (2%—7% over the fluence range studied the total yield in
o] this pressure range. The other key feature is a uniform de-
>E" crease in the nonzero high pressure tail indicating that the
.E high pressure quantum yield steadily decreases as UV inten-
g sity is decreased.
N T As seen in the C@quenching experiments, the quantum

) N ol &S - L EEE TR yield in the Sk quenching studies gb,,;=10 mTorr (p,,
0 2000 4000 6000 8000 110° 1.210° T o pyr.
Total Pressure (mTorr; 10 mTorr Pyrazine+SF6) =10 mTorr,_ pSFﬁ_O IjnTO_rIj agrees reasonably.well Wlth_
corresponding data in Fig. 1 of Ref. 43 and Fig. 2 of this
FIG. 5. Pyrazine-SfFquenching curves showing the HCN quantum yield study. In general, the $Fquenching is less efficient than
[ puen= ([HCN]/N;,) ] dependence on pressure and UV laser intensity. ThEpyrazine Self-quenching over a given pressure range; how-

pressure is a combination of 10 mTorr of pyrazine with the balange SF ; ; ;
ranging from 0 to 12 000 mTorr. The various curves arise from a differenceever’ Sk quenching is much more effective than £0

in UV laser fluence measured in mJfnia) Shows the curves over the quenghing. Again, t_his is as expected based on the collisional
entire data range, whiléb) is an enlargement, only showing the data ob- deactivation experiments of BarkRérand Troé discussed

tained for quantum yields less than 0.2. The lines are the result of a nonlinghoye. Pyrazine, being the most “complex” of the three
ear least squares fit to the data. molecules, is the most efficient quencher;s 3¢ less effi-

cient, and CQ@ being the least “complex,” is the least ef-

fective at quenching the reaction. Additionally, these results
with one-photon absorption; therefore, deviations from linearare in good agreement with quenching studiesT pfpyra-
absorption as either a function of pressure or laser intensityine, which indicate that quencher efficiencies vary such that
in this range(<30 mJ/c) are difficult to observe in a direct S, pyrazine is most efficient, followed by $fand CQ in
absorption measurement. that order®

E. Intensity dependent SF 4-quenching of 248 nm
excited pyrazine F. Information theoretic prior calculations

The HCN quantum yield as a function of total gas pres- Here, the information theoretic prior functions for en-
sure(10 mTorr pyrazine, balance gFor eight different UV ergy disposal in hydrogen cyanideCN) and some product
laser intensities ranging from 82 mJ/&ro 2.8 mJ/cris  with the chemical formula gH3N resulting from the 248 nm
shown in Fig. 5. As seen in previous quenching results fophotodissociation of pyrazine are developed. This treatment
pyrazine photodissociatidti these quenching curves show a makes use of the general formulas of Ref. 54, and equations
dramatic decline in the HCN quantum yield from 248 nm derived below follow the methods outlined therein.
excited pyrazine as a function of increasing pressure. While  Among the cases treated in Ref. 54 is that of unimolecu-
the decline in HCN quantum yield is very rapid in the pres-lar decomposition yielding a linear triatomic molecule and a
sure range from 0 to 50 mTorr the decline is much lesggeneral nonlinear molecule. The special features of this case
pronounced over the remainder of the pressure range. Notae: (1) that the linear triatomic molecule has orilyo rota-
further that in the high pressure limit the quantum yieldtional degrees of freedom andh3 5=4 vibrational degrees
roughly levels off to some nonzero value. Each quenchingf freedom and(2) the general nonlinear molecule, in the
curve individually shows this trend, i.e., a rapid decrease irspherical top approximation, has rotational levels that are
HCN quantum yield as the pressure is initially increased and2J,+ 1)? degenerate. Equatiof32) of Ref. 54 shows that
then a leveling off and approach to some nonzero value. Thahe multidimensional prior function for this case is
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POy, 5., Ty 15, TR, f9,... f9,f% E) ®
22
= — (st 1177, )

wheref represents a fraction of thetal available energy; the o
superscriptt or g indicates the “triatomic” or “general”
fragment, respectivelys=3n—6 is the number of vibra-

tional modes in the general molecule; the subscriptd,...,
represents vibrational energy in the indicated mode; the sub-
scriptR, rotational energy of the fragment, and the subscript

0 02 04 0.6 0.8 1

[, internal energy in the fragment. For the case of pyrazine £
photodissociation, the ;N fragment contains 7 atoms,
thuss= 15. FIG. 6. Single-variable prior probability density functiop§(f), for the

- . . HCN-GC;H;N system. The curves are labeledibyl, 2, 3,R, V, andl. 1, 2,
Followmg Eq. (35) of Ref. 54, the prior fraction of the and 3 correspond to the three vibrational modes of HCN Rnd, and|

total available energy, appearing as vibrational energy in thgorrespond to the rotational, total vibrational, and total internal degrees of
various modes of the linear triatomic molecldCN), is freedom respectively.

pO(fla) =(s+7)(1—f]5)°° 2
for nondegenerate modes and v5 and

pO(fo)=(s+7)(s+6)fy(1—f5)5*® ©) Table | also contains the average available energy,
(Eaw), in each HCN degree of freedom after photodissocia-
tion. Although noa priori information about the specifics of
the general product fragments in the photodissociation is re-
- {es3 quired to calculate the prior functions, other than the number
(f°(1=fy)>", of vibrational degrees of freedom, to determine the energy
(4) available to the photofragments after dissociation, tkté,8

product must be known. The available energy after dissocia-
tion can be calculated using

for the doubly-degenerate, mode. The prior total vibra-
tional energy of the HCN fragment is

(s+7)(st6)(s+5)(s+4)
pO(f) = 5

wheref|,=f!+f,_+f,, +f5. The prior rotational energy of
the HCN fragment is identical in form to EQ),

po(f}?):(3+ 7)(1_f}?)s+61 5 Eavi=EinetEn,—AH,, (10
and the prior internal energy of the HCN fragment is
whereE,,, is the energy of the absorbed photaHl, is the
o ¢ty (STT)(s+6)(s+5)(s+4)(s+3) _, , . 1,  enthalpy of reaction to form HCN and the specifigHgN
p-(f)= (f)H(1=1)>", . . .
24 product molecule, an#;, is the internal energy of pyrazine
(6)  before absorption, given by
where fj=f},+fy. Defining fr=1—f|+f, the prior for
the fraction of available energy appearing as relative transla-
tional energy becomes

TABLE I. Prior average fractiofi®of available energy and average available
(s+8)
pl(fr)= ——————(f)YA1—f1)5T12 7) energy in various HCN degrees of freedom from the photodissociation of
L3+ (s+ ) pyrazine”
wherel" is the gamma function. The prior distributions for HCN degreés) of
i, f5, f5, fi, L, andf} are shown in Fig. 6. Average freedom (e (Ea® (B! (Ea)®
values off! for i=1,2,3,R, V, andf; calculated using " 0043478  1.77 678 118
1 v, 0.086 957 3.54 13.57 23.6
<f.>:j fip0(f)df, (8) V3 0.043478 177 6.78 11.8
! 0 ! S total vibration () 0.173913  7.08 27.1 47.2
) ) o rotation (R) 0.043 478 1.77 6.78 11.8
and Eqgs.(2)—(7) are consistent with the equipartition theo- total internal () 0.217 391 8.85 33.9 59.0
rem and are listed in Table I. The sum fifand f1, from relative translationT) 0.065217  2.65 10.2 17.7

Table | reveals that the prior average fraction of the availabl

. . . qPrior average fractionf!), of available energy calculated from .
energy appearing as internal energy in th¢i{lN fragment g ). oA =@

B(E ) =E.u(f"). Energies are given in kcal/mdk,,, from Table Il assum-

is 0.717 392, since ing N-ethynyl-methylimine as the {£i;N product.
‘Average energy after a one-photon dissociation proceks,,
_ 0 £t v
1=f7+f +f1. 9 =40.7 kcal/moal.

dAverage energy after a two-photon dissociation process,,

Of this, according to the equipartition theorem, 0.652 174" 560 kealimol.

appears as total \_/ibrationa| energy and 0.065217 as rot@average energy after a three-photon dissociation proceSs,
tional energy of this larger fragment. =271.2 kcal/mol.



5836 J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Sevy et al.

TABLE II. Heats of formation and values for available energy after photodissociation for varightigNC
reaction products from the 248 nm photodissociation of pyrazine to form HEN.

Product AH; 298 K)¥  AH®  1-hvE,[ 2-hvE,l 3-hvE,
H
HC=C (110.9 (96.1) 20.1 135.4 250.6
| |
C=N
H
azete
H
C\
Il CC=NH (97.9 (83.2 32.9 148.3 263.5
7~
C
H
cyclopropene-1-imine
HC=C—N=CH, (90.1) (75.9 40.7 156.0 271.2
N-ethynyl-methylimine
HC=C—C=NH (82.7 (68.1) 48.1 163.4 278.6
H
propargylimine
HC=CH HC=N [86.8] [72.2) 44.0 159.0 2745
acetyleng-HCN
H,C=C—=N (48.1) (33.7 82.5 197.8 313.0
H [43.2) [28.6] 87.6 202.9 318.1
acrylonitrile

2All values are given in kcal/mol.

bValues in parentheses are basedabninitio calculations from Ref. 57.

“Values in brackets are from Ref. 56.

YEnthalpy of formation to produce HCN andt;N products) at 298 K.

®Reaction enthalpy used to calculate the energy available to pyrazine photoproducts after 248 nm dissociation.
fEnergy availableE,,, to the photoproducts following dissociation of a pyrazine molecule which has absorbed
1-, 2-, or 3- 248 nm UV photons calculated according to @f).

24 h, IV. DISCUSSION

En=2 ——=. 11
" '21 exp(hy;/kT)—1 Y The experiments in this paper have been designed to

Using the vibrational frequencies for pyrazine from Ref. 55 determine two facts with regard to the photodissociation of
E;w=317cm ™. Table Il contains values for the enthalpy of Pyrazine. The first is the lifetime of the highly vibrationally
formation (AH;), enthalpy of reaction4H,), and available €xcited pyrazine molecule before dissociation to form HCN
energy €,,) after a one, two, and three-photon photodisso-and other fragments. The second issue is the origin of the
ciation of pyrazine to produce HCN and several possible‘prompt” “unquenched” dissociation channel and the rela-
CsH3N products. The enthalpies are either experimentallytionship of this “prompt” HCN to translationally fast pho-
measuretf or the result ofab initio calculations’ While  toproducts. The second question is addressed first using two
there are several possibilities for thgHGN photoproduct, sets of data, the intensity dependent results and the surprisal
N-ethynyl-methlimine has been assumed since it is the simanalysis. The information obtained in answering this ques-
plest to form. Only two pyrazine bonds are broken to pro-tion will then be used, in part, in a detailed analysis of the
duce HCN and this product and no new bonds are formedohotodissociation rates.
Of the other possible {£i;N products,_th_e first two possible A. “Prompt” dissociation, multiphoton absorption,
products, azete and cyclopropene-1-imine, were not used bghd fast HCN
cause of the highly constrained product forms, and the final
possible product was eliminated because several rearrange- Several features of the 248 nm intensity dependent stud-
ment steps are necessary to produce acrylonitrile from pyraes deserve further discussion. Figur@)8shows the HCN
zine. The three remaining possibilities have very similar engquantum yield at 10 mTorr total cell pressure as a function of
thalpies of formation and therefore, very similar amounts ofUV laser intensity. Based on this, one might be led to assume
available energy. that HCN production is not UV laser intensity dependent. In

The predicted prior distributions for the translational en-reality one of the two HCN product channels is intensity
ergy of HCN,f, are shown in Fig. 7 for various amounts of dependent, as will become clear at higher quencher gas pres-
available energy corresponding to three, two, and one-photosures; however, at these lowest pressures, the intensity de-
absorption before dissociation and the production of HCNpendence is not easily observed because the dominant HCN
and N-ethynyl-methylimine in the dissociation process. production channel at 10 mTorr is a one-photon process. As
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FIG. 7. Calculated single variable prior probability density functions for the *E -
one, two, and three-photon dissociation of pyrazine by 248 nm UV excita- g 0020 e
tion. For each curve, the probability density of HCN is plotted as a function o [
of translational energy in kcal/mdla) Shows the theoretic prior function for ol . R T SR B
HCN photoproduct havingdt,,,=271.2 kcal/mol(i.e., the energy available 0 20 40 60 . 80
after dissociation This corresponds to pyrazine absorbing 3—248 nm UV UV Fluence (mJ/cm®)

photons before dissociatiofb) Shows the theoretic prior function for an

HCN photoproduct havindg,,,= 156.0 kcal/mol(two-photon excitation of ~ FIG. 8. Cross sections of the data shown in Fig. 5. In all cases the quantum

pyrazing, and(c) is the prior function for one-photon excitation of pyrazine Yield of HCN is plotted as a function of 248 nm UV laser fluence in m3/cm

with E,,=40.7 kcal/mol. (a) Shows the fluence dependent data at a total pressure of 10 ifploer
pyrazing. The quantum yield is essentially constant, within error limits,
showing that the primary photodissociation channel at low pressures is
largely insensitive to laser fluence. The solid line is the best linear least
squares fit to the data while the dashed line shows the predicted influence of
changing the laser fluence based on EtP). (b) Displays the intensity

a result, the intensity dependence associated with a multiph@ependent data at a total gas pressure of 1000 mTbér mTorr

ton process is not detectable above the error limits associatérazine-990 mTorr Sk). The circles are the measured quantum yields
with the quantum yield measurements. The largest error, om?élfsf?ye Séf;)geztd'('eﬁ |sd2tgne2; 'eigt'Squﬁreth';m ;ﬁisiﬁghom?;?re
course, comes at the lowest pressures. At these very l0Wraziner9990 mTorr S). The circles are the measured quantum yields at
pressures, because the quantum yield varies rapidly withO Torr and the line is the best fit to a quadratic funciiga. (12)].

small changes in pressure, a small error in measuring the

pressure can account for the scatter in the quantum yield in

this range. A straight line with essentially zero slope can benultiphoton process, which must also exist at this pressure,
drawn through the points in Fig.(® indicating that the s expected to be much smaller than that of the single photon
dominant quantum yield channel is independent of laser fluprocess.

ence at this pressuf@0 mTorr pure pyrazine At these low- As total gas pressure is increased, the effects of pump
est pressures, the quantum vyield is dominated by a singlser intensity become clear. At a total gas pressure of 1000
photon photodissociation process. The probability of anymTorr, as shown in Fig. ®), a positive linear correlation
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between quantum yield and pump laser intensity is observedccording to this surprisal analysis, most of the high veloc-
As total gas pressure is continually increased, HCN is naty HCN produced in the photodissociation of pyrazine at
longer produced via the “late” channel, which is quenched248 nm results from multiphoton absorption.
due to the increased gas pressure. The HCN from the prompt These two pieces of data taken together provide key in-
channel dominates in this pressure regime and the quantuformation about the photodissociation of pyrazine to form
yield is easily seen to be dependent on laser fluence. FigutldCN. The intensity dependent studies show that the
8(c) shows the HCN quantum yield as a function of laser“prompt” “unquenched” channel is the result of multipho-
fluence arising from a total gas mixture of 10 TGt0 mTorr  ton absorption. Additionally, the surprisal analysis shows
pyrazine, balance QF This curve provides strong evidence that the HCN photoproducts with high velocity are associ-
that a second, “prompt” photodissociation channel existsated primarily with two and three-photon absorption. Thus,
and further indicates that the HCN from this channel dependthe HCN photoproducts with large amounts of translational
on excitation laser fluence and is, hence, the result of a muknergy come from the “prompt” “unquenched” dissocia-
tiphoton process. tion channel. As shown below, a quantitative analysis of the
Figure &c) provides a means of accurately determiningdata indicates that the multiphoton channels constitute less
the amount of HCN produced from the prompt multiphotonthan 3% of the photoproducts at low to moderate UV laser
channel at a specific laser intensity, since all pyrazine thafluence.
would produce HCN via a one-photon process has already
been quenched in this pressure range. The HCN quantum
yields (®cn) as a function of UV laser intensity,se,given

in mJ/cnf) at a total gas pressure of 10 Torr can be fit to aB' Detailed photodissociation kinetics

guadratic function, The quenching data can be used to estimate the first
order rate constant for the photoproduction of HCN and
Dpyen= (44X 10" )] peert (7.3% 10_6)||2aser (12) hence the lifetime of the hot donor. The simplest approach

towards a kinetic analysis of the data ignores any additional
fragmentation channels such as the multiphoton channel or
one which would produce 2 HCN molecules and assumes
only the dominant decomposition channel producing a single

. : FiCN. While this analysis is only strictly valid for systems at
ences of 200 mJ/ciEq. (12) predicts a multiphoton HCN the lowest laser intensities, it provides a good starting point

quantum yield of approximately (_).40, making the mult|pho—for the analysis. This scheme is described by
ton processes much more easily detectable, even at low

While at modest laser intensiti€¢80 mJ/cmi) the multipho-
ton quantum yield is smallg~0.02) ** as the laser fluence
increases this channel becomes more dominant. At laser fl

guencher gas pressures. This observation is in agreement Pvrazine- hv—s Pvrazing’ 13
with intensity studies performed by Chesko and 1?agho y y ’ a3
observed that multiphoton effects were easily detected at ;o ka
these laser intensities. Pyrazin€ ——— HCN+C3H;N, (14
Several features of the surprisal analysis are also worthy }
of further note. First, the three translational prior functions e a o
P Pyraziné + Q— Pyraziné ~AE+ QAF, (15)

agree extremely well with recent molecular beam studies of

nels,” 27-A, 27-B, and 27-C, have been observed which cornpte that this is essentially the Lindemann mechanism for

relate very well with these predicted three, two, and onéthermal unimolecular reactions, where optical excitation

photon prior functions, respectively. . rather than collisional activation has been used to create the
A second key feature of the surprisal analysis is that thejghly excited molecules.

with th? multiphoton channels. In the case Qf One,'phOtorEtates that Pyrt;tziﬁc’e*AE is not susceptible to dissociation,

absorption where only 40'.7 kca_I/moI of energy 1S available t hereE’' — AE is less thark,, the critical energy needed for

the photoproducts after dissociation, essentially all the HCNjissociation. Furthermoré, is the gas kinetic collision rate

molecules have less than 6 kcal/mol of translational energy, onstant. and the meanq time between collisionst s

with an average relative translational energy of 2.65 kcal=1/k [Qj Using this simplest model, the kinetic®r Io%g

mol. This is only about four times the amount of translatlonal,[imes after pyrazine excitatipmpredict a linear relationship

energy available at room temperature (RI.596 that relates the HCN quantum vyield, to the mean collision
kcal/mol, T=300K). In the case of HCN produced after the time by

absorption of two-photonfg=ig. 7(b)], however, a maximum
translational energy release of about 40 kcal/mol with an 1 N Kk [Q]+kgr tg
average of 10.2 kcal/mol is calculated, and the three-photon gz Nrien = Kqy =T
process produces HCN with even greater translational ener-

gies [see Fig. 7a)]. In this instance, as seen in Figa¥,  where tq=1/ky; is the dissociation lifetime andq
HCN photoproducts possess a maximum translational energy 1/k [ Q] is the mean collision time. The slope of a plot of
of roughly 60 kcal/mol and an average of 17.7 kcal/mol.1/¢ vs 1ty Yyields the dissociation lifetimety, with an

+1, (16)

tcoll
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inverse of the dissociation lifetime,t}/ Figure 9b) shows a

0, . 50 »“41‘_09_' | 1{5‘0‘ | '2‘09‘ 250 plot of the e_xpgrimental data giving a vaIL_letgf: 85us fpr
350 ‘ @ ] 266 nm excitation and ﬂc§ for. 248 nm excitation. The fit of
30 ] /t 43 psec ] the data to Eq.(17) is linear over the ranget.y
g A ] =0.09-6.7us for 248 nm andt.,;=0.08—43us for 266
- B % E nm. While the values for pyrazine dissociation after 248 nm
- 20 g / E absorption are essentially the same, the values for 266 nm
15 g /" E pyrazine dissociation differ by a factor of nearly 2. Obvi-
10 fy =43 isec E ously, these two plots should yield the same results for the
5 i 3 dissociation lifetime since they are simply mathematical re-
00 ‘ ‘015‘ — 1‘ o 115‘ — 2‘ S ‘2:'5 arrangements of the same expression; however, this is only
1/Mean Collision Time (usec’) necessarily true if the model used to describe the processes is
complete. The model used here only allows for one possible
Pressure (mTorr) dissociation pathway and in that dissociation pathway the
2 10 5 3 25 2 maximum quantum yield has been defined as unity. It is clear
T . ® | from the data that the maximum HCN quantum vyield value
15/ t,= 4 psec . for the 26§ nm data is much less than one by nearly a fagtor
o~ of 2. If this factor of 2 is accounted for properly, the appli-
é 1L R cation of Eqs(16) and(17) to the 266 nm data give the same
= result. Additionally, because inclusion of all the data pro-
0.5?_ (=8Susec 2 ] duces a plot that is nonlinear, one must arbitrarily choose the
i . - 1 linear region of the data, a distinct shortcoming of this
0 , et ../*"f' T model. The deviation from linearity is primarily the result of
0 10 20 30 40 50 including only one dissociation pathway accessible to pyra-

Mean Collision Time (usec) zine, as discussed above. Furthermore, while the intercept for

FIG. 9. Quantum yield¢) measurements for excited pyrazine quenched by248.nm excitation is exactly.ac.cordmg to mOd?I p_red.'(.:tlon’

unexcited pyrazine are presented using a strong collision model. Yields fothe intercept for 266 nm excitation using E@6) is signifi-

248 nm excitation are displayed by circles while 266 nm excitation is rep-can“y greater than 1. While the next model addresses these

resented with diamonds. The lines are best linear least-squares fits to the bl it should b d th he | lifeti . d

data.(a) Plots of the inverse HCN quantum yield ¢i)/ vs inverse mean prg ems, it shou e noted that t e_ 0!’19 Ifetimes estimate

collision time (1t,). The slope, as predicted by E{6) provides a value  Using both models are remarkably similar.

of 2.3x10° st and 2.3<10% s (248 and 266 nm excitation, respectively A model that is adequate to describe all of the data pre-

for the first-order photodissociation rate constdh}.Displays ¢/1-¢ as a sented in this paper reguires more than one unimolecular

function of mean collision timet(,). In this case, as determined by Eq. ~ o pap a i

(17), the slope provides values of X3P st and 1.2¢<10°s™! (248 and  dissociation channel. In order to account for a quantum yield

266 nm excitation, respectivelyfor the first-order photodissociation rate that rises above unity, a channel must be added that produces

constant. Differences in the valuestgfderived from(a) vs (b) demonstrate . )

the failings of a model that incorporates only one possible photodissociatioﬁwo HCN m(_)le(_:mes and _£H2 as the fragments. This Chan

channel. nel has a lifetime that is much longer than the primary
“late” channel producing a single HCNkg,s=1.1+0.2
x10°s™1). This rate constant was determined by using a

kinetic analysis similar to the one above, simply replacing

gives the linear fits shown in Fig(®. The lifetime for pyra- HCN with CH, and then using the experimentally measured
zine with 37910 cm' of internal energyty=43us, is an duantum yields for H, rather than HCN to obtaiikgss .
order of magnitude greater than that for the same molecul®ne might wonder why the 2-HCN mechanism is not the
with 40640 cm? internal energyty=4.3us. Keeping in  primary photodissociation mechanism. There are two reasons
mind that the figure displays inverse mean collision time, thevhy this channel is not a principal pathway. While acetylene
linear behavior for this data is found over the rartgg, is detected as mentioned earlier, not enough is observed to
=0.45-10us for 248 nm excitation andte  support a major role for this steppt,=0.03), and data
=1.2-160us for 266 nm excitation. An alternative arrange- o deling using a kinetic scheme with this as the only disso-
ment of Eq.(16) which is directly proportional to the mean ciation pathway does not produce convincingly better fits.

collision time is The second added channel involves “prompt” dissociation
to produce HCN, a step that will not be as easily quenched
because of the short lifetime of the excited pyrazine. This
_ @ (17) channel is the result of pyrazine undergoing multiphoton ab-
ty sorption before dissociation as discussed above. The follow-
ing kinetic scheme is the result of these additions to the

model:

intercept of unity. Applying this model to the pyrazine data

¢
1-¢

In this case, the slope of a plot op(1— ¢) VSt yields the
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Pyrazinethy ——— Pyraziné' one-photon laser excitation,

Pyrazin€ +hy — Pyrazind®'  multiphoton laser excitation,
, kdlp
Pyraziné® ——— HCN+C3H;N  “prompt” dissociation,
, kap ,
Pyrazinéf + Q —— Pyraziné ~2E+Q*E quenching of high energy species,

. kais
Pyrazin€ —— HCN+C;H;N  “late” dissociation,
, Kd2s
PyrazinE ——— 2HCN+C,H, “late” dissociation,
, Kas :
Pyrazin€ + Q —— Pyraziné “*E+QAE  quenching of low energy species.

The time dependent behavior of the PyraEfme the  of the pressure used in the present experiments, this term is

PyrazinéE’, and the HCN species can be readily obtained©t eliminated and is, therefore, essentially constant with re-

from the differential equations describing the kinetic schemeSP&Ct 10 the collision ratey~kq1p>Kqp[ QJ). This term can
be identified as the quantum vyield for the unquenched chan-

[PYPE 1=[PyrPE Jge™ ",  y=kq1p+Kqp Q1. nel, ¢,~f,. Such a definition is consistent with the idea of
, o an “unquenched channel” since all the pyrazine excited ini-
[PY= 1=[Py® Joe "', ¥'=Kaistkaos+ kqu],(lS) tially by the UV light to PyfE" becomes HCN, and the pro-
duction of Py?E' requires the absorption of two photons;
k , thus,
[HCN] == [PyP Jo(1-e )
¢ _[HCN]promp_ [PyIZE ]O —f
Kq1<+ 2k , , u— - —Ip-
4 dls y, dZS[PyIE ]0(1—67“). th NhV

As has been discussed above, this “prompt” channel is
The total number of photons absorbed per unit volume byump laser intensity dependent and its quantum yielg,

pyrazine (\y,) is given by can be estimated for 248 nm dissociation using @Q) to
, - give a value of ¢,=0.02-0.01 (laser fluence of 9.5
Np,=[Pyr= Jo+2[ Pyr= o, mJ/cr).
(19 Equation(21) can then be rearranged expressih@s a

NhV:(l_a)NhV+aNhV' .
function oft.,
where« is a measure of the amount of multiphoton absorp- .
tion and aNy,,/2=[PyrE ], while (1—a)Ny,=[PyF ]o. ¢:<i+t_d) +o 22)
u:»

Substituting Eqs(19) into Eqgs.(18) gives bm  Teal
£, @ - wherety=1/(kq1st 2Kgos) fs IS the effective lifetime of ex-
[PyrE ]= 5 Nne " y=Kaap+ kel QJ, cited pyrazine, ¢m=(Kg1s+ 2Kgos) fs/ (Kgzs+Kaps) is the

maximum quantum yield from the “late” channel in the

[py,E']:(l_a)the—V't’ v =Kg1st+ Kgost+ kqd Q1. absence of quenching, ang,=1/Kk,{ Q] is the mean hard
(20) sphere collision time. To allow for easier comparison with

the earlier mode[described by Eq(16)], we rearrange this

Kgip @
[HCN]=%ENhV(1—e‘”) to
1 _t + s (23
+ I(dlL,ZI(dzs(l—a)th(l—e—V’t)_ ¢=bu ter  ém’
. ) 7 . which simplifies to Eq.(16) if there is neither a “prompt”
At long times this can be rearranged to give channel ¢,=0) or a 2 HCN channelé,=1, Kgos=0). In
[HCN]  Kg1p Kaps+ 2Kgos this kingtic_analysis, the dissociation Iifgtim@,, rgflects the
= Ny, = 7 P T s overall lifetime for the “late” channel. Disregardirky, , for
(21) the momentg,, can range fronfs(kd%s_> Kgos) 10 2 fo(Kg1s
[PYPE'], « [PYE T, <Kkgps) depending on the competition between the two
fp=N—= 5; S =(1-a). “late” channels identified above.
hv hv Equation(22) forms the basis for a three-parameter, non-
In this expression fok, the first termkgy,,f,/y, is associ- linear least squares fit that determirtgs ¢,, and ¢,, for

ated with the “prompt” “unquenched” channel. Regardless each data set in the self-quenching, ands $fd CQ
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14 e ey —r) of the overall HCN vyield. Note also that the lifetime for
12 e 3 pyrazine excited to 37910 cm is even longer than this
1 b / @ 1 (~70 ws), highlighting the fact that these molecules with
b /' “chemically significant” amounts of internal energy can live
0.8 - . for a very long time before fragmenting, especially near the
0.6 3 reaction threshold energy.
04 ? The pyrazine dissociation rate under self-quenching con-
= ditions is smaller (1.68 10° s %) than for either SFquench-
0.2 3 ing (7.27x10°s™ %) or CO, quenching (8.3310°s™ ) fol-
o¥ ] lowing 248 nm excitation. This is the same trend observed
0 20 40 60 80 100 120 140 160 for self-quenching and CQOguenching after 266 nm excita-
Mean Collision Time (isec) tion, 1.33x10%s™? (self) and 3.44« 10*s }CO,), respec-
tively. This is again consistent with the earlier qualitative
observation that both gFand CQ are less effective than
1.2 e unexcited pyrazine at quenching excited pyrazine, and is
¥ merely a consequence of applying the strong collision model
] indiscriminately to all quenchers. The strong collision model
E is certainly most appropriate for a bath gas which carries
] away a large amount of energy upon each collision, and
: hence the rate constant extracted from the pyrazine self-
3 quenching data is the most reliable value in the context of the
] strong collision model. Because higher pressures of either
1 Sk or CO, are required to be as effective as pyrazine at
e N T . guenching fragmentation, the dissociation rates for pyrazine
0 2 4 6 8 10 derived from the SFand CQ data are larger, a result of the
strong collision model. Because unexcited pyrazine is the
most efficient strong collision partner of the three, the disso-
ciation rate constant from self-quenching data is theman
7 per limit for the dissociation process; in other words, the
3 “true” dissociation rate for pyrazine must be even smaller
3 than measured here! Thus, the lifetime of the excited pyra-
zine is even longer than 6.2 and a8 for 248 nm and 266
nm excitation, respectively. Note also that tliEerencesn
1 the lifetime between self quenching and £quenching are
g smaller at 37910 cit than at 40640 cm' indicating (as
. expected that pyrazine is much closer to its critical energy,
E E,. for fragmentation to form HCN at 37 910 crhthan at
of 40640 cm*,
0 2 4 6 8 10 This second model provides a reasonable basis for ana-
Mean Collision Time (usec) lyzing results wherep,, is unity or even greater than unity;
FIG. 10. Quantum vield displayed as a function of the mean collision timehowever, for the 266 nm self-quenching dajg falls well
for (@) self-quenching studies(b) CO,-quenching studies, andc) below 1 (¢,,=0.52). For these results to make sense, there

SFKs-quenching. Circles are for 248 nm excitation while diamonds are formust be some “dark” channel that does not produce HCN
266 nm excitation. The solid lines are the result of a three-parameter, non- ilable t . ited by 266 diati It i
linear least-squares fit to the data using E%). The results of this nonlin- avallable 1o pyrazine excried by nm radiation. It 1S pos-

ear fit are summarized in Table Ill. These data provide a value of 1.6¢5ible that pyrazine withe; ;=37 910 cmis so close tdE,
x10Ps ! and 1.3%10*s™* for the first order photodissociation rate con- the energy threshold for dissociation, that the excited pyra-

stant for self-quenching 248 and 266 nm studies, respectively; 8.3%ine s distributed on both sides Bf, reflecting the thermal

X10P st and 3.44 10*s™! for CO, quenching 248 and 266 nm studies, - . : .
respectively; and 7.2710° s~ for SF; quenching 248 nm studies. Quantum energy spread of |n|t|ally unexcited pyrazine. 266 nm exci

yield measurements obtained for 248 nm and 266 nm excitation were cor{ation.also provide_s Fhe longest dissociation “fetim@:‘qu
ducted at an UV laser fluence of 9.5 mJfcamd 5.0 mJ/ch) respectively.  uS; this time scale is in the range of IR fluorescence lifetimes

for highly vibrationally excited states. Photodissociation at
even the lowest pressures may, thus, be in competition with

ot ; 339,58 T
guenching groups of data. Figure 10 displays the resultin adlatlve_ quenching process’n_eg. This effect h_a_s been
nored in the present analysis, as have wall collisions. Both

fits, and Table Ill summarizes the parameters. The 248 n £ th ffects will lead t -1
excited pyrazine lifetime of 6:20.4us derived from this of these effects will lead to an appareff,<1.
data is in good agreement with the results of previous studies
(6.6 us),*® in spite of the fact that more channels have beenv' CONCLUSIONS

considered in this analysis. This is one indication that these This work combines both experimental and theoretical

additional channels are responsible for only a small fractiorstudies to provide greater insight into the dissociation of

HCN Quantum Yield

HCN Quantum Yield

HCN Quantum Yield
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TABLE lll. HCN quantum yields, photodissociation lifetimes, and photodissociation rate constants for the 248
nm and 266 nm photofragmentation of pyrazine as derived from fits to the data shown in Fig. 10 using Eq.

(222
Excitation
Quencher wavelength(nm) D’ b ty Kazs®
Self 248 1.30.2 0.03:0.01 6.2:0.4 1.6%10°
Sk 248 0.70.2 0.02:£0.01 1.4-0.1 7.2 10
CcO, 248 1.2+0.2 0.04:0.01 1.3:0.1 8.33% 10°
Self 266 0.5-0.3 0.012:£0.004 66-4 1.33x 10*
CcO, 266 0.170.03 0.0130.002 28-3 3.44x 10"

2|l data was collected alfyee= 9.5+ 1 mJ/cn?.

bThe maximum value for the quantum yield,= (Kq1s+ 2Kqos) fof/ (Kais+ Kaps), Se€ text following Eqs(22)
and (23) for definitions of symbols.

‘The quantum yield for the “prompt” “unquenched” channef,=f, , see text following Eq(21) for
definitions of symbols.

“9The photodissociation lifetimé.e., the lifetime of vibrationally excited pyrazipgiven in microseconds,
=1(kg1st 2kgos) T, See text following Eqs(22) and (23) for definitions of symbols.

®Rate constant for the dissociation of pyrazine given in units of sand determined using the expression for
ty above, wheréy,.=1.1x 10° was obtained from probing the,8, yield as described in the text.

highly vibrationally excited azabenzenes, in particular pyrapyrazine/CQ mixtures excited by 248 and 266 nm laser ra-
zine, following absorption of UV laser radiation. Experimen- diation, is discussed in the following paper.
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