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MOLECULAR BEAM STUDIES OF ELECTRONIC
STATE-SELECTIVE PHOTOCHEMISTRY

Laurie Jeanne Butler
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
. and
Department of Chemistry

University of California
Berkeley, California 94720

ABSTRACT

The evolution of a specifically excited molecule to its final
fragmentation productsvié studied here for three photochemical systems . -
by the crossed laser-molecular beam technique. Measurement of product
velocity distributions and po]arizatioh dependences allows elucidation
of details of all pathways from excitation through fragmentation.

The photodissociation of CHzBrI has been studied ét 248.5, 210,
and 193.3 nm. Excitation at 2}0 nm, an A(Br) -» o*(C-Br) transition,
results in breaking of the stronger C—Brvbond, and no fissién of the
weaker C-I bond, in contraét to conclusions based on previous studies
of the UV photodissociation of po]yha]omethanes. Some concerted‘elimi-
natjpn.of electronically excited IBr also occurs at 210 nm and at 193
nm. Excitation at 193 nm, a Rydberg trénsition on the I atom, results
in both bond fission channels (C~Br fission being dominant) to form
spin-orbit excited halogen atom products with an isotropic polarization
dependénce. Excitation at 248.5 nm, a n(I) » o*(C-1) transition with
some overlap of a n(Br) -» o*(C-Br) transition, results in primary C-I

_ fission to form both I(2P1/2) and I(2P ) product with the same

3/2



Vi

parallel anisotropy and some C-Br fission. The 5odine product spin-
orbit state branching ratio is discussed in relation to models for
transitions between diabatic electronic states.

The dissociation of nitrdmethane following excitation of the n*en
transition at 193 nm has been investigated by product emission spec-

troscopy and molecular beam photofragmentation translational energy

spectroscopy. The only primary process is shown to be cleavage of the

C-N bond to give CH3 and N02 radicals; there are two distinct mecha-
nisms by which CH3 and N02 are ﬁroduced. The dominant mechanism
releases a re]atively ldrge fraction of the total available energy to
‘translation and probably gives NO2 radicals in a vibrationally excited

2

B, state. The studies show there is little transfer of energy from

2
the excited NO2 group to the alkyl group during dissociation for the
dominant mechanism, |

Dissociation pathways of a vibrationally excited molecule in the
groﬁnd electronic state have been studied in the infrared multiphoton
dissociation of diethyl ether. Partitioning of the ehergy to tfans]a-
tion is compared for the radical channel CéHSOCZH5 > CH0 + CoHe,
for which the distribution of translational eﬁe?gies i§ in agreement
with predictions of statistical unimolecular rate theory, énd the con-
certed channel CZHSOCZHS > CZHSO + C2H4,
tional energy release with a relatively narrow distribution results

for which the high transla-

from the recoil of the products from each other down the exit barrier.
Applying statistical unimolecular rate theory, we estimate the average
energy levels from which the molecules dissociate using the measured

translationaT energy distribution of the radical channel.
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CHAPTER ONE
THE ELECTRONIC STATE-SELECTIVE PHOTODISSOCIATION OF

CH,Brl AT 248, 210, AND 193 nm

2
ABSTRACT
The primary photodissociation channels of CHzBrI following exci-
tation at 193.3,v210, and 248.5 nm have been studied with the crossed
laser-molecular béam.technique. Product trans]atidna] energy distribu-
tions and po]ariiation dependences are derived for the primary dissoci-
ation processes observed. Excitation at 248.5 nm, which is assighed to
excitation of primarily a n(I) » o¢*(C-I) transition with some contribu~ .
“tion from an overlapping n(Br) » o*(C-Br) transition, results in only
C-I bond fission and C-Br bond fission, with C~I bond fission the domi-
nant chanhé].' A parallel anisotropy is measured for both channels, 8 =
1.040.1 for C-I fission and § = 0.6%0.1 for C-Br fission. C-I bond
fission produces I atoms in both the 2P3/2 and spin-orbit excited 2P1/2
state in a ratio of 1.0:0.75, both with the same parallel angu1ar dis-
tribution. The spin-orbit state branching ratio of I atoms produced is
discussed in re]atiqn to models for transitions between diabatic élec-
tronic states. Excitation at 193.3 nm, assigned to transition to pri-
marily predissociated Rydberg levels on the I atom, leads fo C-Br bond
fission, some C-I bond fission, and significant concerted elimination
of IBr. The angular distribution of scattered product is roughly iso-
| tropic with respect to the polarization of the light, consistent with

the product channels resulting from excitation to a bound Rydberg state



that predissociates on a time scale slow with respect to the rotational
PeriOd of the molecule. Analysis of the product translational energy
ditributions for the dissociation products indicate that the IBr is
formed electronically excited and that the halogen atom products are
spin-orbit excited. Excitation at 210 nm, of the transition assigned
as n(Br) » o*(CfBr) based on comparison with CHBBr, results in selec-
tive breaking of the stronger C-X bond in the molecu]e,»the C-Br bond,
’with a parallel polarization dependence, and no fission of the C-I bond.
Some concerted elimination of IBr also occurs; the IBr velocity distri-
‘bution indicates it is probably formed e1ectronita11y excited as it was
in the 193.3 nm photo]ysfs} The concerted elimination of exc]usive)y
electronically excited IBr is discussed in terms of a simple least
motion path in the LCAO-MO approximation. The selective breaking of
the C-Br bond over the weaker C-I bond is discussed in contrast to pre-
vious broadband photolysis studies of polyhalomethanes in which only
the weaker C-X bond broke, and compared to one state specific study of
1,2-C2F48r1 which resulted in both C-I and C-Br fission fo]lowing an

analogous excitation,

INTROBUCTION

| The photodissociatioﬁ of CHZBrI was undertaken to investigate
how the electronic nature of a particular state excited in a molecule
influences the product channels by which the molecule dissociates.

Although there are numerous dissociation channels for CHZBrI which



are energetically allowed at all three éxcitation-wave1engths of 193,
210 and 248 nm, see Figq. l,1 our results to follow show that excita-
tion at each wavelength produces very different branching ratfos between
the possible dissociation channels. Specifically, for example, excita-
tion at 210 nh of a transition assigned as n(Br) -» o*(C-Br) results in
primary- C-Br fission but no primary C-I bond fission. This result con-
tradicts the popular conc]usion2 from previous broadband experiments

on photodissociation of polyhalomethanes that only the weakest C-X bond
breaks in the primary dissociation event at excitation wave}engths >
2000A.

A bromo-iodo alkane was chosen for this study as they have three
distinct types of electronic transitions above 190 nm which.are sepa-
rated in frequency, two of which result in electronic states antibond-
ing in the C-I or C-Br bond respectively. The assignment of the
transitions as based on comparison with the spectra—of CH3I and CH3Br
are shown above the low resolution UV absorption spectrum of CHzBrI
shown in Fig. 2. The spectrum consists of a broad.band beaking near
270 nm which is assigned to the promotion of a nonbonding electron on
the iodine to an antibonding orbital on the C-I bond, arbroad'band
qgaking near 215 nm assigned. to promotion of a nonbonding e]ectroﬁ on
the Br atom to an antibonding orbit31 on the C-Br bond, and sharp
features around 190 nm correspphding to Rydberg transitions on the I
atom. The features are similar in shape to the analogous transitions
observed in CH,I and CH

3 3
considerably more intense and shifted slightly to the red. The ultra-

Br respectively, but the broad bands are

violet spectrum of CH.Brl has been previously recorded by S.J. Lee

2



and R. Bersohn> from 200 nm to 350 nm. They attributed the shift in
the absorption bands to the fact that the central carbon atom has more
positive charge in this dihalomethane than it does in a monohalomethane,
thus stabilizing the antibonding orbitals.

Two recent studies of bromo-iodo alkanes are particularly relevant
to fhis study. Lee and Bersohn3 investigated the photodissociation

of CH,Brl with a broad band light source extending from 240 to 340 nm

2
- with a FWHM of approximately 40 nm. They measured the mass spectrum of

dissociation fragments and reported signé] at I+, Br+, CH28r+, and CH21+,
but not at IBr+. There was no reported attempt to resolve HI+ or H818r+
from I+ or Br+. From their integrated signal at I+ and Br+, they
derived a branching ratio between C-I and C-Br bond fission to be 6:1;

- the calculation involved the estimated factor that only 7 percent of

the CH,Br product formed gives signal at Br and 20 percent of the

2

CH,I producf formed gives signal at If, The anisotropy of the I atom

2
signal showed a parallel dependence on the direction of the electric
vector of the dissociating light. It was concluded that excitation in
the n(I) -5 o*(C-1) band promotes only C-I bond fission; the C-Br fis-
sion was attributed to the bandwidth of the Tight pértia11y overlapping
the absorption band of the n(Br) -» g*(C-Bf).éransition.

A recent study of the photodissociation of CZFSBr, CZFSI, and
1,2~C2F4Br1 by Krajnovich et a1.4 investigated product channels result-
ing from excitation in the n(i) -3 o*(C-1) and in the n(Br) -» o*(C-Br)
absorption bands. The absorption spectra of Leone and coworkerss
from 190-400 nm show that the two broad band components of the spectrum

of 1,2-C2F48ri are similar in shape and position to the n(I) — o*(C-I)
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absorption in CZFSI (peaking near 270 nm) and the n(Br) — o* (C-Br)
absorption in CstBr (still rising at_193 nm) but are considerably more
-intense (particularly the n(Br) -» o*(C-Br) transition). The Rydberg

" transitions on the I atom are shifted to higher ehergies-in the fluori-
" nated ha]ocarbons.. Krajnovﬁch et al. measured the product velocity and
angular distributions for excitation of the speéieé at selected UV 1éser
: waye1engths. When 1,2-C2F4Br1 was excited at 248 nm and 266 nm, only
C-1I bond fissiqn was observed as a primary dissociation channel and most
or all of the iodine product was spin-orbit excited I(zPi/Z). Nhen

the molecule was dissociated at 193 nm, some of the mo1ecu1e§'dnderwent
primary C-I bond fission and some underwent primary C-Br bond fission

in a ratio of approximately 1.7:1. Thé results were interpreted in
terms of a fast e1ectronik energy transfer between the C-Br and C-I
bonds after a 1oéa1'excitation of the C-Br bond at 193 nm. This
interpretation was consfstent with the pb]arization dependences, which
showed that both bond fission channels resulted from a dipole transi-
tion_moment aligned parallel to the breaking bonds, becaﬁse the C-I and
F.Bri.

2 4

2BrI was chosen as a model system for three specific reasons

(beyond the consideration that it is one of very few bromo-iodo alkanes

C-Br bonds are nearly parallel in 1,2-C

CH

obtainable in any quantity at a reasonable price). First, the absorp-
tion spectrum contains two ban@sbcorresponding ton -§ g* transitions

- of the C-1 and C-Br bonds respectively, which are resolved despite the
-shared cafbon. Second, the angle betweén the C-I and C-Br bond is

.-strong1y bent, potentially allowing us to use the polarization



dependences of the dissociation channels to identify the particular
electronic transition which resulted in each dissociation channel.
Third, the molecule is small and the energetics relevant to the
dissociation channels are fairly well known, so primary dissociation
events can be distinguished from secondary or three-body dissociation.
events (where_the final products are CH2 + Br + I). Care should be
taken in comparing the experimental results on CHZBrI to those on
1,2-C,F,Brl. The absorbtion bands due to the n — o* transitions
are shifted to longer wavelengths in CHZBrI so, for instance,
excitation at 193 nm promotes a n(Br) —» o*(C-Br) in 1,2-C2F4BrI

Eut promotes a Rydbérg transition in CHzBrI; one must excite CHzBrI
at 210 nm to excite the n(Br) =3 o*(C-Br) transition.

The results and analysis section will present the experimental
data and elucidate how one extracts from the data which dissociation
channels are and are not occurring and what the polarization dependence
of thé dissociation events are. For readers who wish to Jjust read a
summary of the experimental results, one is presented at the start of
the discussion section. In the discussion section we will address our-
selves to qualitatively rationalizing how the nature of the electronic
state‘éxcited and the coupling to other states results in the specific

primary dissociation channels observed.

EXPERIMENTAL

The molecular beam photofraamentation apparatus has been previously

described in deta11.6 CHzBrI was obtained from Fairfield Chemical



Company. The molecular beam was formed by bubbling argon through a
reservoir of CHZBrI maintained at 18°C. A total stagnation pressure

of 300 torr was used (5 torr CH.BrI, 295 Ar) behind a 0.125 mm diam-

2
eter nozzle. The nozzle was heated to‘135°—I40°C to reduce the forma-
~tion of clusters in the beam. The data was checked for contributions
from dissociation of clusters by repeating several measurements under
the same molecular beam conditions except the reservoir of CHZBrI wés
Towered to 5°C to substantially reduce the partial pressure of CHZBrI
in the beam and thus reduce cluster formation. The peak velocity of

" the molecular beam was typically 6.15 % 0;07 X 104 cm/sec with a FWHM
of about 10 percent. The beam passed'thfough two skimmers and two
differentiél pumping regions, the ﬁecond skimmer defining the beam to

a full angular divergence of 3.0° before'the molecular beam crossed the
laser 74 mm from the ndzz]e. At the crossing point the beam diameter
was 3 mm. The beamAsource is rotated in a plane perpendicular to the
laser beam.

For the experiments ét 193.3 and 248.5 nm, eXc]uding the polariza-
tion dependence at 248 nm, the photodissociating 1ight'soﬁrce was
arranged as follows. The photons from a pulsed Lambda Physik.mode1 EMG
103MSC excimer laser operated at 100-150 Hz were focused onto the inter-.
action region of the molecular beam to anvob1ong 3 mm by 1 mm spot with
a 240 mm focal length (f.].) magnesium fluoride lens. ‘For all the data
presented, except.where otherwise noted, the laser was not polarized.
The 1a$er beam crqssed the molecular béam perpendicular to the source-

detector plane so the e]eqtric vector direction was isotropic in that



plane. The c.m. angular distribution of scattered product must then by
symmetry be isotropic in the source-detector plane, whether the absorp-
tion is anisotropic or not. Laser bu]se energies at 193 nm, Arf gas
mixture, were typically 100-150 mJ/pulse and at 248 nm, Krf gas mix-
ture, were ~200 mJ/pulse, with pulse widths of 17 and 25 nsec respec-
tively (quoted from Lambda Physik).

The photons for the 210 nm experiments were obtained by Raman
shifting the 193.3 nm output of a Lambda Physik 102E excimer laser
equipped with unstable resonator optics. The opfica] setup is shown in
Figgre 3. The unpolarized excimer laser beam was focused by a 50 cm |
f.1. lens into a 97 cm long Raman cell filled with 300 psig of H2 gas.
A second 50 cm f.1. lens placed 122 cm from the first lens produced a
moderately converging beam of the fundamental and Ramam shifted fre-
quencies. The light was dispersed Qith a quartz Pellin-Broca prism;
The 210 nm Stokes shifted light was redirected along the axis of
rotation of the beam source with a Suprasil right angle prism and
focused onto the interaction region with a 240 mm f.1. MgF2 lens to a
~3 mm2 spot. This iight passed through an aperture in a copper bar-
ricade which blocked the fundamental and undesired higher order Raman
shiffed frequencies. Typical pulse energies produced were 2 mJ/pu]Se
of 210 nm light from 55 mJ/pulse of 193 nm input energy to the Raman
cell. Some power was Tost at the Pellin-Broca prism as the excimer
laser beam was too large for this optic. The 210 nm light is primarily
unpolarized as the fundamental is, bu{ the horizontal component is

transmitted more easily through the entrance and exit surfaces of the



Pellin-Broca resulting in the horizontal componeni having ~60 percent
of the energy and the vertical Having ~40 percent. For the polariza-
tion dependence measurements the quartz Pel]in-Broca'was replaced with
a birefringent MgF2 oﬁé‘as described be]ow.  The laser‘repeti;ion
rate was 30 Hz for most of the unpolarized 1ight data and 25 Hz for“the
-po1arized Tight déta. Following every 12 hours of data takiﬁg the
]aser windows were cleaned and the whole optics setup realigned to
restore good pulse energies.

The excimer laser was polarized for thé anisotropy measurements
at all three wavelengths by passing the beam through one of twg MgF2
prisms. MgF2 is birefrihgent; the propagation directions of the two
outgoing linearly polarized beams differ from each other by a sma11
angle and from the incoming beam by a large angle. The two output
beams were >99.9 percent linearly polarized in orthogonal directions. ’
Figure 4a shows a side view of the optical setup at 193 nm. The rec-
tangular, unpolarized excimer beam is turned upwards by a turning
mirror into the ti1ted-faée of a MgF2 prism polarizer designed
by Optics for Research. The prism turns the’horizonta11y polarized
component of the 1ight 30-40° downward, redirecting it along the axis
of rotatiop of the beém soufce; while the vertiéal component is deflec-
ted less and blocked before the entrante.to the machine. For thé setup
at 210 nm, the quartz Pellin-Broca, as shown in Figuré 3, is replaced
by a Mng Pellin-Broca by Quanta Ray. The optical axis of the Pellin-
Broca is vertical; it disperses the light by wavelength and by direc-

tion of linear polarization. The desiredrhavelength and polarization
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of light is directed along the axis of rotation of the beam source with
the right angle prism after the Pellin-Broca. The micrometer which
controls the tilt of the right angle prism was calibrated so that
either the horizontally or the vertically polarized 1ight at 210 nm
could be directed to the interaction regioﬁ of the laser and molecular
beam while the apparatus was under vacuum. The data Qas thus taken with
each polarization of 1ight under exactly the same molecular beam condi-
tions. .Because the horizontally pdlarized light is better transmitted
by the Pellin-Broca, only the shapes of the time—of—f]ight‘data, not
the total signal intensjties, can be compared for the two po]arizétions
of the dissociating light unless one performs additional normalization
to the photon intensity. Finally, the optical setup for the anisotropy
measurements at 248 nm is shown in Figure 4b. Here the two linearly
po1arized components of the Lambda Physik 102E excimer beam, used with
unstsble resonator optics to improve the angular divergence of the
beam, are dispersed by the MgF2 Pellin-Broca and thé horizontal com-
ponent is redirected along the axis of rotation of the beam source. A
first-order half wave retarder from Karl Lambrecht Co., consisting of
two quartz retardation plates with an air space bethen them and the
optica1.axes at 90° with respect to each other, is placed before the
entrance to the machine. The difference in the thickness of the two
'p1ates corresponds to a fetardation_of one half of the 248.5 nm wave-
length. This combination retarder is less aﬁg]e and temperature depend-
ent thén multiple order retardation plates. The purity of rotation of

the 1ight was checked by resolving the light after the rotator into its
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vertical and horizontal components with the Optics for Research MgF2
prism. When the optical axis of the rotator was turned to be parallel
.Qith the electric vector (E) of the horizontally polarized incoming
light, the vertical component of the outgoing light completely disap-.
peared; When the half wave retarder was rotated by 45° (rotates E
vector by 90°) thé horizontal component of the outgoing light disap-
peared completely.

Neutral dissociation produtts formed at the crossing point of the
laser and molecular beam travel 36.6 cm to an electron bombardment ion-
izer. The dissociation products pass through a set of defining s1jts
mounted on the walls of the differentially pumped detector chamber
which 1imit the acceptance angle of the detector for products scattered
from the interaction region to 1.5°. The neutral products are ionized
by bombérdment with 120 eV electrons. The ion fragments are mass |
selected-with a quadrupole mass spectrometer and_counted with a Daly
‘detector and a multichannel scaler with respect to their flight time
from the interaction region after the dﬁssociating laser pulse. Tuning
of the quadrupole to a well defined mass to charge ratio and measuring
its resolution is facilitated by.measuring the intensit& of the beam
profile at the'mass fragments of CHzBrI as a function of quadrupole
settings. All time-bf-f]ight (TOF) data presented for 248 nm unpolar-
ized and 193 nm excitation wavelengths was signal averaged over at
least 200,000 laser shots each. The TOF data taken with 210 nm and
polarized 248 nm Tight (with the lower repetition 102E laser) were sio-

nal averaged for at least 50,000 counts each. Typical signal levels at
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193 nm, for instance, ranged from 0.008 counts/laser pulse at CHzBr+
(from 120 to 330 usec) to 2.2 counts/laser pulse at I+(from 400 to 800
ﬁéec). |

The poTarizationedependence'measurements_at 248 ﬁm of the I+‘ahd
CHZI+ signals were carefully executed ﬁo average out']aser power dif--
ferences between laser gas fills and within each gas fill. The signal
at each angle was accumulated for the same number of laser shots as the_
signal at other angles within each gas fill. Nine separate data aver-
aging periods of 7,500 laser shots each for CHZI+ and 6,000 laser
shots each for I+ were summed for each of the nine electric vector
positions ;o'obtain the angular distibution data showniin this paper;
The order of signal accumulation in the gas fill for each po1ariza£ion
angle was varied to avefage out the 2-15 percent'change 1n»1aser power
between the beginning and the end of each gas fill. Because of these
everaging techniques, no additional normalization to laser power was

needed at the various polerizetion angles.

RESULTS AND ANALYIS:

I. Photodissociation of CH,Brl at 248 nm

2
A, CHBrT gié_gmj__, CHyBr + I(2P3/2) ' (1a)
' 2
L CHBr + I(°Py,,) (1b)

81
2

I*; are shown in Figs. 5 and 6, respectively. Both sets of TOF spectra.

The time—of-flight (TOF) spectra of m/e=95, CHo'Br , and m/e=127,
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show two narrow and fast overlapping product distributions, as well as
a slow hump with a peak flight tfme of ~650 usec at the small labora-
tory angle. The I+ TOF specfra also show a broad undeéiying signal.
The slow hump at 650 usec was determined to be contribution from dimer
contamination in the molecular beam (see Section I.E) and the broad
underlying signal ih the I+ TOF's is due to secondary photodissociation
of’CHZI product (see Section 1.G). The two sharp peaks in the * and_

CH Br+ TOF spectra are easily assigned to the momentum matched I and

2

CH Br products from C-I bond fission, the faster one of the pair being

2
products from bond fissions producihg I(2P3/2) and the slower one of
the pair~being-from fisgions producihg I(2P1/2). This assignment fol-
lows from the fact that the products from the bond fissions giving spin-
orbit excited iodine atom product must chahne] 21.7 kcal/mole (the spinf
orbit splitting of iodine) of the total available energy into electronic -
energy. Hence, less energy is av;ilab1e for translation and internal
vibration and rotation, and these products have sma]lér ;enter—ofAmass
recoil velocities and-longer ar;ivaj time in the'TOF'spectra.7

The center-of-mass product recoil translational energy distribu-
tion, P(ET), for C-1 bond fission in CHZBrI excited at 248 nm can be
‘ derived from forward cthb]ution fiﬁting of either the CH28r+ TOF or
the sharp peaks in the I+ TOF, as the CHzBr and I center-of-mass
(c.m.) product velocities are reIated simp1y.by momentum conservat%on.
The CHZBr+ TOF was used initially as it is not complicated bj the
underlying signal from secoﬁdary dissociation. The P(ET)’shown in

Fig. 7 gives the fit shown - in solid line in Figq. 5. This total P(ET)
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must be divided into two component translational energy distributions,
one for production of each spin-orbit state of I atom product, in order
to determine a product channel branching ratio. This was done approxi-
mately by constraining the shape of each P(ET) to be similaf. Although
there is c]earTy uncertéinty in the shape of the P(ET)'s in the over-
lapping region, there is less uncertainty in the total area uhder'each
component P(ET), which determines the product channel branching ratio.
Production of ground state iodine is clearly the favored channel. The

P(E.)'s and their fits shown in Figs. 5 and 6 give the relative proba-

1)
bility of producing spin-orbit excited I atom product in the primary
bond fission to forming ground state I atom product to be 0.75:1.11
There are several potential pitfalls in determining product
channel branching ratios from the relative area of P(ET)'s that fit
measured TOF spectra of products, a]]lof which are shown to be avoided
in this work. Certainly the molecular beam velocity, flight path, and
jon flight time must be carefully determined so the well known trans-
formatioﬁs froﬁ P(ET) to product laboratory TOF can be carried out.
More importantly, if one is determining the product channel branching
ratio from the TOF spectra of a product like CHZBr, which has the
potential of absorbing another photon and dissociating itse]f, one must
be‘tertain that one-is not preferentially ]osing the CHZBr prbduced
in one channel over the other (this is possible because fhe interha]
state distribution of the CHzBr product from each channel is differ-

ent). Also it is possible that the more internally hot CHZBr from

dissociations producing ground state I atoms may be less likely to give
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parent CHzBr+ when ionized. A1l these potential- problems may be
eliminated by showfng that the P(E;)'s derived from the CHZBr+ TOF
-also fit the momentum matched I+ TOF features, as was done in Fig. 6.
Apparently, the secondary photodissociation of,CHZBr by 248 nm photons
does not depend strongly on the internal excitation of the radical.

The only remaining uncertainty is whether the ionization cross section

2

of I( is the same as that of I(2P This was explicitly

P172) 32)
checked with our ionizer conditions by photodissociating CF3I at_248 nm

and checking that the same weighting of the two dissociation channels
. _

3
tra. Similar insensitivity of the ionization efficiency to the spin-

(~7 percent I(2P3/2) is formed) fit both the CF. and the I" TOF spec-
orbit excitation of I has been noted by Gorry and cdworkers8c for

their ionizer conditions. Thus our product channel branching ratio of -
2
(

0.75:1 for I(2P P3/2)‘on1y contains the relatively small uncer-

172)31
tainty of assigning overlapping portions of each component in the TOF
spectra to one or the other channel. The branching ratio determination
is normally dependent on the polarizafion dependence of the. photon
absorpfion which results in an anisotropy in the product angular dis-

tribution for each channel, but the dissociation to each spin-orbit

-state of I is shown to have the same anisotropy in Section I.H.

B.  CH,BrI 248 nm, CH,T + Br

2 2

Pyj2s “P1y2) | (2)

I+, and m/e=81, 81

The TOF spectra of m/e=141, CH Br+, are shown in

2
Figs. 8 and 9 respectively. The spin-orbit splitting of Br atoms is
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10.54 kcal/mole compared to 21.7 kcal/mole for I atoms, so it is much
harder to resolve the two component dissociation channels (as was
achieved for C-I fission above) given the width of the product transla-
tional energy distribution caused by the range of internal excitation

I +

I product. ' The total'P(ET) for C-Brvbond fission to CH
+
I

of the CH,

Br was derived via fitting of the CH2

2
TOF spectrum and is shown in

Fig. 10. The corresponding fit obtained to the CHZI product TOF is
shown in solid line in Fig. 8. There is clearly a little uncertainty
in the low energy side of the P(ET) due to contamination of the CHZI+
TOF by signal from dimers (see section I.E) This P(ET) was then used
~to predict where signal: from the momentum matched Br product would
appear in the Br+ TOF. The predicted Br+ distribution shown in solid
1ine in Fig. 9 matches the shape and position of the spike in the Br+
signal. We attribute the broad underlying signal in.these TOF's to
secondary dissociation, via absorption of a photon, of some of the

"CH,Br product from C-I bond fission. This secondary photodissociation

2
will be discussed later (see Section I.F). It should be noted that

. _
some of the faster signal in the peak of the Br TOF spectra could be

due to CH,Br product giving Br+ in the ionizer, but the fraction of

2
this contribution should be fairly small or the shape of the fits would
not match the shape of the observed peaks.

The relative infensities of the Br atom signal from C-Br bond fis-
sion and the I atom éigna1 from C-I bond fission suggest that C-Br bond

fission is a minor channel. This will be quantified in Section III.I.
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248 nm

C. Absence of Occurrence of CHzBrI S22 005 CHI + HBr (3) and
248 nm

CHyBrl =——- CHBr + HI (4)

- Two independent techniques were used to check for the possibi]ity

of concerted dissociation channels forming HI or HBr. First one looks

for signal at HI+ and at H818r+. If any is observed one must compare

. it to the shape of the signal at I+ (or‘Br+ respectively) to be certain

it is not m/e=127 (or 81) leaking through when the quadrupole is set to

12

pass m/e=128 (or 82). This technique assumes that if any HI or HBr

is formed, they will give some parent ion in the ionizer. Second one

“and CHI" and of cugler*

+
looks for differences in the spectra of CHZI

81+ . .81, +
and CH "Br . CHBr would contribute to the CH "Br but not to the
CHngr+ TOF (and likewise for CHI). The TOF spectra taken at m/e=128,

81p,*  are shown in Fig. 11. The TOF spectra of

HI+, and m/e=82, H
+ ol N

m/e=140, CHI , and 94, CH "Br , are shown in Fig. 12. The very smal)

signal at HBr+ around 300 usec measured at 20° could easily be due to

leaking of the Br+ through the quadrupole and the similarity of the

CHI" and CH,I" shown in Figs. 12 and 8 affirm that no HBr production

is évident. Similarly there is no evidence for HI production, as there

is no signal at H1* (Fig. 11) and the TOF spectra of CHSIBr+ and

CHngr+ shown in Figs. 12 and 6 are indistinguishable.
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248 nm

D. Possibility of a Tiny Fraction of CH,Brl =-=——3 CH, + IBr

2 2

The TOF spectrum of m/e=206, 208, IBr , is shown in Fig. 13.
The signal is so low even at éuch small center-of-mass velocities when
“the molecular beam TOF technique is particularly sensftive that one can-
not discount the possibility this signal is due to dimers. We searched
for evidence of the monomer concerted reaction two other ways. Because
the momentum matched CH2 is so much lighter than IBr, its recoil
velocity would be quite fast and might be observable. Fast signal was
observed in the CH+ TOF, Fig. 14, but it was not correctly related to
the IBr+ signal by momentum conservation (this signa] is assigned to
Br and CH,I in Section's I.F

2 2
and 1.6). One can predict where the CH2 should appear in the CH+ TOF

'CH2 from the secondary dissociation of CH

via conservation of momentum with the observed IBr+ signal, this is
shown by the fastest broad hump between 100 to 200 usec in the CH+
spectrum. There is no signficant signal there. In addition, there is
- no evidence for IBr in the fragment ion mass I+ TOF spectra; at 10°
(Fig. 6) the peak would arrive at ~500 usec, between the I product
signal from C-I bond fission and the hump from dimer contamination.
Thus the signal at IBr+ is probably due to clusters in the beam.

Note that if any IBr were fqrmed with a total translational energy
‘release of less than ~4.4 kcal/mole it would not recoil away from the
molecular beam with a large enough velocity to be detected. The CH2
product from CH.,Brl —» CH, + IBr could however be detected at 20° with
as little as 0.04 kcal/mole release to translation, but might be

"difficult to pick out in the congested cH' spectrum,
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E. Identification of Signal from Dissociation of Dimer Contamination

in the Molecular Beam.

Although the fraction of CHZBrI associated as dimers in the
mo]ecd1ar beam is probably very small (the reservoir of CHZBrI was
held at 18°C and the nozzle was heated to 135°C), some contamination of
the TOF spectré from dissociétidn of clusters can be observed at small
angles. Fragments from c]uéters usually recoil with small c.ﬁ. veloci-
ties aﬁd thus appear in a small laboratory anguiar range about the
mo]ecu1af beam, so although their signal is not obSeryed at large
angles we are particularly sensitive to their signal at 10°.

' The-TOF spectré of m/e=81 and 127 at 10° and m/e=94 at 20° obtained
with reduced polymer contribution to the md]ecular beam are shown in |
Fig. 15. Under the new beam conditions all the signal is substantially
reduced, but the ratio of monomer molecules to clusters in the molecu-
lar beam is significantly increased. Thus any signal from cluster
parent molecules will be reduced in intensity with respect to signal
from dissociation of monomers. Comparing the m/e=127 TOF at 10° here
in Fig. 15 with that in Fig. 6, one sees that the feature near 650 usec
flight time is clearly due to dissociation of clusters. Likewise, com-
parison of Fig. 12 and Fig. 15 shows that-the 20° spectrum of m/e=94 in
Fig. 12 contains signal from dimers around 650 usec. The m/e=81 spec-~
trum shows no change, however. The s1ow signal in this spettrumuis

assigned to the Br from secondary dissociation of CHZBr product below.
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F. Secondéry Dissociation of CHZBr Product, CHzBr Zﬁ§-ﬂT> CH2 + Br (5)

The TOF at m/e=81, BlBr+ (Fig. 9), shows broad signal at faster
and at slower timeshthan the CHZBr broduct arrival tihe (which is
toward the fast side of the Br signal'from C-Bf bond'fiséiqn indicated
in so]id line). Such a broad underlying signal is characteristic of
secondary dissociation of a product. After primary C-I bond fission
which requires 55 kéa]/mo]e, the CHzBr product forhed cannot be 1éft
with enough internal energy to undergo unimolecular dissociation to

CH

2.+ Br. 1Its secondary dissociation must occur via absorption of
another photon. In a previous experiment in this laboratory on the
13

photodissociation of CFZBr2 at 248 nm,”~ the CFzBr product from C-Br

fission absorbed another photon and dissociated to CF, + Br, thus it

2
is not surpfising that CHZBr radicals also absorb at 248 nm and dis-
‘sociate. When the laser power was reduced by a factor of 5.6 the rela-
tive intensity of the broad signal with respect to the primary signal
decreased as shown in the low and high power TOF spectra of Br+ at
20° in Fig. 16, thus confirming our explanation that the signal is Br
produﬁt from some CHZBr absorbing a photon and dissociating. The
figure also shows that the secondafy absorption is strongly saturated
as it was for CFZBr radicals. |

Modeling a secondary dissociation such as this involves calcu-
lating the laboratory velocity flux distribution of the CHzBr pafeht
product molecules ff§m primary C-1 fission, then inputting a guessed

P(E

T) for dissociation to CH2 + Br to account for the recoil of CH,
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ahd Br from each other. The final Br laboratory ve1ocjty is the vector
sum of the molecular beam velocity, c.m. recoil velocity of CHzBr from
I and the c.m. recoil velocity of Br from CHZ' This calculation is
performed for the secondary dissociation of CH2I below, but was not
attempted for‘CHzBr because of the large range of laboratory veloci-
ties of the CHzBr product. However, the similarity between the sec—
ondary dissociation signal of Br from CHzBr, which'peaks at faster

and slower arrival times than the CHzBr parent, and the secondary

13

dissociation signal observed by Krajnovich, et al. Br, TOF

2

in the CF 2

data is marked and expected.

A simple caicuTation was made to assure that the assignment of the
underlying signal in the Br+ TOF spectrum to reaction (5) is consistent
with conservation of energy and momentum. If one asks how much energy
would have to go into translation in the dissociation of CHBr — CH, +
Br for the Br to rea;h the shortest observed arrival time at 10° of
180 usec, one calculates 52 kcal/mole for the Br originating from CHzBr
in’the peak of the CHZBr + ] translational energy distribution.l4

Whether the primary and secondary photons absorbed can provide all the

necessary energy is easily calculated:

Required energy E + D + E + D

T 0 ) T 0
I*CHzBr I—CHzBr CHZ*Br Br-CH2

= 19 + 55 + 52 + - (75) = 201 kcal/mole

2€, = 230 kcal/mole > 201 kcal/mole.
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'One also calculates that the CH2 product from fhe secondary dis-
sociation of CHzBr'which releases 52 kcal/mole to.translation would
have a total flight time (flight time to ionizer + ion flight time) of
67 usec. This corresponds to‘within a few usec td the fast side of the
previously unassigned sharp spike in the CH+ TOF of Fig. 14. Thus CH+
signal is observed which is momentum matched with the fastest Br+
signal observed, as required for reaction 5, and the obser?ed product

velocities are accessible with the available energy.

6. Secondary Photodissociation of CH,I Product, CH,I 248 nm_ CH, + 1T (6).

The TOF spectrum of m/e=127, I+, contains a broad under]ying
signal which is mainly due to the secondary photodissociation of CHZI
product from C-Br bond fission. As was the case for CHZBr secondary
dissociation, the CHZI product cannot have enough internal energy
after the C-Br bond fission to dissociate spontaneously. It must
dissociate via absorption of another photon.

-The shape of the secondary dissociation TOF signal was ca1cu]ated

from a possible P(E;) for rxn. 6 as follows. We assumed first that

T
all the CHZI product from C-Br bond fission had equal probability of
absorbing another photon and dissociating to CH2 + 1. This assump-—
tion is unlikely td be strictly true, but unless, for instance, the

CH,I product in the fast side of the distribution has a much higher

2
1ikelihood of undergoing secondary photodissociation than the CHZI in

the slow side, the effect of a varying dissociation probability across
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the CHZI primary product distribution would not affect the secondary
TOF calculation-significantly. No obvious depletion of one part of the
. CHZI TOF is evident when one compares the shape of the momentum
matched Br spike in the Br TOF speétra (Fig. 9) with the shape pre-
dicted (solid 1fne) from'the velocities of the observed CHZI prod-

uct, so the assumption is leant credibility. Second, one calculates
the 1aboratorx velocity flux of the CHZI product from which.the CH2

+ I fragments will originate. This is a simple extension of our usual
fitting procedure with one exceptiqn, The scattered CHZI product ‘is
constrained by symmetry to have an isotropic c.m. angular distribution
with respect to e , the aﬁg1e in‘the plane perpendicular to the unpo-
larized laser beam. However, the c.m. angular distribution with
fespect to the out of plane angle ¢ is senﬁitive to any anisotropy of
the priméry dissociation event. To simplify the calculation we set this
anisotropy to zero for tﬁe purpose of the calculation of the secondary
dissociation signal, although the énisotropy parameter is shown to be
0.6x0.1 in Section‘I.H. Because there is significant energy released
to translation in the secondary dissociation event, the effect of an
anisotropic primary step will be small. This is empiriéa]]y verffied
for this case by noting in Section I.H that the shape of the TOF of the
secondary signal does not change significantly when the laser is
po]arizgd. Fina11y; the recoil of'the CH2 from I in the secondary
dissociation (6) is accounted for from each CH,1 parent molecule; we
~also assumed this to be isotropic. A P(ET) is quessed for the dissoci-

ation and a TOF at I+ is calculated, then the P(ET) is refined until
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the fit is good; The P(ET) shown in Fig. 17 for rxn. 6 gave the accept-
ab]e fit to the underlying signalxshown in Fig. 6. Because there are

other contributions to these spectra, uncertainty in what signal should
be fit is evident. It is, however, certain that the secondary dissoci-
ation signal shou]d extend underneath the primary I signal or the rela-

tive heights of the two components would not be well fit by the P(ET)

derived for rxns. la and 1b from the CHZBr+ spectra.

H. Anisotropy of the C-I and C-Br Bond Dissociation Channels With

Respect to the Direction of the Electric Vector of the Laéer

The dependence of the I+ signal on the direction of the electric .
vector of the laser, at a molecular beam to detector.angle of 20°, from
primary C-I bond fission producing I(ZPi/Z) and I(2P3/2) products is
shown in Figure 18a. A polarization ang]e‘of 0° corresponds to the E

'vector pointing from the interaction region of the laser and molecular
“beam to the centerline of the detector. The electric vector is rotated
in the opposite direction as the source so a polarfzation angle of 20°
corresponds to an angle of 40° with respect to the molecular beam
direction. The Newton diagram in the corner of Figure 18a shows that
the'peak of the I+ signal intensity vs.polarization angle occurs when
the E vector is parallel to the peakvcenter-ofqnass velocity of the I
atom fragments. A

Zare15 has derived an expression for the center-of-mass (c.m.)

angular distribution of the fragments formed when a molecule.absorbs
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light via an electric dipole fransition; The expression he derived for
the probability, w(e), of a fragment recoiling in a direction e from
the electric vector of the laser is: |

w'(e)‘ = 1/4“(1 * 8P,(cos o)) | | (7)

| The‘anisotropy parameter g can rahge from 2, corresponding td a parai-
lel (coéze) angular distribution, to -1, corresponding fo a perpen-
dicula; (sinze) angular distributiohi More exact quantum meqhanica]
expressions have f011owed16’17; in the limit of high re]atiVe.trans_
lational energies Of'fragmepts (or zero angular momenta of fragments)
Zare's formula is recovered, so Qe obtained the anisotropy parameter B8
by fitting the data in Figure 18a with relation (7). If the molecule
rotates during dissociation or if bending vibrations change the
dissociation direction after'absorption of the 1fght, a purely parallel
or perpendicular absorption will not result in anisotropies of 2 or -1;
the g will be closer to zero.

The anisotropy parameter was derived from fitting of the data as
follows. The P(ET)'for each of the C-I bond fjssfon channels is
derived from the unpolarized light TOF:data which is constrainéd_by
symmetry to be indepéndent of.anisotropy. Only the relative heights of

2

the I{ and I(2 ) signals can be affected. This P(E the

P12 P32 ' e
measured molecular beam speed distribution, the jon flight time, and
the molecular beam to detector angle determine the c.m. scattering

angle corresponding to each signal arrival time in the TOF spectra. A
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c.m. to lab transformation-with g8 as the only variable parameter is
used to calculate the variation in signal intensity integrated over a
specific range of arrival times as a function of the direction of the
e]ectric vector. This is compared to experimental data integrated over
the same range of arrival times. For I+, we integrated the signal
between arrival times of 304.5 to 427.5 usec and approximately sub-
tracted the underlying secondary signal by averaging the secondary
signal between 571.5 and 628.5 usec.

" The best fit to the total primary I atom‘product signal intgnsity
vVersus polarization direction gives 8 = 1.0 £ 0.1 (the calculated
curves are shown in solid line in Fig; 18a). It is easily determined
that the production of both I(2P1/2) and‘of I(2P3/2) each independ-
ently has an anisotropy of 8 = 1.0. The 17 TOF data taken with the
1asgr light polarized at 0° and 100° are shown in Figs. 18b and ¢
respective]vaith fits calculated assuming that each channel has an

anisotropy of 1.0. Beside them are shown fits assuming the anisotropy
of the dissociation product I(2P1/2) is 2.0 and the product I(2P3/2)
is 0.5. (The probability of each channel would then have to be
1.13:1,06 insteéd of 0.75:1 in order to fit the unpolarized light
data.) Clearly then, as shown in the fits, the I(2P1/2) channel with

the more parallel angular distribution would be enhanced at a polariza-
tion anglé of 0; and diminished at a polarization angle of 100° with
réspect to the less parallel I(2P3/2) channé], although the total
intensity versus polarization angle dependence would éti11 approxif

mately fit Fig. 18a. -Thus, the relative intensities of the I(2P1/2)
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and 1(2

P32) signal in the polarized light data clearly show that both
channels have the same polarization dependence and indicate that they
both result from éxcitation to an electronic state with the transition _
moment roughly parallel to the C-1 bond.

The polarization dependence of the CHZI+ signal, at a molecular
~beam to detector angle of 20° is shown in Fig. 19a. The experimental
signal was derived from the data by averaging the data between 6 and
150 usec arrival times to obtain the backgroundvénd subtracting it from
the tofa] signal intensity between 330 and 406Ausec to obtain the sigﬁa]
fromvCHéI with the corresponding range of ]aboratory velocities. The
expected signal from CHZI as a function of the direction of the elec-
tric vector was then calculated as for the I+ data and compared to the
expefimenta] data, with 8 again as the only variable parameter. The
best fit was obtained with g = 0.6 # 0.1. As shown explicitly for the
the I+ polarized light data in Figures 18b and c, thé good fit to the
CHZI+ data using a uniform anisotropy of 0.6 over the entire distribu-
tion indicates that signal at the fast side and at the slow side of the
distribution, which might contain various amounts of Br(ZPI/Z) and
Br(2P3/2) producf channels, have the same angular distribution. It
will be evident in the discussion section that for C-Br bond fission
this indicates that prfmari]y_Br(zPl/Z)_is formed in the C-Br dissocia-

tion events at 248 nm,
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I. Branching Ratio Between C-I and C-Br bond fission at 248 nm

A lower bound to the relative number of mo]ecu?eé undergoing
primary C-1 bond fission toAthe‘number undergoing prihary C-Br bond
fission at 248 nm can be estimated from the déta as'fo]]bws. Careful
comparision.of the relative signal intensities in the spikes in the

I+ and 81

Br+.spectra assigned to I and Br atoms from primary dissocia-
tion events will giQe'a lower 1imit to the C-I:C-Br bond fission proba-
bility ratio. This is a lower 1imit because Br+ signal from CHzBr
Qou]d fall at arrival times in the fast part of the signal which is
assumed to be only due to Br atoms. (The CHZI product signal arrives
at slower times than the sharp spikes in the I+ spectra, so it
introduces no error.) |

The comparison of signal intensities proceeds.in the manner
‘described in’detail by Krajnoyich18 with two additions. The signal
at 818r+ is multiplied by two as the gquadrupole was precisely tuned to
bn]y aliow the 50 percent abundant slBr+ species to be counted and not

+ I3 . - - -
798r species. The signal intensities are also correc-

the 50 percent
ted for our extra sensitivity to fragments recoiling with a more paral-
lel angular distribution with respect to the e]ectriC'vector of the
dissociating light. Assuming the angular divergence of the beam and
finite angular acceptance of the detector are negligitle, one is more
sensitive to products with higher anisotropy parameters by a factor of

1 +8/4. Thus product s1gna1 from C-I bond fission is divided by 1 +

1.0/4 and product sigha] from C-Br fission is divided by 1 + 0.6/4.
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To obtain the lower limit for the branching ratio, the‘above
factors are taken into account and the usual correction made for ion-
ization cross sections of the products (calculated to be 53.1 and 44.9
for I and Br respectively with the semi-empiricé] method’detailed in
ref. 18) and ve]ocity distribution .of dissociation products. A lower
1imit of 1.2:1 for C~I:C-Br bond fission is obtained from the appropri-
ate parts of the I+ and Br+ signal intensities at 20°. At this |
excitation wavelength, which may'contain contribufions from both the
n(I) -» o*(C-I) and the n(Br) -» o*(C-Br) transitions, both C-I and
C-Br fission occur to a significant extent, with C-I fission being the

dominant channel.

I1. Photodissociation of CHZBrl at 193 nm

A. Thermodynamic Constraint on Stabi]ity'of Dissociation Products

Identification of all the primary dissociation channels ovaHZBrI'
excited via absorptibn of a 193 nm photon is complicated by the fact
that the photon energy of 147.9 kcal/mol is greater than the endoergi-
city of CHBrl » CH, + I + Br (see Fig. 1.). Thus it is possible that

2 2

some of the CH,I, CHZBr, or IBr products formed will spontaneously

2
undergo secondary dissociation as they may be internally excited above
their dissociation limits. A simultaneous three-body dissociation, in
which only the sum of the momenta of all three products are constrained

to sum to zero, is also energetically allowed. For some Systems, the

complications caused by secondary dissociation of products can be
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avoﬁded by observing the momentum matched Br, I, and CH2 respectively.

For CH,Brl at 193 nm, those spectra are so congeéted that analysis is

2
dif?icu]t. One advantage does come about from this situation; any CH, 1
or FHzBr product observed at small recoil energies must necessarily
come from di;sociation events producing spin-orbit excited partner
haJOgen atom fragments. This expecfation is made more quéntitative
be]%w and in the analysis of each dissociation channel observed. In
adqition, we are not sensitive to the heavy products from C-H fission
oer2 elimination; it is unlikely that these processes occur to any
extent at these excitation wave]engfhs because, first1y,'the o ->» o*
tr%nsition on the C-H bond is only accessed in the vacuum ultraviolet
and second1y,'both these channels will have endothermicities near 100
kc%]/mo1e so would not be predicted by a statistical argument (if
inﬁerna] conversion from the initially excited state took place, one
miéht attempt to predict the reaction channels' probabilities with
st%tistical theories). |

! The secondary dissoéiation of CHZI, CHZBr, or IBr primary prod-
ucts will occur if the internal energies of those products is greater
thén their dissociation energy. Their internal energy can be derived
frém knowledge of the translational energy and internal energy chan-
ne]ed to the partner fragment (Br, I, and CH2 respectively) in each

| . o
primary dissociation. The routes for net formation of CH2 + 1 + Br
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3 CHpl + Br

CHoBrl —_hv b CHoBr + 1 v .CHz + 1+ Br
c. CHp + 1Br
d. (simultaneous 3-body)-

Assuming there is no barrier to dissociation beyond the endothermicity,
the energy’'required for reaction 8 is 130.4 kca]/mo].1 If the inter-
nal energy of the CHZBrI parent molecule has been re]aked to less

than one kcal/mol or so in the supérsonic expansion and is thus negli-
gible (see III.A), one can find a condition on what fragments will

survive secondary dissociation as follows. The CH,Br, CHZI, or IBr

2
fragments will necessarily be formed with total internal energies below
their dissociation 1imits and will be observed if the energy released
to translation plus the spin-orbit excitation of thé partner I or Br
fragment or the internal energy of the CH2 fragment for each respec-

tive primary dissociation event is greater than E(hv) - aH(rxn 8) =

147.9 - 130.4 = 17.5 kcal/mol. In special cases, CHZBr, CHZI, or IBr

formed with internal energies above their dissociation Timits may still,

survive secondary dissociation duFing the transit time to the detector.

The fragment may be stab1e‘if, for instance, there is a rotational bar-

rier to dissociation imposed by conservation of angular momentum (this

barrier will be smq]] for CHZI and CHZBr because tﬁe moment of inertia
increases rapidly as the C-X bond stretches) or if an electronically
excited fragment fluoresces prior to dissociation, leaving it energet-
ically stable. The contributing factors to the stability of the
individual CH,Br, CH,I, and IBr fragments obsérved at 193 nm will be

outlined in each section below.
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B. CHyBrl 193.0m, ch,1 4 br | (9)

N . ,
IThe TOF spectrum of m/e = 141, CH21+, is shown in Fig 20. The

spec%rum consists of a fast narrow signal peaking at a 370 usec flight
time!corresppnding to CHZI product from C-Br bond fission that has

not %ndergone secondary dissociation to CH2'+ I, and a small broad
sign%] peaking near 600 usec attributed to dissociation fragments of a
sma1a fraction of dimer contamination in the beam. The c.m. product
translational energy distribution derived from forward convolution

'fitting of the CH,I signal is»shdwn in Fig. 21. The fit is shown in

2
solid line in Fig. 20. (There is necessarily uncertainty in this P(ET)
'below 6 kcal/mol in translation due to the contamination of the s1owef

portlion of the CH,I TOF from dissociation of dimers.) The P(E;) shows

2 T)
the distribution of translational energies released in C-Br fission for
the dissociation events that formed stable CHZI radical product.

The energetic analysis in Section II.A. concluded that, if all Br

atoms produced are in the ground state, the CH,I from C-Br dissociation '
events that released more than 17.5 kcal/mol to translation would be
lefé with a low enough internal energy td be stable with respect to
secondary dissociation to CH2 + I. This corresponds to only about 20
percent of the C-Br bond fissions that could have produced stable CHZI,
- as trivié11y ca1CU1atéd from the area under the P(ET) (Fig. 21) above

and|below Ey = 17.5 kcal/mol. The C-Br bond fissions releasing less

than 17.5 kcal/mol to translation would produce energetically unstable

CH21 unless the partner Br atom were spin-orbit excited. - CHZI produced
| : -

|

|
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with even a kcal/mol of energy above its dissociation limit would be
expected to dissociate in much 1es§ than the > 350 usec flight time to
the detector as it is”a small molecule with few degrees of freedom and
a large Arrhenius preexponential factor (TbgA~16) for dissociation. to
CH2 + I. The fact that the CHZI produced in the primary dfssociation
is expected to be rotationally hot due to the bent configuration of the
- parent I-C-Br bond (see Appendix 2 of ref. 19) suggests the'possibi1ity
of a rotatiqna] barrier beyond the endoergcity of the secondary disso-
ciation. Such é barrier would allow CHZI to survive with internal
energies above the qudted dissociation limit, but this barrier is
easi]y shown to be small. Thus_al] the CH2I observed from C-Br bond
fissioné releasing less than 17.5 kcal/mol to translation must neces-
sarily produce spin-orbit excited Br atoms. Most of the P(ET) of

-Fig. 21 must correspond to the process:

CH,BrI lg3_f‘-"} CHy1 + Br (%P ) o (10)

One would expect, in addition, that-if an appreciable fraction of
C-Br bond fissions produced ground state Br atoms. one would see a breakv

in the P(E;) derived from the CH 1 TOF. near 17.5 kcal/mol, because

T) 2 A
the CHZI from the ground state channel would be 1ostlbe1ow'that trans-
lational energy to secondary dissociation. It shold be noted that.the
division point of the P(ET) at 17.5 kcal/mol in translation below

which the.CHZI observed must be from reat#ion‘lo relies on the accu-
racy of the endothermicity for CHZBrI > CH? + 1 + Br of 130.4 kcal/mol.
This endothermicity may be underestimated by 1-2 kcal/mol as fhere.is
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evidence for stable CHZI product at translational energies of 5-6
kcal/mol; E(hv) - E(Br(2P1/2)) - ET (5 kcal/mol) = 132.4 kcal/mol.

Normally one could compare the distribution of c.m. velocities of CH,I

2

and Br atom products to determine whether any CHZI were being lost to

secondary dissociation as the two fragment velocities are related by
‘ +

momentum conservation. In this system, the Br spectrum is too con-

gested with signal from other dissociation pathways ard prohibits the

comparison.

C. CHprr 1230M cypr 4 | (11)

The TOF spectrum of m/e = 95, CHngr+, is shown in Fig. 22a.

The spectrum shows a fast signal peaking near 300 usec attributed to
stable CHzBr product from C-I bond fission, a slower small peak at
400 ;sec and a broad slow peak at 650 usec. The peaks at ~ 650 usec
and at 400 usec were explicitly determined to be from dissociation of
clusters in the beam by repeating the TOF measurement at reduced dimer
molecular beam conditions as in I.E (compare Fig.'s 22a and 22b). The
cluster dissociation signal is large in relation to the primary C-I
dissociétioh channel signal because the fraction of C-I bond fission at
193nnm is so much smaller than at 248 nm (compare Fig. 6 and Fig. 22
“and see the branching ratio determination in Section I1.G).

An approximate P(ET) for C-I bond fissions that produced stable

CH.Br product was derived from forward convolution fitting of the

2

+
CHZBr TOF. The P(ET)

Fig. 22; the shape of the P(E

in Fig. 23 gave the fit shown in solid line in

T) below 10 kcal/mol is particularly
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approximate due to dimer contamination of the signal. By the same
argument started in Section II.A and applied in detaf] to the C-Br fis-
sion P(E;) in Section II.B, more than two thirds of the dissociation
events that produced this stable CHzBr product must have produced I

. 2, .
atom_Jn the P1/2 state:

193 nm 2 |
CHZBrI = CHZBr + I P1/2) (12)

BecaUse the spin-orbit splitting of I is so large, 21.7 kcal/mo1,
all the CH,Br produced via reaction 12 would be energetically stable
and could be detected.in the CHZBr+ specfrum, independent of the trans-
lational energy of the products. C-I bond fissions producing ground
state I atoms would not produce stable CHzBr product unless more thén
17.5 kcal/mol were re]eaéed to translational energy of the products.

81

As in C-Br bond fission, most of the fast peak in the CH2 Br+ spec-

2

trum must correspond to formation of spin-orbit excited I{( prod-

P12
uct (reaction 12).

As for Br+,'the If specfrum in this system is too congested with
signal from other dissociation pathways to determine if any of the
CHzBr signal momentum matched with the I atom product is being lost
to secondary dissociation. It is clear, however, that 1f'morevthan a
small fraction of C-I bond fissions produced ground state I atoms one

would see a break in the P(ET) derived from the CH,Br TOF near 17.5

2
kcal/mol, because the CHZBr from the ground state channel would be
lost below that trans1afioha1'energy to sécondary dissociation. The

same argument applies to the C-Br bond fission channel.
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0. CHyprr 133.0M ey o+ 1pr | N (13)

The TOF 'spectra of m/e = 206,208, IBr+, at source to detector
angles of 10° and 20° ‘are shown in Fig. 24. The»signa1 is easily
assigned tq the IBr product.from the primary fhree-center elimination
of IBr from CHZBrI. It was exp]icit]y'determined that the'signal was
not due to dissociation of dimer contamination in the molecular beam as
fo]iows. First the total time of arriVa1 of IBr producf that frag-
mented to I+ or Br+ in the jonizer was obtained by correcting the
IBr signal at iBr+ for the smaller jon flight time of m/e = 127 and
81 fhrough the ion optics and quadrupole (a correction of -10 and -17
usec respectively). The expected time of arrival of I+ and Br+ from |
. IBr elimination events fhat produced stable IBr product was then super-
| imposed on the I+ and Br+ TOF data. The 20° data is shown in Fig. 25
a and b with the expected time of arrival of signal from IBr shown in
solid line. The signal from IBr is evident in both the I+ and Br+
~TOF's. The molecular beam conditions were then changed as described in
the experimental section to reduce further the ratio of dimer to mono-
mer in the beam and the I+ and Br’+ TOF data were retaken. The reduced
dimer.molecular begm data is shown in Fig. 25 ¢ and d.for comparison.
Any signal from dissociation of dimers in the beam.shou1d decrease by
. at least a factor of twb with réspect to monomer signeal, as measured
under the same two molecular beam conditions at 248 nm (see Section
I.E.). The signal attributed to IBr did not decrease in 1nten§ityvre1—

ative to the monomer dissociation signal at shorter arrival times. The
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IBr product observed in the IBr+, I+, and Br+ spectra must therefore
be from the concerted elimination of IBr from CH,Brl excited at 193 nm.

"The P(E.) shown in Fig. 26 is derived from fitting the IBr  TOF

1)
shown in ?19. 24. Neglecting the small fraction of IBr that might be
formed in an excited electronic state which fluoresces on a time scale
faster than pfedissociation, the stable IBr product must have béen
formed in dissociation events that channelled 17.5 kcal/mol of energy
to translation and the internal excitation of the CH2 partner frag-
ment. At 1owef‘and.1ower translational energies, the partner CH2 to
the IBr product must be.more and more internally excitéd for the IBr
product to be étab]e. Thus one would expect the P(ET) for formation

of all IBr product ihc]uding those which subsequently dissociate favors
dissociation at a lower average translational energy than the P(ET)
derived from the stable IBr product in Fig. 26. The IBr‘that undergoes
secondary dissociétion to I + Br would contribufe to thé signal peaking
at ~ 600 and ~ 500 usec in tge I+ and Br+ TOF's respectively, as dis-
cussed in Section II.E.3.

The P(ET) for production of stable IBr product also suggests the
nature of the IBr electronic state. The maximum energy released to
translation is_a very sharp 23.5 * 1.0 kcal/mol. This energy corre-
sponds very c]osejy to the maximum avai]ab1e energy for translation if

electronically excited IBr (3n1) is formed:

CH,Br1 — Isr.(3n1) + CH, AE = 88.46 + 35.1221 - 123.58 (14)
€, aq7 = 147.9 - 123.58 = 24.3 kcal/mo]
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Because the CH,, has so few degrees of freedom one would expect that:

2
some of the fragments would recoil with very close to the total avail-

able energy. Apparently the I atom Rydberg state formed by exciting

CH,BrI at 193 nm is predissociated by a state that correlates specif-

(3

2

ica11y to e]ecfronica]ly excited IBr product and ground state CH2 B

1)'
The fact that no obvious discontinuity appears in the IBr+ spectrum at

24.3 - 9.05 = 15.3 kcal/mol, where the channel prod&éing IBr(3H1) +

CH2(1A1) becomes energetically allowed, suggests that primarily triplet

CH, is produced.

2
E. Anisotropy of Primary Processes and Secondary Dissociatibn ofv

Fragments

Two sets of TOF spectra of m/e = 127, 1", and m/e = 81, Br*, are
shown in Figures 27 and 28 respectively. The TOF spectra in the first
column are taken with the photolyzing laser being unpolarized and having
a pulse énergy of -~ 200 mJ/pulse. The TOF data in the second column in
each figure are taken with the photolyzing laser light linearly polar-
ized in the direction of the detector but the power reduced by a factor
~of ~7. The molecular beam conditions were the same for both sets of’
data; thus a comparison of the corresponding TOF data under each laser
condition is sensitive to the po]arizatioﬁ dependence and the power

dependence of the signal.
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E-1. Polarization Dependence of Signal: Anisotrbpy of Scattering of

Fragments from the Primary Dissociation Channels

The polarization dependence of the primary dissociation channels
+
can be qualitatively derived from the TOF spectra of I and Br+ at

source to detector angles of 10°22

shown in Figures 27a and d and 28a
and d. The TOF spectra at 10° are very nearly superimposable independ-
ent of the polarization of the laser. The signal from IBr e]iminatjon
to form stable IBr product rising near 500 usec in both sets of 10° TOF
data spans a wide range of c.m. angles. The Newton diagram in Figure
29 shows the angle between the electric vector of the light'and the
c.m. recoil direction of the observed IBr product ranges from 26° to
‘beyond 90°. ‘Thé c.m. angular distribution with respect té the molecu-
lar beam - detector plane-is necessarily isotropic for the data taken
with unpolarized light as the direction of the electric vector is iso-
tropic in that plane. The fact that the shape of the TOF signa] from
IBr product does not change when the light is polarized even though the
fastest IBr observed recoils at an angle of ~26° with respect to the
electric vector of the light and the slowest recoils at angle of 90°
and larger shows that the.cfm. angular distribution of the stable IBr
product is nearly isotropic. The same argument can be applied to the
broad underlying signal attributed to the dissociation to CH2'+ I+

Br extending from 400 usec to 900 usec in the 10° TOF data in Figures
27 and 28. (see Section I1.E.3) One can also see from this data that

the overlapping fast signal from CHZBr, CHZI, I, and Br also show no
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strong polarization dependence. In fact, the TOF dafa'shown in Fig.'s
27d-e and 28d-e are fit with all components assumed to have an isotropic
angular distribution. It is evident from the Newton diagram in Figure
29 that the range of c.m. angles of these fast products detected at 10°
and the electric vector of the p61arized light is small, between 5 and
15°. In this case one does not expect such a large difference in the
shape of the TOF spectra of the fast products; because the c.m. scat-
tering angle does not chahge huch across the spectra, but one does
expect a large change in the relative intensity of any anisotropic fast
~signal relative to signal that islisotropic. If the c.m. angular dis-
”tribution of the recoil of I or Br resulting from C-I or C-Br bond
fissions were perpendicular, for instance, signal from I or Br in the
polarized 1ight data should disappear almost entirely in thé polarized
light TOF data relative to the slow isotropic IBr signa1. Thus all the
brimary processes observed.at 193 nm have close to an isotropic c.me-
angular ditribution with respect to the direction of polarization of

the dissociating light.

E-2. Laser Power Dependence of Signal: Identification of Secondary

Dissociation of Fragments via Absorption of an Additional Photon

If the absorption transition of a fragment for a 193 nm photon is
not saturated, then signal from "fragments of fragments" should decrease
at least linearly with respect to the primary product signal when the

laser power is decreased. There are a few obvious features in the high
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power I+ and Br+ TOF spectra of Figures 27 and 28 a-c that substan-
tially decrease in intensity relative to the primary fragment signal
when the laser power is decreased. These secondary broduct‘peaks are
most noticeable in the high S/N data at 20° for I+ and Bf+ (Figureg
27b and 28b) and in the I 30° TOF data (Figure 27c). The very fast
peaks in the I+ and Br+ TOF spectra arriving at 200 and 140 yusec
_réspéctive1y in the 20° TOF spectra are easily assigned to some IBr
product ébsorbing a photon and dissociatihg~to I + Br. If oné calculates
the c.m. recoil velocity corresponding to I atom product arriving at-
200 usec assuming the barent IBr was approximately travelling at the
molecular beam velocity one predicts the laboratory flight time of
momontum matched Br prdduct to be-143 usec. The corresponding c.m..
translational energy released in the dissociation is calculated to
‘be 101 kcal/mol. At this wavelength some Br(zPllz) would be expected
to be formed from the‘secondary dissociation. The two states of Br
product and the initial spread in IBr parent laboratory velocities and
internal energy would result in the spread in the I and Br secondary
product arrfva1 times.

The obvious broad hump in the 1 spectrumlat.ZO’ (Fig. 27b)
rising near 240 usec and extending underneath the primary dissociation
signal is assigned to the 1 from CHZI l§§_§ CH2 + 1. The Br product
from the secondary di;sociation of CHZBE is noticeable just to the
fast side of the primary Br atoh peak at 20° (Figure 28b) at ~ 200 usec
and clearly extends through the primary éfgna],'as evidenced by the

X [ ] + . . . y
difference between the two 30 Br TOF spectra in Figures 28 ¢ and f
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(the underlying secondary éigna] becomes more important at wider angles
in the laboratory frame of reference). The corresponding low power TOF
data show the expected substantial decrease in the secondéry dissocia-

tion signal. The CH, fragment in the secondary dissociation of CHZI

2

and CH,Br would partially overlap the CH2 product from primary IBr

2
elimination. This signal is apparent in the CH+ TOF spectrum shown

in Fig. 30.

E-3. Spontaneous Secondary Dissociation of Internally Excited Fragments:

IBr( ———> I + Br (15)

internally hot product)

This section will proceed-under the assumption that the net chemi-

cal reaction CHZBrI lgE_EEL

> CH2 + I + Br occurs via a two step process
through an electronically excited IBr chemical intermediate that is
formed above the dissociation Timit to I + Br. It is quite possible
that this net chemical reaction is more accurately viewed as a one-step
three-body dissociation where only the net linear momenta of the three
products must sum to zero. Certainly the 3H1 state of IBr may not

serve as a metastable intermediate as it correlates to ground spin-orbit
state products. The energetically allowed 3H0+ state could serve as

2

an intermediate, however, as it correlates to I + Br( In the

P1rr2)-
absence of coincidence measurements of all three fragments, however,
the system is not uniquely defined. For the purpose of attempting a
unique analysis, the two-step process will be assumed; if it is indeed

a three-body dissociation, only the velocity distributions of Br and I

from the triple dissociations (no P(ET)) may be derived from this data.



43

The deconvolution of the I; and ,Br+ spectra of Fig.'s 27 and 28
into their contributing components is somewhat flexible, particularly
where the primary broduct signal from C-I and C-Br bond fission overlap
the signal assumed here to be from spontaneous secondary dissociation
of IBr; but the process still yie]dS‘vaiuable information. The shape
- of the TOF signal from the stable IBr product at I+ and Br' is deter-
mined by the shape of the I8r" spectrum and the preca]ibfated ion
flight time through the mass spectrometer. For the C-I and C-Br bond
dissocjétion chapnels, the shape of the signals from I and CHZI prod-
uct in the I+ spectra and the shape of the signal from Br and CHZBE in
the Br+ spectra are obtained from the isolated spectra of CHZI and
CHZBr shown ‘in Figures 20 and 22 as each pair of fragments must have
c.m. velocities related by momentum conservation. The assumption is
made here that no significant fraction of CHZBr or CHéI underwent sec-
ondary unimolecular dissociation, so that the CHzBr+ and CH21+ signal
represent all the primary dissociation events. The evidence that sup-
ports this assumption is that there is no discontinuity in the shape of
the P(E;)'s derived from the CHBr  and CH,I' TOF spectra at 17.5

2 2
kcal/mol. The large broad signal indicated in long dashed (

—)
1ine between 400 and 900 usec arrival times in the I+ and Br+ spectra

in Fig.'s 27 and 28 is mostllikely to be from the spontaneous secondary
dissociation of internally excited IBr or from three-body dissociation
(rxn. 8d). Thus three of the four curves used to fit the I+.and Br'
spectra are uniquely determined from otﬁer data. The relative inten-

sity of the three curves were varied to produce the best fit to the
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data whi]g_constraining the remaining broad I+ and Br+ signal, assumed
for the analysis to be from Seéondary dissociation of IBr, to be smooth.
The additional constraint that fhe.signa] attributed to the proposed
secondary I and Br production frdm IBr pe re]étedvby momentum‘conServa—
tion if they originated from‘IBr parent_wifh ahproximate]& the molecu-
~lar beam velocity was also imposed. Clearly the relative wéighting of
each dissociation channel must also be the same for each. The shape of
the secondary dissocfation signal obtaiﬁed in this way is shown in'
short dashed line in Figures 27 and 28 d-f. There is clearly uncer- '
tainty in the fést portion of this signal,

An approximate P(ET) for the spontaneous secondary dissociation
of IBr product can be obtained by fitting fhe signal attributed to sec-
ondary dissociation in the I+ ahd Br+ spectra. Because the recoil
velocity of the IBr product is so small in the c.m. frame, it was
assumed for the cé]cu]ation that the parent IBr was trave11ing.with the
molecular beam velocity. The P(ET) shown in Figure 31 reproduced the
shape of the I»+ and Br+ signal ascribed to secondary dissociation of
IBr product. The shape of the P(ET) is not certain below ~ 2 kcal/mol
as here the assumption that the IBr parent c.m. velocity is neglible is
not sfrict]y true. It is also not as reliable above 8.kcal/mol; how
quickly or s1ow1y the distribution tails off to zero probability is
dependent on the relative scaling of the fast peaks from C-I and C-Br
fission in the TOF spectra. The mean energy released to tranélatﬁon of
2.9 kca1/mo1‘in the Sécondary dissociation of IBr product is affectéd

little by these uncertainties, however. One may also obtain from this
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P(E;) the mean internal energy of IBr formed above its dissociation

T
1imit in the primary three center elimination of IBr from CHZIBr.

This is simply 2.9 + 41.92 = 45 kcal/mol.

F. Absenée of Occurrence of CHZBrI 123-599 CHI + HBr énd

CH,Br1 193 nm_ cugr + HI.

These dissociation channels were excluded With.exact1y the same
method as described for the photolysis at 248 nm in Section I1.C. The
HI+ and HBr+‘Spectra at 193 nm are shown in Figure 32. 'The tiny sig-
nal at HI is 1ike]y due to fragmentatibn of dimers. The spectra of

81 |

CH Br+ and CHI+ shown in Figure 33 are identical to that of CHngr+

and CHZI, further establishing that no HI or HBr elimination occurs.
G. Branching Ratio Between C-I and C-Br Bond Fission

A branching ratio between the two bond fission dissociation chan-
nels at 193 nm can be obtained with no approximations for the fragment
ionization cross section by considering the spectra of Figures 27 and
28. Since secondary dissociatibn of IBr produces one of each halogen
atom f;agment, the signal from .the secondarx dissociation channel can
be used to calibrate the detector sensitivity for Br and I atoms from
C-8r and C-I bond fissions. With the deconvolution of the, spectra as
shown in Figures 27 and 28 and described %n Section II.E.3 and the
anisotropy for each channel taken to bevzero (it has been shown to be

close to isotropic, see Section II.E.1) a C-Br to C-I branching ratio
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of 3.5:1 is obtained. The effects of the c.m. to lab transformation
and number density sensitivity of the ionization process were accounted

for here, as in the rest of the analysis.

II1. Photodissociation of CHZBrI at 210 nm

A. Thermodynamic Constraint on Stability of Dissociation Products

~ As at the 193 nm excitation wavelength, the energy of a 210 nm,
photon is greater than the energy required to promote the net chemical
reaction CHzBrI ~> CH2 + 1 + Br (rxn. 8). As noted, thfs net chemical
reaction may be arrived at via a true three-body dissociation (8d) in
which all threé fragments separate simultaneously, so only the sum of
all three ]inear momenta in the c.m. must sum to zero, or it may pro;
ceed via a two step process in which CHZI (83), CHZBf (8b), or IBr
(8c) is formed with internal energy above its dissociation limit and
subsequent]y dissociates. At 210 nm, however, primarily the lowest
electrOnically excited state of IBr is energetically allowed and it
correlates to ground'state halogen atom products, so it may not serve
as a metastable intermediate.

As described in detail in Section II.A, the energetic constraints
on which products may undergo secondary dissociation is easily derived.
Here, however, the photon energy of 136 kcal/mol is only slightly above
the endothermicity of the net reaction (8) of 130.4 kcal/mol, so any
initfa] internal energy of the CHZBrI parent molecule could have a

noticeable influence on the energetic constraints. If one assumes the
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rotation of the parent molecule is comp]ete]y_reiaxed in the supersdnic
expansion, but no vibrations relax, the internal energy distribuiion of
the CHzBrI parent molecules is easily estimated from the nozzle tem-
perature of 140°C and the frequencieé of the vibrational modes given in
'Kudchadker_and‘Kudchadker.l The average internal energy of the CHZBrI
parent is found to be 1.5 kcal/mol. Thus; on the average, there is
only 136 -130.4 +1.5 =7.1 kcé]/mo] of energy for the relative trans-
lational and intérna1-energies of the final CH2 + 1 + Br products of
reaction (8).

Several conditions on the stability of dissociation products and
tﬁe internal energies of the final products are immediately apparent:

]

1) the CHZI or CHZBr products from dissociation events forming spin-
orbit excited Br or I atoms will not undergo secondary dissociation, 2)
CHZI, CHZBr, or IBr from dissociation events channelling greater than
7.1 kcal/mol to translation in the primary dissociation event (% ~1.5
kcal/mol due to the distribution of internal energies of the parent)
will not undergo secondary dissociation, and 3) any possible three-body
dissociation (rxn. 8d) may not produce spiheorbit excited halogen prod-
uct and may'ndt channel more than about 7.1 kcal/mol to the relative
translation of the producfs (CHzBrI parent withvgreater than the mean
internaT energy will raise the 7.1 kcal/mol 1imit correspondingly).
The energetic constraints derived here are again dependent on the endo-
ergicity of rxn. (8) of 130.4 kcal/mol.

The laser light is modelled as unpolarized for all the fitting of

the TOF spectra in this and the following sections (excluding Section
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G). The horizontal component of the electric vector is in reality

favored slightly by the dispersing optic for the Raman frequencies.

B. cH.,grl 210.nm

,1+Br | ~(16)

 The TOF Spectrum of m/e = 141, CHZI+, at a 20° source to detector
angle is shown in Fig. 34. The spectrum consists of a sharp spike
which tails off slowly at longer arrival times and a small broad signal
around 650 ysec attributed to dimer dissociation. The TOF spectrum of
Brf.at a 20° source to detector angle is shown in Fig. 35. The sharp
spike in that spectrum corresbonds to Br product that is momentum

matched with the signal from CHZI at CH I+. The P(E;) for C-Br bond

2 -T)
fission at 210 nm which gave the fit in solid lihe to the CH21+ signal
is shown in Fig. 36. This P(ET) was used to predict the time of
arrival of Br atoms from C-Br bond fission. . That fit is shown in Fig;
35. The diésociation events releasing less than 5.6 kcal/mol to trans-
lation must have produced spin-orbit excited Br atoms or the CHZI
product would not have been stable. One would not expect to resolve
the Br spin-orbit states in the TOF spectrum given the large range of
internal energies of the CHZI product, so some of the dissociation
events may also produce ground state Br atoms. However the polariza-
tion study shown in III.G indicates the whole distribution has the same
anisotropy; because transition at the curve crossing (see discussion)

is less likely in C-Br dissociation, the anisotropy suggests that all

2

Br‘(_Pll2

) atoms are formed here.
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The CH.I product also fragments to I in the ionizér. This

2
I+ signal must have exactly the same shape in time as the CH21+ TOF
(neglecting any effect ofvchange in fragmentation pattern with internal
enefgy - indicated to be small in the 248 nmvdata) with a precalibrated
2usec shift in the arrival times due to the smaller ion flight time of
I+ through the extraction fiejds and the}quadrupo]e mass spectrometer.
This signal is pointed out in the following section. The cracking of

CHZI to I+ was also apparent in the 193 nm dissociation, wheré there

was ddminant C-Br fission producing CHZI over C-I fission producing I.

210 nm

C. Absence of CHZBrI EER SR CHZBr + 1 ' (17)

The TOF spectra of m/e = 95, CHglsr“, and m/e =127, 1%, at

source to detector angles of 20° and both 10° and 20° respectively are
shown in Fig.'s 37 and 38. Both TOF spectra show there is no primary
C-I fission to produce CHZBr + ]; the analysis proceeds as fo]]dws.
The low signal spectrum of CHngr+ was explicitly determined'td be
from dissociation of clusters in the beam. Fir;t the ratio of the sig-
nals at CHngr+ (signal suspectéd to be from disso¢i§tion of c]usters)
to tﬁat at 1+ (signal from monomers) was determined Jnder the molecu- |
lar beam conditions used for most of the data accumulation. Then the
ratio was measured under molecular beam conditions which were shown in
the 248 nm photolysis to reduce the ratio of clusters to monomers in
the beam by a factor of ~2. The partial pressure of CHZBrI in the

beam is lowered by a factor of 4 but the seeding ratﬁo is already so

small that the beam'Ve1ocity does not change by more than a couple.
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percent. Thus, we remain sensitive to slowly recoiling products. Under

8l, + .+ _. .
2 Br :I sigal ratio was

the reduced cluster beam conditions the CH
remeasured and found to decrease by about a factor of 2. The raw sig-
nal intensities are shown in Table 1. Thus when one lowers the frac-
tion of dimers relative to monomers in the beam the signal at CHngr+

ig lowered with respect to the I* signal. The shape of the CH Br+

2
‘data did not change (see Fig. 37b), as well, fndicating that all the
signal is from dissociation of clusters in the beam.

A more initially obvious way to look for evidence of C-I fission
is to look for signal at I+ which is not due to CHZI or other dissoci-
ation channels other than C-I fission. Because primary C-i fission
occurs along a repulsive surface releasing a similar large fractfon of

23 and be-

the total available energy to translation as C-Br fission
cause I is 1ighfer than CHZI, the I atom product from C-I bond fission
is expected to have 1arger c.m. recoil ve]ocities than CHZI ffom C-Br
fission. This expectation is confirmed experimentally at both of.the
other excitatién wave]engths; Thus one looks for I atom prdduct from
primary C-1 fission at slightly faster arrival times than the CHZI
product from C-Br fission. The shape of the signal from CHZI product
from C-Br fission which fragments to I+ in the ionizer is obtained |
from the CHZI+ spectrum shifted by 2 usec for the precalibrated ion
flight time. When this shape is superimposed on the I+ spectrum

(Fig. 39, see bottom frame) one obtains a perfect fit to the fast side

. +
and peak of the fast signal. There is no signal in the I spectrum

2I which can be attributed

shown in Fig. 38 faster than that from CH
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to I atoms from primary C-I fission. As at 193 nm, the slow sigﬁa1,in
the I+ spectrum is from the net chemical reaction (8) and from frag-
mentation of IBr in the ionizer.

It is clear that the absence of any signal at CHZBr+ from the
‘photodissociation of CHZBrI monomer and the absence of any fast signé1
in the I+ spectrum which'does not precisely match the velocity of the
CH

21 product from C-Br fission shows that CHzBrI does not undergo pri-

mary C-I fission at an excitation wavelength of 210 nm.

D.  CH,BrI 210 _nm_ CH, + IBr (18)

The TOF of mfe = 208, 151

Br+, at a source to detector angle of

10° is shown in Fig. 39. The corresponding product velocities in the
c.m. are too small for the IBr to recoil to 20° and appear in the 20°
I+'and Br+ spectra, but the I+ spectrum at 10° shown in Fig. 38a shows
I+ signal from IBr fragmenting in the ionizer. The signal at CH+ was
too small to be observable at the low laser fluences of the Raman
shifted frequency but a P(ET) for the concerted elimination giving

CH2 + IBr (an. 18) is easi1y‘derivéd from the IBr+ data.. The P(ET) is
shown in Fig. 40; the corresponding fit is shown in solid line in Fig.

39. The shape of the P(E.) below ~4 kcal/mo] in translation is not

7
sensitive to fitting the IBr data because the slower IBr product

will not recoil out to 10°. The sharp cutoff of the P(ET) near 13
kcal/mol is sensitive to the data; the cutoff again occurs near the

~total available energy corresponding to formation of all electronically
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excited IBr (see Section II.D) product, n0‘gfound state IBr, in the

concerted elimination.

E. Absence of Occurrence of CHZBrI 2}9-599 CHI + HBr and CHZBrI
210 nm,  crgr + HI
~ ' + 81, +
The TOF spectra of m/e = 128, HI , and m/e = 82, H "Br , at

source to detector angles of 20° are shown fn Fig. 41. They show no
signal from HI or HBr elimination. The I+ and Br+ spectfa also indi-
cate no evidence for HI or HBr elimination; the slow signal in these
spectra are discussed in the next section and are assigned, as was the
analogous signal at 193 nm, to the net formation of CH2 + 1 + Br.

The fast signal was easily determined to be from C-Br fission products,
so no signal at I+ or Br is found that should be assigned to HI or

. HBr production,

F. CHzBrI 219-599 CH2 + 1+ Br (see rxn. 8)

The net reaction to form CH2 + 1 + Br is energetically allowed
at both 193 and 210 nm and results in the broad slow signal in the I+
and Br+ spectra thch is- not from stable IBr product. It is not
reasonable at 210 nm to attempt to analyze the slow signal at Br+_in
terms of a two step process in which electronically excited IBr is

formed and subsequently dissociates to I + Br. The 3

Iy state of IBr
correlates to ground state I and Br atoms so no metastable IBr can be

formed in that state. The energy in the system is not sufficient to
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produce much IBr in the 3H0+ state, predicted to have its zero point

vibrational level about 1500 cm'1 above the dissociation limit to

30 ‘Thus, bécause 1) there is no obvious meta-

ground Statell and Br.
stable IBr state which can serve'as'an.intermediate in a two step pro-
cesé; 2) there is no CHZBr-product formed which can undérgo secondary |
.dissociation and give the slow signaT detected at Br+, and 3) second-
ary dissociation of CHéI would not give signal peaking as close to
the c.m. as that observed in the I+ spectra, we are obliged to attrib-
ute the slow signal in the I+ and Br+ spectra to simultaneous three
body dissociation to CH, + I + Br. The possibility of metastable
electronically excited CHZI or CHZBr intermediates which all subse-
quently dissociate cannot be positively excluded, but because the elec-
-tronic statés of these radicals are not known we will not speculate
further,

The distribution of translational energies imparted to the I atom
~and to the Br atom product respectively in the three body dissociation
events is derived from fitting of the slow signal in the I+ and BE+
TOF spectra in Fig.'s 38 and 35. The range of trans]gtiOnal energies
of the Br atom product from the triple dissociation is shown in Fig.
42b and for the I atom product is shown in Fig. 42a. A total transla-
tional energy distribution for the three body process cannot_be arrived
at without coincidence measurements of the velocities of the products.
~ The fastest I atom velocities in the slow signal may only originate
from dissociafion pf CHZBrI with ~2 kcal/mol of internal energy

(unless the endothermicity of reaction 8 is overestimated).
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G. Polarization Dependences of Dissociation Processes at 210 nm

1. Polarization Dependence of the Br+ and I+ Signals from

Three-Body Dissociation to CH2 +1+Br

The TOF spectra of m/e = 818r+, and m/e = 127, I*, at a source to

detector angle of 20° and the laser electric vector parallel to and
perpendicular to the line from the interaction region to the detector
‘are shown in Figures 43a-d. A parallel angular distribution of photo-
fragments shows enhancement of the product signal which recoils in:the
c.m. in the direction of the electric vector of the light and lowering
of the signal which recoils at a perpendicular direction to the elec-
tric vector in the c.m. Inspection of the slow signal in each spec trum
assigned to Br or I atoms from three-body dissociations reveals the
~products have a parallel angular distribution. In the horizontal elec-
tric vector TOF spectra (Fig.'s 43a and c) the slower broad signal is
decreased at 600 wusec where the products must recoil at 110° (90°‘+
20°) with réspect to the electric vector. The decrease is obvious upon
cdmparison with the unpolarized 1ight TOF spectra in Figures 35 and 38
where anisotropy does not affect the shape of the TOF spectra. The dis-
tributions of translational energies imparted to the atomic fragmehts
derived from the unpolarized data.were used to fit the polarized light
data; only the anisotropy parameter 8 was varied to abtain a best fit.
The fit shown to the slow Br+ signal in Fig 43a and b was obtained with
an anisotropy parameter of 8 = 0.65. The fit shown to the slow I+ sig-

nal from three-body dissociation was obtained with 8 = 1.0.
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2. Polarization Dependence of CHzBrI ng, CHZI + Br (16)'

The TOF spectra of m/e = 141, CH21+, with horizontally and verti-
cally polarized light are shown in Fig. 44. Most of the product recoils
with such large c.m. velocities wh{ch are detected in such a small range
'of c.m. angles at this source to detector angle that the shape of the
TOF at 26° is not very sensitive to the anisotropy. A polarization de-
pendence can be obtained, however, by inspection of the Br atom signal
intensity relative to the slow broad three-body Br atom signal analyzed
"above. - The signal intensity as well as the shape depends on the anisot-
ropy of the angular distribution so a g may be derived from fitting the
relative intensities as a function of polarization of thé fast Br+
signal with unknown g8 and the slow Br+ signal with g derived from the
qhange in shape of the TOF. The fits shown to the fast peak in the Br+
spectra of Fig. 43 were obtained with a g of 0.6 for C-Br fission. The
fits to the 'CH2'I+ TOF spectra of Fig. 44 were ca]cu]atéd from the P(ET)

for C-Br fission of Fig. 36 and the 8 = 0.6 thus derived.

3. Polarization Dependence of CHZBrI Zlg> CH2 + IBr (19)

The'IBr+'TOF spectrum'af 10° taken with horizontally polarized
light is shown in Fig. 45. The velocities of IBr in the c.m. are so
small that, when they are summed with the range of parent velocities in
the beam, an arrival time in the TOF specfra corréspoﬁds to a widened

range of c¢.m. recoil angles. Thus the shape of the TCF is only weakly
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dependent on any anisotropy in the dissociation. The dashed and chain-
dashed curves fit té the IBr+ spectra in Fig. 45 are cbrves obtained
from l1imits on the anisbtropy parameter for IBr elimination. The
anisotropy for IBr elimination is thus shown to lie in the range 0.8 >

8 > -1.0.

. DISCUSSION

I. Summary of Primary Experimental Results

Although several chemically distinct dissociation reactions,
including C-Br aﬁd C-I bond fission and IBr, HBr, and HI elimination,
are energetically allowed via excitation of CHZBrI at all three wave-
1engths,1 the dissociation channels that result are few and Specific
to the excitation w&ve]ength. At 248 nm, only C-I and C-Br bond fission
occur, with C-I bond fission dominant by a rétio of more than 1.2 to 1.
The C-I bond fissiohs produce both spin-orbit state§ c¢f iodine with the
%p

- same polarization dependence in a ratio of 2P3/2: =1.0:0.75. The

1/2
anisotropy of the recoil of the I and Br atoms are each from a para11e1'
transition with 8 equal to 1.0 and 0.6 fespective]y. The results at
248 nm are interpreted in terms of the excitation being in a region
where the n-»o* transitions of I and Br respectively overlap. At 193
nm; three dissociation channels occur, C-Br bond fission, C-I bond

fission and IBr elimination. The bond fissions resultina from excita-

tion at 193 nm produce halogen atoms primarily (perhaps exclusively) in
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. the spin—orbit excited 2P1/2 state.. The C-Br bond fissions dominaté
C-I bond fission by a ratio of 3.5:1. The concerted reaction also
apparently produces exclusively electronically excited IBr in the

3

I, and perhaps higher electronic states. The recoil of all the

1
-primary fragments are isotropic with respeét to the electric vector of
the light, suggesting they all'result from excitation to an I atom
Rydberg level which is predissociated on a time scale which is 1bng
with respect to the rotational period of CHZBrI. Excitation at

210 nm, which is aésigned to é n(8r) -» o*(C-Br) transitfon, results in
primary C-Br fission but no primary C-I bond fission. IBr elimination
to produce probably exclusively electronically excited IBr also occurs.
Dissociation to CH2 + 1 + Br is energetically allowed and occurs at

the two shorter wavelengths; whether this occurs as a very fast two

step process or as a three body dissociation is not certain, The

experimental results are summarized in Table 2.

IT. Bond Selective Excitation and Evolution to Bond Selective Fission

of the C-Br Bond over the Weaker C-I Bond in CH,Brl

2
The pdssibi]ity of inducing specific dissociation or isomerization
pathways in a molecule by varying the nature of the initial excitation
has been of interest of many workers in the field of photochemical and
unimolecular reaction dynamics. For the dissociation of vibrationally
excited mo1ecuTes in the ground electronic state, theories24 in which

the energy in vibrations and active rotations of the molecule is assumed
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to be distributed statistically throughout the molecule are extremely
successful in modelling experimental results. Elegant selective exci-
tation studies of unimolecular reaction dynamics in which vibrational
energy is deposited into a particular local C-H stretch in the‘mo1e—
cu]ezs have shown that, at the low energies studied, vibrational
energy redistribution occurs on a time Sca]e fast with resﬁect to isom-
erizétion or dissociation rates, so overall rates and branching ratios
between dissociation bathways are sucéessfule predicted with sfatisti-
cal theories; Dissociation pathways following electronic excitation of
a molecule, however, are shown in this work to be critically sensitive
to the e1ectronic nature of the initial excitation and not just the
energy of the exciting photon. |

| If one deposits energy in CHZBrI by, for instance, heating it.
~slowly, the weakest bond in the molecule, the C-I bond, will break
preferentially. Branching ratios:at a particular excitation ehergy E
are determined.from the ratio 6f the dissociation rate constants,
approximately k;A'exp(-Ea/E)° The preexponential factor A for simple
bond fission reactions are similar so the activation energies, Ea’
which are roughly in this case the C-X bond energies, would determine
the branching ratio between C-I and C-Br bond fission. C-I bond fis-
sion would dominate at low excitation energies. At extremely large
excitationvenergies the relative amounts of C-Br to C-I fission would
reach at most roughly 1:1. Photochemistry texts have genéra]ized the
results of previods experiments on the primary photodissociatjon path-~
ways of polyhaloalkanes at excitation wave]engthé >2000 A as'"the domi-

nant split in the photolysis ruptures the weakest C-halogen bond",2
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.implying that the results might be similar to thermal decomposition.
However, excitation in this region is to n-»o* states which are purely
repulsive in the respective C-halogen bond. Dissociation lifetimes
have been estimated from the anisotropy of product angular distribu-
tions to be much less than a picosecond. The concept of statistical
distribution of energy in the molecule on such a short time scale is
not reasonéble. Thus, contrary to a statistical description, the
experimental results show excitation of CHzBfI at 210 nm of a
transition assigned.to n(Br)-3e*(C-Br) results in C-Br fission but no
primary C-I fission to form CHZBr + i. |

The previous photolysis experiments which led to the cohc]usion
that the weakest C-halogen bond ruptures preferentially are easily
reinterpreted on the basis of selective fission of the C-X bond corre-
sponding to the particuTar n(X)-»o*(C-X) transition excited. The
absorption band corresponding to these transitions for X=Cl1 or F do not
peak until the vacuum ultraviolet region. The twe1ve26 molecules
studied have C-Br and C-Cl bonds, C-F and C-Br bonds, and C-F and C-I
bonds in the same molecule; however no system was studied in which C-Br
and C-1 bonds were both present. At wavelengths >2000 R the
n(C1)=-»0*(C-C1) transition is expected to be at least an order of mag-
nitude weaker than the corresponding C-Br or C-I transifion. -The weak-
est bond bfoke in-these molecules because the nso* transition for that
bond was the one with oscillator strength at wavelengths >2000 A. This
picture is consistent with the interpretation given by Bersohn of his

recent experimental results on CHZBrI3 jrradiated primarily in the
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n(1)-»o*(C-1) absorption band. Here he attributes his small fraction
of C-Br fission to the photolysis bandwidth partially over]appiné the
n(Br)-»o0*(C~Br) transition.

Still, the pitture is oversimp]ified, as is evident from the re-
quts of the photodissociation experiment of 1,2-C2F4BrI by Krajnovich
et a1.4 and the occurrence of the IBr elimination channel in addition
to the C-Br bond fission channel in CHZBrI excited at 210 nm. _One
- might begin to think about these differénces as follows. The similar-
ity in the positions and shapes of the absorption bands, despite the

dissimilarity in intensities, of CH_BrI (or C.,F,Brl) to the corre-

2 24

sponding features in the spectrum of CH3I (or CZFSI) and CH3Br (or

CstBr) give plausibility to the assignment of the transition as still
being local. The spectra do not show the broadening and splitting found
~in the spectra of CH212 and CHZBr2 when the unperturbed o* orbitals of
the C-X bonding lie at the same energies so mix and split. Given the
truth of the resulting assumption that one is exciting essentially a
n(Br)->c*(C-Br) transition in CHzBrI at 210 nm and in 1,2-C2F4Br1 at

193 nm, any processes ofher than .C-Br fission must be the result of
intramolecular energy transfer that is fast enough to compete with the
rapid C-Br bond dissociation. The formation.of IBr from CHZBrI might
result from the predissociation of the n(Br)-»c*(C-Br) state by one that
correlates to excited state IBr (see Discussion Section D below). It
probably is not the result of internal conversion to the gfound state

because dissociation of vibrationally excited'ground state CHzBrI

should give an overwhelmingly high fraction of C-I fission relative to



61

IBr elimination. That the n(Br)-»¢*(C-Br) state ofA1,2~C2F4BrI is hdt
also predissociated to form some IBr fo]]ows,easi]y from the geometric
separation of the I and Br atoms in that molecule. However, the other
‘differenCe in the dissociation pathways'of the two bromo-iodo compoundé
is not so simp]yvexp1ained.'>The observation of an effect described as
fast intramolecular electronic energy transfer occurring -in 1,2-C2F4Br1
at 193 nm, 1ead{ng to a 1.7:1 ratio of C-I1:C-Br fission, but not occur-
ring in CHzBrI.at.ZIO nm wafrants more careful inspection.

The mechanism for the fast intramo]ecu1ér ejectronic energy_trans-_ |
fer in 1,2-C,F,Brl from the initial nso* excitation on the C-Br bond
to one on the C-I bond is not certain, but several clues can bé inferred
from the expgrimenta] results. The anisotropy of the products is paral-
lel, 8=1.8, so assuming the initial excitation is correctly assigned as
a n(Br)->o*(C—Br) local excitation (as indicated by the absorption
spectrum's similarity in that region to C2F58r) we knpw the inifia]
transition moment is.parallel to the C-Br bond. The translational
energy distribution of the I atom pfoduct following the intramolecular
energy transfer is fast and narrow, indicating the C-I bond stretches
on an e]ectroﬁic surface that is repulsive in the C-I bond. In addi-
tion, the present results on CHzBrI have indicated thét the fraction
of the total available energy (corrécted by subtracting off any energy
in spin-orbit excitation of I'or Br product) pértitioned to translation
is the same‘for C-I ffssion as it is for C-Br fission at'eath Qé§e1ength

(~0.3 at 248 nm for C-! or C-Br fission and 0.2 at 193 nm for C-I or

C-Br fission). This result indicates that the I atoms and the Br atoms
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from 1,2-C,F,Brl at 193 nm are probably both spin-orbit excited, as

4
only then is the partitioning to translation the same in both fissions,
f=0.37 (see Table 3 of Ref. 4). A repulsive surface that could corre-

late to I(ZP products is the 300 surface on the C-I bond. Thus

172)
we have a fast intramolecular electronic energy transfer from the re-
pulsive 300 n(Br)-»¢*(C-Br) surface to a repulsive surface on the C-I
bond, possibly the 300 (C-I) surface. The energy transfer must be
fast enough to compete with the dissociation of the C-Br bond.

An obvious model for such an energy transfer was suggested in
Ref; 4 and will be clarified here. It was stated that as the C-Br bond
stretches along the repulsive electronic surface, some of the electronfc
energy will be converted into kinetic energy of nuclear motion associ-
ated with C-Br separation. At some C-Br separation, the electronic
energy still remaining localized on the C-Br bond will bécome equal to
the energy required to excite the n-—»e* transition on the C-I bond and
a near resonant electronic energy transfer could occdr.. The new state
would roughly consist of a locally electronically excited C-I bond and
a vibrationally excited C-Br bond. The quéstion of what interaction
would lead to such an energy transfer 1mmediate1yvcomes to mind. Two
interactions which have been extensively studiéd in terms of electronic
energy exchange between molecules or atoms are an electron exchange

27 The C-I and C-Br

interaction and a dipole-dipole interact%on.
bonds are spatially separated in 1,2—C2F4BrI, so the short range elec-
troh exchange interaction is probably not indicated, but a dipole-dipole

interaction is a strong possibility. The requirement that both transi-

tions, the o*(C-8r)-»n(Br) and the n(1)-»0*(C-I) transition, are dipole
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allowed is met. The transition moments are roughly parallel in

1, 2 C2F4Br1 (if the transfer is to the 3Qo(C-I) state as discussed);

this parallel orientation particularly favors the dipole-dipole transi-
tion. Dipole-dipole electronic energy exchange is known to be extremely
efficient in some cases with cross sections on the order of 1000 A2.27
Whether Such a dipo]e;dipole electronic energy exchange could be fast
enough to compete with C-Br d1ssoc1at1on is discussed below.
"A crude ca]cu]at1on was made to assess the t1me required for a

dipole-dipole transition from the o*(C-Br) surface to o*(C-1) surface
.to occur. We look at the interaction, V, between the electrons in the

~ dipole transitions 65:27

. .
V = —13— [ 2 cosey cose, * s1ne1 s1ne2 (cose2 - cosel)] (20)

vV
K

Because the C-1 and C-Br bonds are fixed at a certain distance in the
mo1écu1e, analogy was made to Forster energy transfer and V was assumed
to be cohstant over the time for which the electrpnic energy left over
in the stretching C-Br bond was equal to the energy region to excite
the n>o*(C-I) transition (a gross approximation). The golden rule

formula can then be used27
-1 2
kig=2n \Vif\p

where kif is the transfer probability per unit time and p is a measure

of the overlap of the emission frequencies of the C-Br deexcitation to
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the absorption frequencies of thé C-1 excitation. Taking r as 4.6 A,
the distance between the halogens in C2F4BrI,.ca1cu1ating 2] and Mo

from the integrated absorption cross sections of each of the traﬁsitions
in the mo1ecu1é at the equilibrium geometry, calculating the angular
factor to be K=2 as the transition moments are roughTy para11e1, and
taking the overlap p as equal to the (FWHM)'1 of the n(I)-s0*(C-1)

10,?00 cm—l)-l

absorption band of ( we obtained a transfer rate of

11

k1.f = 1;5x10_ transitions/sec. Thus if the C-Br bond takes on the
order of é picosecond to stretch through the region where the ¢1ectronic
energy in the C-Br excitation'is equa1 to the energy reduired to excite}
to the repulsive C-I surface, the energy't}ansfer can take place and
C-1 fission can result from an initially local C-Br excitafion.

This model is encouraging in terms of the'strength of thé dipole-
dipole interactioh of two separate bonds,_but it is difficult to extend

it to the case of CH,Brl to explain why the intramolecular electronic

2
energy transfer does not occur in this system, thus allowing us to
selectively dissociate the C-Br bond over the C-I bond. The angular
factor in the dipole-dipole interaction would strongly inhibit the
transfer in CHZBrI as the angle between the C-Br and C-I bonds (to
which the respective transition moments with the largest magnitude,are
parallel) is strongly bent in CHZBrI and would get close to 90° as

the Br recoiled from C. However, the distance between the I and Br is

much closer; if one attempted to use the 1/r3 approximation to obtain

V, the closer distance would completely overwhelm the angular factor in
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favor of transfer in CHzBrI. In fact, it is not clear that the inter-
action in CHZBrI is at all well described by egn. 20 as the 1/r3 depend-
ence relies on the assumption that the distance between the two transi-
‘tion dipoles is large. We are Teft with no clear indication of why the
electronic energy transfer does not occur in CHZBrI but does occur in

1i2-C2F4BrI;

ITI. Transitions at the Curve Crossing Between Two Electronic

States Repulsive in the C~I Bond

This section will first review how a measurement of the

I(2P3/2):I(2P1/2) product branching ratio provides a measyrement of

the probability of transition between two repulsive curves in CH,Brl.

2
Then it will briefly examine several models for this transition proba-
"bility as they have been proposed to explain the results on curve
crossing in a number of iodo and perfluoro-iodo-alkanes.

In a simple molecular orbital description based on comparison of
the CHZBrI spectrum with CH3I and CH3Br, excitation of CHZBrI at 248 nm
may either promote a nonbonding electron on the I atomto an antibonding
orbital.on the C-I bond or, presumably in a smaller fraction of the
mo]ecuieé, promote-a nonbonding electron on the Br atom to an antibond-
ing orbital on the C-Br bond. Both the Br atom signal and the I atom
signal show a parallel angular distribution with respect to the polari-
zation vectof of the dissociating light, indicating that the dipole

moment of the transition resulting in C-Br fission is roughly parallel

to the C-Br bond and the dipole moment of the transition resulting in
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C-1 fission is roughly parallel to the C-I bond. It is postulated that
the decrease in anisotropy from a perfect value of 8 = 2 results from

I-C-Br bending and CH,Brl rotation during dissociation. With this

2
assumption, one can use the parallel anisotropy to identify the partic-
ular.repulsive states to Which the molecule is excited. Bécause of the
apparent additivity of the absorption spectra, one feels confident in
making an analogy to thg respective transitions in CH3Br and CH3I.
Mulliken first discussed the n-»o* transition in ha}omethanes in
detaﬂ.28 Under strong spin-orbit intéraction the n-»c* transition

is split into five components (see‘FiQure'46) of which transitions to -
three are dipole allowed from thevground state. These three states
were denotea'lol, BQO, and 3Q1 by Mulliken. Excitation to the 101
or 301 surfaces are via a dipole transition moment perpendicular to
the C-halogen bond (a2 = 1) and excitation to the 300 state is via a
dipole transition moment parallel to thé C-ha]ogén bond (a0 = 0).
Mulliken shows that the 101 and 301 étates should correlate to R +

x(2

3 2
P3/2) and the QO state should correlate to R + X( P1/2)° Because
the 101 state is expected to be higher in energy than the 300 state at
the initial R-X bond distance following a Franck Condon excitation and
is shown to correlate to lower energy products than the 300 state, the

29 (in this quasidiatomic model).

diabatic 300 and 101 curves must cross
Possible transition at the curve crossing promoted by spin-orbit cou-
pling will result in some ground state products when only the 300

component is.initially excited.
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For C-1 bond fission at 248 nm, both the 1(%py,,) and 1(%p, )
products are determined to have exactly equal (#0.1) and parallel (8 =
1.0) angular distributions, leading one to the inference that both
channels result from injtial excitation’sole1yvto the 3Qo'sta‘te.

"This assumption is supported by the fact that if the reduced value of
the anisotropy from g8 = 2 were due to initial excitation of some paral-
lel and some perpenaicular transition, and not mere]y'smearing'of a
purely para11e1 absorption via bending vibrations and rotations of the
parent mo]ecuTe, one would expect the grdund state I atom channel to
have a more perpendicular angular distribution than the spin-orbit
excited I atom channel. Given then that the initial excitation is to
the 300 state, the C-I bond stretches from the repufsfve force on the
360 potential energy surface until the érossing point of the 300

and 101 curves is reached. Some of the mo]ecﬁ1es undergo a crossing

(2

1 . '
to the "0, surface and give CHzBr +1 P3/2)
(2

p1/2)' Thus a measure of the I

while some proceed along

the 300 surface and give I (2 0

P32
I(2P1/2) product branching ratio provides an exact measurement of the
probability of ﬁransition between the two repulsive electronic states
at the curve crqssing. An analogous picture was originally used to
discuss branching rat1o5 between different hé1ogen product spin-orbit
states in the photodissociafion of heteronuclear diatomic halogen

molecu]es.30

2p1/2) product branching ratios

Measurement of the I(2P3/2) to I{
in the ultraviolet photodissociation of alkyl and perfluoroalkyl iodides

are numerous, but many techniques are plagued by quenching of the spin-
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orbit I atom excitation by collisions with other molecules. Two very
different techniques have y1e1ded particularly reliable branching rat1os
which agree with each other to within a few percent, the 1aser-1nduced

fluorescence technique of Bersohn31 and the crossed laser-molecular

beam technique for systems in which the I(2 1/2) and I(2P3/2) peaks -
are at least partially reSoived in the TOF spectra (see Ref. 8-10). The
results of several of these studies are shown in Table 3. A variety of
qualitative and semiquéntitative models have been used to explain

1(?

ined in relation to the tabulated experimental results.

P1/2) to I(2P3/2) branching ratios. These may be critically exam-

The LandéufZener formula for the transition probability between

32 to rational-

states in a diatomic-molecule has been used by Van Veen
ize the differences in probability of transition at the curve crossing
between the 300 and 101 states in CH3I compared to CH3Br. While the
probability of the 300 -> 1lQI transition is 0.3 for CH3I, they found
that no transition at the curve crossing occurs for’CH3Br excited at
193 or 222 nm. The CH3Br holecu]es that absorbed via a parallel
transition (to the 300 surface) produced exclusive]y'Br(zPI/Z) and
those that absorbed via a perpendicular transition (to the 101 surface)

produced exclusively Br( The probability of an adiabatic cross- |

P3r2)- 4 .
ing between two curves a and b, or equivalently the probability of a

transition from a diabatic curve 1 to a diabatic curve 2 at the curve

crossing is derived by Zener32’33 as

ZWHIZ
SR LU=
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where le is the coupling matrix ejement between the th.diabatic
chrves, Fx.is the slope of the diabatic potential curve x, and v is

the relative velocity of the two atoms in this diatomic model at the |
C-1 distanée corresponding to the boint at which the potential curves
éross. Van Veen obtains a numerical ratio for the transition probabil-

ity in CH Br versus CH3I by letting the ratio of le's for the two

3
systems be equal to the ratio of the Sp1n-orb1t sp11tt1ng of the iso-

1ated halogen atoms and 1ett1ng the rat1os of the re]at1ve velocities v
at the curve crossing be the same as the ratio of the final asymptotic

relative velocity of CH, and Br or I derived from the TOF sbectra.

3
(They assume F2 F1 to be equal for both systems.) In this way they
derive a transition probability of 0.06 for CH3Br from a probab1]1ty
of 0. 30 for CH3I

Although Van Veen's approximate application of the Landau-Zener
formula to rationalize the difference in transition probability for
CH3Br yersu; CH3I gives a reasonable result, one immediately sees that
if one applies his method to CDBI Versus CH3I you would predict an
opposite trend in the I:I* branching ratio than what is observed. Under
the quasidiatomic modelling of Van Veen, le and F2—F1 must neceséari]y
be the same for CH,I and CD,I, only v would differ. If one uses the
final relative véIocities of CH3 and CD3 and I as Van Veen did to
estimate the re1étive vé]ocity at the curve crossing, one would predict
v thét the probability of curve crossing is greater for CD3I than for

CH3I when in fact it is considerably smaller, 0.19 versus 0.30.

Clearly a quasidiatomic picture is not at all the whole story.
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Donohue and wiesenfe1d34 correlated the I*:I branching ratio
trend with the ionization potential of the alkyl group of the RI mole-
cule. They observed that the higher the jonization potential\of R, the
higher the yield of 1(2P1/2) in their flashlamp photolysis studies of |
alkyl and perfluoroalkyl iodides. They propose a model in which the
notation for CH,I) mixes with another state in

v 3
the triplet manifold, A

300 (Al* in their C
2 which is inaccessible via electric dipole
transition from the ground state. Because A2 cbrreiates to ground
state products, the mixing results in a lower yield of I(2P1/2) prod-

ucts. They point out that the Al* and A, states are degenerate in the

2
absence of spin-orbit coupling, SO the smaller the spin-orbit inter-
action the more the mixing and the lower the I* yield. They then
suggest that if the Rvgroup has a Tow jonization potential there will

~ be some R 1™ character to the states and that since the I'(ISO)
configuration contributes no spin-orbit interaction to the wavefunction
the spin-orbit splitting between the Al* and A2 states will be reduced
and the mixing greater. Although this model allowed them to roughly -
‘rationalize their éxperimenta1'd$ta, it is clear that the spin-orbit
splitting between the Al* and A2 states in CH3Br must be less than that
(2 ) atoms from the 300 (Al*) portion

in CH,I, yet the yield of Br

3
of the excitation is ~100%86

P1/2
, SO Weisenfeld's presumption that less spin-

~orbit splitting in the 30 (3E) manifold results in a lower 2P1/2 halogen
atom‘yie1d is erroneous. The state which provides the path to I(2P3/2)

3

must not be in the same “E manifold as the initially excited 300 state; "

the 101 state previously suggested is the obvious cancidate.
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It remains now to be understood why the fluorinated alkyl iodides,
where R has a higher ionization potential, have a larger yield of
2
(

I P1/2) when the 300 component is excited and thus a less strongly

coupled crossing between the 300 and 101 staes. The results for

CH3Br Vs CH3I8b show the greater the spin-orbit interaétion (as in RI
over RBr) the greater the mixing of the two states correlating respec-
tively to R + I(Br)(ZPllz) and R +'I(Br)(2P3/2) will mix and the lower
the yield of I(ZPI/Z) from an initial 300 excftation. This would lead
one to presume that the low yield of I(2P1/2) from RI molecules with

Tow R groub ionization potential results from a greater efféctive_spin-
orbit interaction, not-a lower effective spin-orbit interaction postu-
lated by Weisenfeld. The change in the effective spin-orbit interaction
with ionization poténtia] of R in RI hgs been previously discussed by
Leon'e,5 but the discussion seems to ignore one crucial point. Leone-
postulates that in}the n->c* transition, the spin-orbit interaction
induced by the unpaired n electron remaining on the ha1ogeh atom is
modified by the extent to which the excited o* electron is localized
near the I end of the C-I bond. They conclude that the electron
donating groups, such as ethyl, localize the o¢* orbital toward I and
"neutralize" the unpaired spin density on the I atom, reducing the
spin-orbit interaction with concomitant reduction in the quantum yield
of I(2P1/2). They omit the fact that in the case of excitation to

a triplet surface, localization of the o* electron, which now has the

same spin as the unpaired n electron, toward the I end of the C-I bond
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would not neutralize the unpaired spin density on the I atom, it would
augment it. One should thus conclude the reverse of Leone and
‘Weisenfeld; the 1ower the ionization potential of R, the greater tﬁe
effective spin-orbit interaction is and the lower the'quantum yield of
G

the 30 manifold would split and the more the 300 surface would be

P1/2)'. The'greater the spin-orbit interaction the more the terms in

coupled to the 101 surface which correlates to ground state produét.
An additional potentially re]evaht contribution to curve crossing
probabilities was. suggested by Child and Bernstein in their study of
transition probabilities in hetéronuc1eér diatomic halogeh molecules in
which they proposed that the coupling matrix e]ement.isvreduced by "the
effective quenching of the spin-orbit coupling by the e]ectroétatic
field of the second atom“.30
Bersohn31 points out thaf a large difference in the upper elec-
tronic states of C2H51,'n—C3H7I, and C4H91 is unlikely but that the
branching ratio does decline from .68 to .60 to .53. He proposés that
this may be explained if the high frequency C-H stretching is an effec-
tive acceptor mode. The trend may also clearly be predicted with the
Landau-Zener formula. 'The iodine recoils more slowly from the radical
as the size of the radical increases, so the branching ratio would be
correct]y.predicted to decrease down the series assuming the velocity
at the crossing point decreases as the asymptotic R and I velocities do.
Still the difference between the I*:I ratio in CH3I Vs CD3I has

not been rationalized. Because the CH3 (CD3) umbrella mode is excited

8a,b

as the I atom begins to recoil from the C atom, the trend might be
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rationalized by the assertion that the overlap of the vy bending states
is better for CHBI than for CD3I. Because of the closer vibfationa]
spacings of the CD3 bands, Franck Condon factors may ‘not favor the
transitions between the surfaces in CD3I because pverlap of states of
higher vibrational quantum number 6f the CD, mode is smaller than in
the lower vibrational quantum number states of CH3. This explanation
is 1oose1y‘related to Bersohn's general propo§a131‘that the number
and nature of the vibrational modes cou]dAaffect the transition rate
between the two fepu]sive surfaces.

Usiﬁg a combination of 1) the Landau-Zener theory, where H12 is
" dependent on the spin-orbjt splitting of the halogen atom and the
quenching 6f the spin-orbit coupling by the higher ionizatioh potential
of the R groups and when the transition probability is_dependent on the
ré1ative velocity of R and I at the curve crossing and 2) the fequire-
ment of Ffanék Condon overlap on the alkyl group, one can roughly
rationalize the experimental data summarized in Table 3. In addition,
because in CHZBrI the fragments separate with such a large orbital
angular momentum in the half collision (see Ref. 19 Appendix 2) that
angular momentum may also help to couple the Q=0 and 5:1 states via
orbit rotation couph‘ng,35 resulting in that molecule's Qery large
probability for transition at the curve crossing. Such qualitative
explanations where there are competing effects of uncertain magnitude
are not wholly satisfactory, however. A rigorous preatment of the
curve crossing probability in fhe RI molecules, wjth the -availability

of a variety of reliable data on related but different systems as test

cases, awaits theoretical attention.
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IV. Concerted Elimination of Electronically Excited IBr from CHZBrI
at 210 and 193 nm

The product translational energy distributions for the formation

of IBr + CH, at both 210 and 193 nm cut off sharply at energies corre-

2
sponding to the total available energy if only electronically excited,
not ground state, IBr were formed in the concerted reaction. In addi-
~tion, no concerted reaction occurred fo]low1ng excitation at 248 nm.
Formation of ground state IBr + CH, is energetically allowed at 248
nm, but formation of electronically excited IBr(3H1) is not. These
two experimental results lead us to the conclusion that the electronic

states of CH,Brl resulting from'excitation that is assigned as promo-'

2
tion of a nonbonding p electron on the I atom to a higher s Ryberg level
and from excitation assigned as promotion of a nonbonding p electron on
the Br atom to an antibonding orbital on the C-Br bond are not predis-
Sociated by a state which correlates to ground state IBr, they are pre-
dissociated by a stéte which correlates specifically to electronically
excited IBr (hereafter referred to as IBr*),

The result that only IBr*, not IBr, is formed from electronic
excitation of CHZBrI~may shed Tight on previous experimental results

13

on CF,Br, and CH,I,. . Although Krajnovich et al. found that no con-

272 2°2°
certed elimination of Br2 occurred from CHZBr2 following excitation at

248 nm, an older experiment by Simons and Yarwood36 indicated that Br2

was formed when CF28r2 was irradiated with 1ight extending down to

wavelengths of 2000 A. Leone and coworkers® and Style and Ward 37
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detected fluorescence of I2 after photo1yzing CH212 at 193 nm. Broad-
band photolysis experiments reviewed brief]y.in ref. 2a report concerted
e1iminatfon of Brz, FBr and C12 from a variety of polyhalomethanes at
short wavelengths, but the electronic states of the diatomic fragment

is not identified. It appears that concerted elimination of X2(X2=Br2,
/ I2 pr IBr) from the substituted methanes following photoexcitation in
the UV may prdduce exclusively electronically excited XZ’ and cannot
occur when the photon energy is foo small to produce electronically
excited X2.

The experimental result that exclusively electronically excited
IBr(3H) is produced in the concefted reactionlis consistent with a
simple LCAO-MO description of the dissociation in which-the reaction
proéeeds along a least motion path and spin is conserved. The evolu-
tion of the reaction under this model is shown in Fig. 47. Following
the excitation, the C-Br coordinate is repulsive and the C-Br Bond will

stretch; the CH,I portion of the molecule will rotate to reduce the

2
Br-C-I angle as the C recoils from Br, better aligning the orbitals
1abe11éd as bz on the halogen atoms which will combine to form ¢ and
o* orbitals of IBr. One fmmediate]y sees there are three electrons in
the two P, orbitais§ when the IBr product is formed one of these
electrons will be forced to the o*(IBr) drbita1. Thus no ground state
IBr may be formed along this least motion path. Only electronically
excited 1Br may be formed, consistent with our experimental results.

The model is readily applied to the photodissociation of CHZIZ_and

CHZBrz. This would explain why Br2 elimination was not observed at
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36

248 nm4 but was observed at shorter excitation wavelengths”® and it

5 and by Style and

suggests that the I2 fluorescence observed by Leone
Ward is representative of all the 12 formed in the reaction. The first
group5 suggested study of the IZ(B) and IZ(X) channels; this model
shows the IZ(X) chénne] probably does not occur.

The model suggests an intéresting possibility. If the electron
spin is conserved after the excitation dufing the evolution of the
3g

reactibn, then only a 10 excitation can correlate to CH3( +

1)
IBr(3n1), The 300 excitation may only correlate to one triplet and
one singlet product. One might postulate fhen that excitation to the
10 surface results in IBr elimination and excitation to the 30 surface
results in C-Br fission (the lowest energy elimination path not being
spin allowed). This hypothesis is consistent with the parallel angular
distribution of the Br atom from C-Br bond fission because excitation
to the 30O surface is via a transition moment parallel to the C-Br
bond. In this case the branching ratio between C-Br fission and IBr
elimination might be controlled by tuning the excitation wavelength
~ through the n(Br)-»0*(C~Br) absorption band where the oscillator
strengths of the 101 and 3QO transitions would vary. One would also .

expect that all the Br atoms would be formed in the 2P1/2 spin-orbit

excited state.
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V. Product Energy Partitioning in the.Simp1e-Bond Fission Channels

The simple bond fission reactions resulting from the UV excitation
of CH,Brl in this work occur via elettfdn{ca11y excited surfaces which
are repulsive in the respective C-X bond. ‘Even the excitation at 193 nm
is to a Rydberg state which is predissociated by repulsive electronic
surfaces (see Ref. 8b). Breéking of a C-X bond on such a repulsive
surface is amenable to mode]]iné with very simple classical impulsive
force expressions.39 Particularly at the higher‘energy excitation
wavelengths where the répu1sive potential is very steép, one would
expect an impulsive force approximation to be good. The partitioniﬁg
of the total avai}ab]e energy, with any electronic energy in the prod-
ucts subtracted from it, to tfans]ationa], rotafional, and vibrational
énergy may be predicted under one of two very simple impulsive force
models origina11y suggested by wﬂson,39 Derivations of the expres-
sions for energy partitioning in the soft radical and hard radical
impulsive models are outlined in Appendix 1; it was found that the
expression for partitioning between vibration and rotation given by
-ﬁilson is depéndent on there being no geometry changes in thetradica1
formed. A more genera1 expression is derived in fhis work. Appendix 2
presents the spécific calculations for CHZBrI. The soft radical impul-
sive model predicts that 20.3% of the available energy is channeled to
translation in C-I fission‘and 20.4% is channeled to translation in C-Br
fission. The experimental results shown in Table 2 show that the soft

radical model correctly predicted the average fraction of the energy
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partitioned to translation in C-X fission at-the 193 nm excitation wave-
length. At the lower excitation energies the pqrtion of the repulsive
potential reached is not so steep and the heavy X atom retoi]s away not.
just from the light carbon atom, but from the whole radical, resulting
in a larger fraction of the energy being partitioned to translation.

The calculations presented in Appendix 2 also suggest that the
rotational excitation of the CHZI or CHZBr fragments iquuite large,
~54% of the total available energy in the soft radical approximation.
Unlike many previously studied haloalkanes such as CH3I, CF3I, CZFSI’
or CH3Br, bond fission in CHZBrI occurs with the fragments leaving each |
other at a large impact parameter, resulting in the radical having rota-
tional energies predicted to be as great as 37 kcal/mole for CHZI from
the C-Br fission observed at 193 nm. Whether the orbital motion of the
separating collision partners can couple effectively with the molecule's
spin and orbital angular momenta and affect the dissociation pathway is
an interesting question and was briefly mentioned in Section III of the
discussion in reference to the production of ground or spin-orbit
excited I atom product at 248 nm. |

Finally, consideration of the constraint on the exit impact param-
eter imﬁosed by conservation of energy and angular momentum prdvides a
partial explanation for our obsefvation.of such reduced values of the
ahisotropy g for C-I and C-Br fission ét 248 nm following presuméd
purely parallel excitations. In'a classical picture, when two frag-
ments depart with exit impact parameter b and relative translational

energy ET’ conservation of angular momentum requires that



79

wb?

where u is the reduced mass of the two fragments and I is the moment of
inertia of the radical R formed in dissociation to R + atom X. Since
the sum of the.rotational and translational energies must be less than

or equal to the total available energy one easily derives that
b < I Eavaﬂ -1 1/2
= % _—f;_‘

"For C-I Sond fission in CHZBrI at 248 nm where 12.5 kcal/mole is
released td trans]ation; near'fT, and I(2P1/2) is formed, the exit
impact parameter must be < 1.26 A (I for CHZBr is taken as 45,53 AZ
g/mol). The equality is only realized if E,qp = 0 If the molecule
dissociated from its equilibrium configuration with a repulsive force
along the C-~I bond the exit impact pafaméter would be much greater,
~1.5 R. Thus, to undergo C-I fissfon to CH28r+I(2P1/2) with 12.5 kcal
mol in translation the molecule must distort significantly during dis-.
sociation, resulting in a reduced anisotropy in the angular distribution

of the scattered product following an absorption paraliel to the C-I

bond.



80

APPENDIX 1.
~ Impulsive Force Models for Dissociation Dynamics.

A. Recoil of X from a Rigid Radical R.

For comp1eteness,.a very simple derivation of the classical formula
for energy partitioning in the fragmentation of polyatomic moTecufes
under thé rigid radical impulsive model is given here. The formula re-
sulting has}seen stated previously by Wilson, but ho explicit derivation
was given. | |

If an atom X recoils from a figid radical R, conservation of energy
dictates: |
+E

E +E

avail = Erot vib trans

The assumption, of a rigid fragment => Evib = 0 so

112138 + U2V, 8 (1)

E el

avail
where:

w is the angular velocity of the rotating R fragment,v

[ is the moment of inertia about the axis the R fragment is

rotating, and

vrel is the final relative velocity of X and the c.m. of R.
If the initial RX molecule is not rotating and electrcnic angular
momentum 1s.heglected, the initial angular momentum of the system is

zero. The final angular momentum, the sum of the orbital angular
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momentum of X leaving the c.m. of R with impact parameter b and the

rotational angular momentum of the R fragment, must be zero:

0 = er]b +lw (2) :

With the fact that the dissociation dccurs with an impulsive force
between X and the atom it is bonded to in R and with the assumption the
excitation obeys the Franck Condon pfincip]e, one can determine the

direction of v as along the bond connecting X to R and, thus, the

rel
magnitude of ‘b from the ground state equilibrium geometry of RX. With

(Im)2-= (”Vre1b)2 from 2, one can rewrite (1) trivially as:
> 2
: _1vee® g s
avail 2 I 2 "rel
2
1 - 2 ub
Eavail = 7 %Vpe (1+ —T_)
Er 1
E 1 2 = (3)
avail 1 + ub
T
E _ E .
Eavai] Eavaﬂ : n b2 .

which is the same expression given by Wilson.
B. Recoil of X from a Soft Radical R.

The formula stated by Wilson for energy partitioning in the case

of an atom X recoiling a "soft" radical R (see description of model by
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Wilson, Ref. 39) should be restricted to the case in which the geometry
of the radical does not change from the molecule to the free radical.
The partitioning to translation was correctly given by Wilson and is
trivially derived from

a) conservation of initial linear momentum between X and the atom in

the radical R to which it is bonded, say C
' > -
MYx(initial) = ~ "cYc(initial)

b) conservation of energy

Eavail = Erot * Eyip * Er
2

¢) conservation of energy within the radical R after the impu]siQe
force has imparted a velocity to C:
‘ ) >2
. - . +
1/2_mcvc(initia1) = Ev1b,R * Erot,R 172 TRVR
One may obtain then the same expression given by Wilson for parti-
tioning to translation
Ey Me_X

3 = (5)
avail HR-X ' _

The partitioning for total internal energy to the radical R is also

necessarily correctly given by Wilson as

E; u
int  _ 4 _ ZCX

avail - MRax

However, the division of the internal energy of R into rotation and

vibration given by Wilson is not a general one:
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. MeXy . . 2

(where X is the angle between X, C, and the c.m. of R)

The expression is only valid when the geometry of R in RX i§ the same
as when the radical is free. The dissociation only determines the

angular momentum imparted to the rotation of R, Ill= 1wl Since

oy = 1/2 122

ro - 1/2 EZII the rotational energy of the radical will

change as it is allowed to distort from the shape it was in when the

impulsive force occurred. Wilson's formula for E (above) and

rot,R

E are only correct if the geometry of R is the same whether X is

vib,R
bonded to it or not, but the assumption of a soft radical R allows for
distortion of R after the impulsive force is over. A more general
expression is derived here. The rotational angular momentum trot is

necessarily conserved, so if one knows the moment of inertia of R one

can calculate the partitioning to rotation and vibration as follows:

ILrot ‘ = I lw | = IuRXVre],RXb'
N 2 2
o .1 DexVrerm® B b (6)
rot - 2 I ‘ - I '
2
Bt Pvey )
; = T ' ,

avail

The partitioning of energy to vibration is:
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E
E

ROT Er

Evib ' :
3 = 1- ol
avail

e-x  _ Ye-x
¥RX

avail avail

As. in the rigid radical impulsive model, the molecule is assumed
not to distort on the time scale that momentum is being imparted to, in
this case, the C and X atomé, and b is calculated from the ground state

equilibrium geometry of RI.’
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APPENDIX 2: Prediction of Energy Partitioning in the Bohd Fission
Dissociation Channels of CHzBrI with Impulsive Force

Models.

The fraétion of fhe available energy which goes into the relative
translation of the products in'the two bond dfssociation channels
observed for CHZBrI can be calculated under the assumption of the
rigid radical impulsive force model and the soft radical impulsive
‘force model. :

The geometry of the molecule at the time the I andbt.atoms'are
separated by an impulsive force (in the case of a rigid radical, the
rest of the radical fragment is necessarily driven by the force as
well) is taken to bé the equilibrium geometry of CHZBrI estimated by
Kudchadker and Kudchadker (KK) (see Ref. 1) with the exception that the
C-I bond distance is 2.13 &; the value of 1.76 A given by KK is presum-
ably a misprint. Using this geometry follows from modelling the disso-

~ciation as being initiated by a Franck Condon excitation to a repulsive
state. The geometry estimated by KK is given in Table 4, Because the
molecule is symmetric with respect to the ICBr plane in which the rela-
~ tive translation and rotation will occur for these models, the molecule
was reduced to a planar geometry for calculation of impact parameters
and moments of inertiarabout fhe ax{s perpendicular to that plane. Thus
the hydfogens were taken as an atom of mass 2 at the center of the line
between them in CHZBrI. Taking the ICBr plane as the yz plane and the

C-1 bond direction as the *y axis, coordinates for all the atoms (H2
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taken as one unit) were calculated and are given in Table 4. These

79,81

coordinates and the masses 127, 80, 12 and 2 were used for I, Br,

C, and H, respectively for all the calculations below.

2

A. Partitioning to Translational and Rotational Energy in the Rigid

Radical Model.

The fraction of the available energy that has become relative

translational energy in C-I and C-Br dissociations respectively in

CHzBrI is trivially calculated from equation (3) and (4) in Appendix
1A.
For CHZBrI -> CHZBr + I one calculates:
E
Eav:il B (127+94)lg/mo]e ;. o R
L e (T27+92) (1.50 A“)

45,53 A2 * g/mole

The b of 1.50 A, the perpendicular distance from the center-of-mass

.of the rigid CH,Br fragment to the velocity vector of the I atom (which

2
is taken to be along the C-1 bond in this'model), is calculated from the
"coordinates of the atoms given in Table 4. The moment of inertia I of
the CHZBr‘rigid radical about an axis perpendicular to the ICBr plane
and through the center of mass of the CH.Br product is also calculated
from the coordinates given in Table 4, Thus, if CHZBrI dissociates to

I + CH,Br, modelling the dissociation as I leaving a rigid CH,Br radi-

2 2
cal from the geometry given gives the prediction that 27 percent of the



87

available energy becomes relative translational energy of the fragments.

The rotational energy partitioning is necessarily:

Erot(CHzBr)

Favail

1 - 0.272 = 0.728

Fof CHzBrI - CHZI + Br the impact parameter for Br leaving the
c.m., of CHZI is calculated from‘the geometry of Table 4 to be 1.76 &,
The moment of inertia of CHZI is ca]cu15ted to be 60.08 g/mo]e’ﬂz.
Thus the paftitioning to translation for C-Br bond fission under the

rigid radical impulsive force model is (from eg. 3 in Appendix 1 part A).

1

Ef ' _
- - - 0.276
avail 80)(141)q/mole 2 |
1+ {83114 (1.76 A)
60.08
and E-——Erbt L 1-0.276 - 0.72
avail

. B. Partitioning to Translation, Vibration, ‘and Rotation in the Soft

Radical Model

The partitioning to translational energy in the soft radical impul-
sive force model is independent of any assumptions of the geometry of
the molecule at the moment the impulsive force acts. It.is calculated

by the formula given by Wilson shown in Apbendix 1.8.
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For C-I bond fission:

£ 12)(127
T 2 + 12

E . = 94)(12/ =
avail - ?17%11-5%) |
Fbr C-Br bond fission:
' 12)(80)
E i 1’1“)_‘2 * 80 _ 00
T | DT

Partitioning of the leftover 80 percent of the energy between

0.203

brotation and vibration is dependent .of the following two assumptions.
First, one assumes that the impulsive force between C.and Br or I acts
Qhen the molecule is in the same geometry as the ground state equilib-
"rium geometry of CHzBrI (in accordance with a Franck Condon excitation
to a repulsive electronic surface, so not necessarily applicable to the
excitation at 193 nm, see Discussion). Second, since the geometry of
the CHZBr and CHZI radicals is not known, we will approximate the bond

distance and angles as the same as in CHZBrI. Although certainly the

ICH, bond angle will change in the radical, this will not have a big

2
effect on the moment of inertia about the axis perpendicular to that
plane. Thus the approximation is good unless the C-I (or C-Br in the

CH,Br radical) bond distance changes significantly in the molecule

2
versus the radical. One then can calculate b and I for each channel
from the appropriate coordinates in Table 4. The partitioning of

energy to rotation is calculated from equation 7 in Appendix 1B with

these assumptions to be:
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for C-1 fission:

ot (1.50 02 (FHZ gimote)

r = 5 = 0.544
avail 45.53 A° . g/mole
for C-Br fission:
| 2 (80)(12
Erot | (1.76 R) ((80 i ) g/mole) 0 536
E L 2 v = *
avail 60.08 A . g/mole

The left over energy for vibrational excitation of the CHzBr or CHZI

radicals are respectively:

for C-1 fission
Evib(CHZBr)

= 1-0.203 - 0.544 = 0.253
avail :

E

‘ v1'b(CH 1)

2

= 1 -0.204 - 0.536 = 0.260
avail :
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- Table 1: CH28r+:i+ signal ratios at high and low clucter molecular

beam conditions.

Background Signal
(per 4 usec (Sum of in +
Molecular No. of channel gate) channels CHzBr
Ion Beam Laser (average in : 80-210 at —
Fragment Conditions Shots channels 2-40) 4 ysec/chan) I
CHBr" High Dimers - 200,000 422 2311
' .0913
o High Dimers 200,000 390 25326
CH28r+ "~ Low Dimers 300, 000 419 969
. .0496
* 300,000 378 119551

I Low Dimers

96



Table ?2: Summary of primary experimental results,

' a h
Reaction Wavelength £y FWHM - Fylmax) a8 Favail . - T
— (kcaTlmoY)  (KcaV/mal) - (keaTimol) (Fca¥imol) P
ru?ﬂrl—ocnzsr'l(?i’“?) 298.5 18.6 a.3 - 1.0 ¢ 0.1 £0.0 .31
—scpre1(2p, ) 248.5 12.4 a5 -- 1.0 4 0.1 3R.3 Y/
2 172 _
~sCH 1oBr(%P % )¢ 248.5 1.1 R.? ' 0.6 0.1 (47.4, 36.8)" (.23, .30)°
2 3,2, _le— . - ot - . U a, . . o Y
2 2 C d c [
CHBr sy 18Py 5, TPy ) 210 15.0 9. - () (6R.5, §7.9) (.22, .?76)
~sCH,+ 18r(0))° ‘ 210 5.5 7.1 13.6 - 12.5%f .a4°
? _ i
CH Bri-sCHBret(?P) ) 193.3 18.1 k3 -- 0 o .20
2 -
sty 1oar (%P ) 193.3 18.1 10.0 -- 0 9.7 .20
-,cuzoler(’u,)" 193.3 11.7 19.0 23.7 -0 24.3° T

a) [‘(man) is the maximum enerqgy in translation for those processes in which a sharp cutoff is observed,
b) € for this table = [hv L T [elec
(elec = 10.54 kcal/mol, the spin-orbit splitting of Br. The initial internal eneray of the-parent is not included here but is

discussed in the text.

avail : e.q. for C-Br fission to form spin-orbit excited 8r A[run = Do(r—Rr) and

c) The more Vikely spin-orbit state of the Br product is underlined, see text.

d) (1) signifies a parallel angular distribution, here 8 = 0.6 * 0.3,

- e) The electronic state of the IBr product is assumed to he <olely 3nl for this tahle.  The experiment only determined that <ome
of the IBr is formed in the 3||I state and none is formed in the qround state. Some fraction-of the I8r may be formed in the
Jlb state If energetically allowed. ‘

f) Note the ['(max) fs greater:than Eavall because the internal enerqy of the CH_Brl parent of ~1.5 kcal/mol was not included

in the €

?
avail’®

L6



Table 3: Experimental data for the probability of the 30 -— Q) transition at the curve crossing fn the
photolysis of RI.

Comonent‘ Y Fraction of 1.P. of R Final 'reld
2 2 n
Molecule Excited {nm) I PJ/Z) H Pll?’ {ev) {x10" cm/sec)
P _ 3 .
CF !l : q, 248 0.0 1.0 9.98° | 16.9
1,2-C.F Br1t 3 248 -0.0 -1.0 —— 14.8
2-CF o . . .
s 3 : _
1,2-CF Br % 266 ~0.0 1.0 —— 141
cr313°" e, 248 0.08 # 0.00  0.92 +0.01 10.10°, (9.5°)  21.6%
co 1™ (%,) 248 .19 .81 9.831 & 0.000°  43.1°
1,2-C 1,110 3 266 ~0.25 ~0.75 —_ 17.9°
(]
Cuy 10 %, 248 0.30 0.70 9.837 & 0.005  47.4°
eyt ‘ %, 266 0.30 0.70 “9.837  0.005°  42.4°
czusuJl t%a,) 248. 0.3240.02 0.68840.02  8.25° ~ (slower than cnale")
a-C 12 o) 24 0404 0.02  0.60 & 0.02 8.18° ~ (stower than C 1%
CH Brl : ta,) 248 0.57 0.43 — 1390

8. When no parenthesis appears, excitation of only the paralle) transition to the 300 surface has been
confirmed through the observation of a 8 > 1.8 for all | atom products.

b. From Table I in Ref. 34,

c. Values from Nationa) Bureau of Standards, lonization Potential and Appearance Potential Measurements,
1971-1981, NSRDS-NBS 71,

d, rel fs the asymptotic final relative velocity of the R and 1 fragments. The value quoted here is an average
value calculated from the {T of the measured product translational energy distribution.

e. For the channel producing R + I{( PIIZ)

86
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Table 4: Geometry of CHZBrI (calculated from values in Ref. 1).

Derived

Geometric Parametersd Cartesian Coordinates of AtomsD

Bond ~ Bond Length (R) Atom
' or Angle (degrees)

(x, ¥, 2) (R)

C-H 1.09 1

(0, 2.13, 0)
C-8r 2 1.93 - BrC (0, -.7615, 1.7734)
C-1 2.13, H2P (0, -.327, -.271)
<H-C-H 111.35° c (0, 0, 0)
<H-C-1 107.95
<Br-C-I 113.24°

a. Estimated in Kudchadker and Kudchadker, Ref. 1.

b. The hydrogens are taken as mass 2 at the center of their positions as
all the relevant forces are in the I-C-Br plane.

c. Taken as mass 80 for calculations; there is equal isotopic abundance
of mass 79 and mass 81.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

. AH

Energetically allowed dissociation channels of CHZBrI

excited at 193 and 248 nm. The C-I and C-Br bond dissocia-
tion enthalpies are assumed to be the same as that in CH3I

and CH3Br calculated from heats of fbnnation given in ref,

1. The HI'énd HBr elimination channel endothermicities were
calculated from the C-I and C-Br energies estimated above,

the H, I and Br heats of formation from ref. 1 and the assump-
tion that the enthalpy of CH2X — CHX + H (X=I,Br) are the
same as that for CH3 -> CH2 + H calculated from ref. 1.

The enthalpy for CHzBrI - CH2 + 1 + Br was calculated using
f.0 from Rosenstock et al. (see Ref. 1) for the products
and the enthalpy of formation of CHZBrI at OK calculated by
Kudchaker and Kudchaker (see Ref. 1). The IBr elimination
channel enthalpy is calculated from the ébove value and the
enthalpy of I + Br -» IBr from Rosenstock et al. The ener-
getically allowed C-H bond fission and H2 e]iminationvchan—
nels are not shown. An asterisk indicates the atom is formed

2

in the “P spin-orbit excited state.

1/2
UV absorption spectra of,gaseous CHzBrI (Cary spectrometer).
Optical arrangement for production of 210 nm polarized or
unpolarized light. 1) 50 cm f.1 quartz lens. 2) Raman cell
with 300 bsig H2 gas, room temperature. 3) Pellin-Broca

dispersing prism, quartz for unpolarized light, MgF2 for

polarized light. 4) Suprasil right»angle turning prism.



Fig. 4.

Fig.

Fig.
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5) 240 mm f.1 MgF2 lens. 6) Aperture to pass only desired

wavelength and polarization. View is from top.

a) TOP, view from side of 6ﬁtica1 arrangementkfor production
of horizontally polarized 193 nm light. 1) coated mirror;
2) Mng‘birefringent prism; 3) horizontally polarized
component beam; 4) vertically po1arized'component, dumped;

5) 240 mm f.1. MgF, lens.-

2
b) BOTTOM, top view of optical arrangement for production of
horizontally polarized 248 nm light and subsequent rotation
of electric vector. 1) MgF Pe]]in-Broca; 2) SupfaSiT

right angle turning prism; 3) horizontally polarized compo-
nent; 4) vertically polarized component; 5) Karl Lambrecht

-

first-order retarder, rotates E vector; 6) 240 mm f.1. Mng

lens.
'248 nm: Product TOF spectra taken at m/e=95, CH2818r+, at
a source to detector angle of 20°. o Experimental points,

best fit to the data, obtained by adding the two

components of CHZBr product from reac-

tions la and 1b, calculated from the two component P(ET)
shown in Fig. 7, an anisotropy of 8=1.0 for each channel, and
a branching ratio of rxn lb:la of 0.75:1.

248 nm: Product TOF spectra taken at m/e=127, I+, at three
source to detector angles of 10°, 20°, and 30°. o Experi-
mental data. ————— fit calculated as the sum of the

individual contributions of I(2P3/2) (— — —



Fig. 7.

Fig. 8.

248 nm: Product TOF spectra taken at m/e=141, CH
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shorter arrival time), I(2P1/2) ( - , longer

arrival time) (rxns. ia and 1b) and I product of CHZI secondary

dissociation (— — —). The contributions from rxns. la and
ib are calculated from the two component P(ET) shown in Fig. 7
which was derived from the CHZBr TOF spectrum (Fig. 5). The
secondary dissociation contribution was calculated from the
P(Ey) shown in Fig. 17, see Section 1.6. The two 20° TOF's
shown differ on1y.in that signal was accumulated dufing 2 usec
time intervals for one and 3 usec time intervals for the other.
Center~of-hass product translational energy distribution for

CHZBrI Zﬂ§_ﬂﬂ, CHzBr + 1. The two component P(ET)'s shown

as ——— show the shape of each component channel (see text)

producing 1 (2P1/2) (1ower translational energies) and

I (2P3/2) (higher translational energies). This P(ET) was

derived from forward convolution fitting of the CH28r+ TOF
shown in Fig. 5 and was used to fit the I contribution from

+ v
primary dissociation in the I TOF spectra of Fig. 6. The

branching ratio for formation -of I(2P1/2):I(ZP3/2) is obtained

to be 0.75:1 from the relative areas under each P(ET) given
the measurement of the same anisotropy for each channel of g =
1000

+
21 , at a

source to detector angle of 20°. o Experimental points.

fit to the data calculated for CH,I product from

2

rxn. 2 from the P(E;) shown in Fig. 10.

7)



Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.
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- 248 nm: Product TOF spectra taken at m/e=81, 818r+, at
three source to detector angles of 10°, 20°, and 30°. o Ex-
perimental points., -——————— shape of Br product contribution
from C-Br primary bond fission (rxn. 2) calculated from the
P(ET) shown in Fig. 10 derived from the CHZI TOF of Fig. 8.

Center-of-mass product translational energy distribution for

CHZBrI Zﬂ§_ﬂﬂ_, CHZI + Br. Derived from forward convolution

fitting of the CH,I product TOF of Fig. 8.
248 nm:  Product TOF spectra taken at m/e=82, Ho Br', top,

N ,
and m/e=128, HI , bottom, at a source to detector angle of

- 20°. Baseline was calculated from averaging counts in time

range between 2 and 100 usec after the dissociating laser
pulse. o Eiperimenfal points.

248 nm: Product TOF spectra taken at m/e=140, CHI , top, and
m/e=94, CH818r+, bottom, at a source to detector angle of-
20°. o Expefimenta] points. v

248 nm: Product.TOF sbectré taken at m/e=206, 208, 179’81Br+
ét a source to detector angle of 10°. The assumed shape of
the signal shown in (=— — —) was used to calculate the shape
of the signal that would be observed at CH' (see Fig. 14) if

+
the IBr signal is due to concerted elimination of IBr (rxn.

5). o Experimental points. Signal is proposed to be from

fragmentation of dimers. See text.
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Fig. 14. 248 nm: Product TOF spectra taken at m/e=13, CH+,'at a source

to detector angle of 20°. o Experimental points. total
fit, sum of contributions from CHZI (— — —) and CHZBr
(— - —). The P(ET)‘s-shown in Figs. 7 and 10 which are

derived from other TOF spectra were used to calculate where
signaT would be obsefved from CH,I and CH,Br respectively in
this TOF. The hump at short arrival times (— — — — —)
shows where ohe would expect CH2 from rxn. 5 if the signal.
observed in Fig. 13 were IBr product. The fast data shown
without a fit is attributed to CH2 from the secondary'phOto-
dissociation of CHZBr and CHZI products (see Section I.F and
1.G).

Fig..15. 248 nm: Product TOF spectra taken with special molecular beam
conditions to reduce clusters in the beam. Top, taken at
m/e=127, I+ at a source to detector angle of 10°. Middle,

1, 818r+ at a source to detector angle of

taken at m/e=8
° H81 +

10°. Bottom, taken at m/e=94, CH "Br , at a source to

detector angle of 20°. o Experimental points.

1.+
Br , at two

Fig. 16. 248 nm: Product TOF spectra taken at m/e=81, °
different laser pulse energies ~200 mJ/pulse and ~35 mJ/pulse at
a source to detector angle of 20°. (Laser focused to 1 mm x

3 mm, 17 nsec pulse width.)
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Center—of-mass-product transiational energy distribution used
to fit the I signal in the I+ TOF (Fig. 6) from the secondary
photodissociation of CHZI rxn. 6. See Section 1.G for dis-
cussion 6f assumptions in fitting the secondary dissociation
'signal._ |

248 nm: a) (top) Polarization Dependence of I atom signal from
C-I bond fission. o Experimental points, -————— best fit
calculated using the P(ET).foer-I fission of Fig. 7 and an
anisotropy of 8=1.0 in expression (7). Fits showing confidence

in the value of g are — — — g=1.1 and — — — 8=0.9.

~ (Data and all fits normalized to highest point = 1.0). Bottom

left corner shows velocity vector diagram that indicates that

the I signal intensity peaks when the electric vector is

- aligned parallel to the c.m. recoil direction of the fragment.

Error in angle is #2°,

b,c) (left frames) Fits to m/e=127, I+, TOF spectra taken at
a source to detector angle of 20° with the polarization vector
of the light at 0° and at 100° (see Fig. 8a for diagram).

o Experimental pdinis. ——— total fit to the data
assuming each channel (———-—;———), rxn's la and b, independ-
ently has an anisotropy of 1.0 and using the P(ET) derived
from the unpolarized TOF data.

d,e) (right frames) Fits to the same I* data as in b,c)
assuming the channel producing I(ZPI)Z) has a 8 of 2.0 and

that producing I(2P3/2) has a 8 of 0.5. The weighting of



Fig. 19.

.Fig. 20.

Fig. 21.
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the two channels is chosen so the unpolarized 1ighf data

(Fig. 6) and the total I atom signal intensity vs polarization
(Fig. 8a) would still be fit. The poor fits obtained show the
two channels do not have different anisotropies. ) | _ |
248 nm: a) (top) Polarizétion Dependence of CHZI frégment
signal from C-Br fission. o Experimental points.

best fit calculated using the P(ET) for C-Br fission of Fig.
10 and an anisotropy of 8=0.6 in expression (7); ‘Fits showing
confidence in the value of g are — — — =0.7 and — — —
B=0.5 (data and all fits normalized to highest point = 1.0).
Fits assume that the same anisotropy is representative of the
whole P(ET)° Newton diagram shown in bottom left.

I+

b,c) Fits to fhe m/e=141, CH,I , TOF spectra taken at a

2
source to detector angle of 20° with the polarization vector

of the light at 0° (middle) and at 100° (bottom). o Experi-
mental points, —————— fit to the data assuming the whole
P(ET) is for dissociation events with an anisotropy of g=0.6.

+
193 nm: Product TOF spectrum taken at m/e=141, CH,I , at a

2
source to detector angle of 20°. o Experimental points..

fit to the remainingzo CHZI signa]_ca1cu1ated
from the P(ET) shown in Fig. 21.

Center-of-mass translational energy distribution for

193 nm

CHZBrI == CH,I + B8r, for which the CHZI is left with

little enough internal energy to be stable. Thé'P(ET)-was

derived from fitting the CHZI signal in Fig. 20. The P(ET)

2

probab]y'corresponds to formation of all Br( P1/2). See

text.
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Fig. 22. 193 nm: Product TOF spectra taken at m/e=95, CH2818r+.

a) Top, o Experimental points.

20

fit to the signal
from stable?" CH,8r product from C-I bond fission of the |

l'monqmer CHzBrI. Fit was calculated from the P(ET) in Fig..
23, |

b) Bottoh, olExperimental points obtained under mo]eéu]ar beam
conditions which reduce the ratios of clusters to mohomer

’ CHZBrI in the beam.

Fig. 23. Center-of-mass product trans]ationa1 energy distribution for
CHyBr1 130, Cgr + I for which CHyBr is left with little-
ehough internal energy to be stable. The P(ET) was derived
from fitting of the signal from dissociation of CHZBrI monomer
givihg CH,Br product in Fig. 22. The P(E;) probably corre-
sppnds'to formation of all I(2P1/2). See text.

Fig. 24.

193 nm: Product TOF spectra taken at m/e=206,208, IBr, at

source to detector angles of 10° (top) and 20° (bottom).

o Experimental points. fit calculated from the

P(ET) shown in Fig. 26.

Fig. 25. 193 nm: a) Top left, product TOF spectrum taken at m/e=127,
I+ at a source to detector angle of 20°. o Experimental

points. shape of signal from IBr product fragment-

ing to 1" in the ionizer obtained from the I8r" TOF spectrum
of Fig. 24 and the precalibrated ion flight time. Shading

shows hump in data where the signal from IBr is evident.



Fig. 26.

Fig. 27.
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b) Bottom left, product TOF spectrum of m/e=81, Br+, at a
source to detector angle of 20°. o Experimental points.

‘ shape of signal from IBr products fragmenting to

Br+ in the ionizer obtained from the IBr+ TOF spectrum and

ion flight time difference. Shading shows hump in data where
the signal from IBr is evident.
c,d) Product TOF spectra of m/e=127, I (top right) and

R ,
lBr (bottom right) at a source to detector angle

m/e=81, 8
of 20° under molecular beam cond{tions where the ratio of
ciusters to monbmers iﬁ the béam is reduced. Note features in
these spectra corresponding to IBr product are just as intense
relative to their signal in 25 a and b. o Experimental points.
Center-of-mass product translational energy distribution for
CH,Br1 120, ch, + IBr, for which the IBr survived sec-
ondary'dissociation toI + Br. IBr may be 1ost via predis-
sociatioh if it has enough internal energy or via absorption
of a 193 nm photon. The shape of the P(ET) below ~4 kcal/mol
(shown as — — —) is not sensitive to the data as then the
c.m. recoil velocity of the IBr is too small for detection at
10°.

193 nm: Product TOF spectra of m/e=127, I+, at source to
detector angles of 10, 20, and 30°.

a,b,c) Left top, middle, and bottom, taken with the laser un-

polarized and high power ~200 mJ/pulse. o Experimental points.
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d,e,f) Right top, middle, bottom, taken with laser polarized
at 0° and the laser power reduced by a factor of 6 to 8. |
o Experimental points, —————— total fit to the data, sum

of contributions from CHZI from C-Br fission (short dashed,

—~— — —) I from C-I fission (=—— — ——), IBr from the
concerted elimination (—— — — — —), and I atoms from
'CHzBrI—-e>CH2 + Br + I (long dashed, —— ————). The

first 3 contributions were obtained from other TOF spectré,
see text.. Each component fit is calculated from the corre-
sbonding P(ET) (Figureé 21, 23, 26, and 31 respectively) and
an anisotropy of g=0. |

Fig. 28. 193 nm: Product TOF spectra of m/e=81, 818r+, at source to
detector ang1e$ of 10, 20, and 30°.
a,b,c) Left top, middle, bottom taken with the laser unpolar-
ized and high power ~200 mJ/pulse. o Experimental points.
d,e,f) Right top, hidd]e, bottom taken with 1aser-po1afized
at 0°Aand the laser power reduced by a factbr of 6 to 8.
o Experimental points. ——————— total fit to the data, sum

of contributions 'from Br from C-Br fission (short dashed,

_ —-4—), CHZBr from C-1 fission (— — —), IBr from
concerted elimination (— —==—=—=—) and Br atoms from
CHBrI-—CH, + Br + I (long dashed, —— ——). The first

three contributions were obtained from other TOF spectra,
see text. Fach component fit is calculated from the corre-
sponding P(ET) (Figures 21, 23, 26 and 31 respectively) and

an anisotropy of 8=0.



110

Fig. 29. 193 nm: Velocity vector diégram showing the range of c.m.
recoil angles of the IBr, CHZI, and Bf fragments detected
at a source to detector angle of 10°.

Fig. 30. 193 nm: Product TOF spectra of m/e=13, CH+ at a source to
detector angle of 20°. o Experimental points. — — —
expected time-of-arrival of CHZI proddct at CH+, —_——
expected time-of-arrival of CHZBr product at CH+,

— — — — — expected time-of-arrival of CH, product
momentum-matched with IBr product; scaling is arbitrary.
Leftover signal is due to sécondary photodissociation of most-

1y CH,I and some CHzBr product and the triple dissociation

2
(rxn 8) CHzBrI-—->CH2 + [ + Br.

Fig. 31. 193 nm: Center-of-mass product translationaj energy distribu-
tion for IBr (product) (predissociation) -—» I + Br assuming the
slow signal in the I+ (Fig. 27) and Br (Fig. 28) TOF spectra
can be described by a two step process (see text). The energy
paftitioned to translation for I atoms of Br atoms respective-
ly (for comparison with Fig. 38) are §%7 and %%; times
the energies shown.

Fig. 32. 193 nm: Product TOF spectra of m/e=82, HelBr+ (top), and
m/e=128, HI' (bottom), at a source to detector angle of 20°.
Baseline'was calculated from averaging signal between 2 and

100 usec after the dissociating laser pulse. o Experimental

" points,
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Fig. 33. 193 nm: Product TOF spectra of m/e=140, CHI' (top), and
m/e=94, CH818r+ (bottom), at a source to detector angle of
20°. o Experimental points.

"Fig. 34. 210.nm: Product TOF spectrum of m/é=141, CH21+, at a source
to detector angle of 20°. o Experimental pcints.

fit to the data calculated from the P(ET) shown in Fig. 36.

+
818r., at a source

Fig. 35. 210 nm: Product TOF spectrum of m/e=81,
to detect¢r angle of 20°. o Experimental points,
total calculated fit to the data, sum of contributions of Br
atoms from C-Br fission (— — —) and Br atoms from the triple
dissociation CHBrI—sCH, + Br + I (— — —— —).
The former is calculated from the P(ET) shown in F%g. 36
derived from the TOF spectrum of the CHZI product (Fig. 34)
and the latter is the fit calculated from a distribution of
translation energies (Fig. 42b) imparted to the Br fragment in
the trip]e.dissociation.

Fig. 36. 210 nm: Center-of-mass product trans1ationa1 energy distribu-

tion for CHyBrl 2220M, CH,1 + Br. This P(E;) was derived

_ from fitting of the CH,I product TOF signal at CH 1" shown

2
in Fig. 34 and was used to fit the Br atom signal from primary
C-Br fission shown in Fig. 35.

Fig. 37. 210 nm: Product TQF spectra of m/e=95, CHzngr+ taken at
source to detector angles of 20° under two different molecular
beam conditions. . a) Top, data taken with usual molecular beam
conditions; b) Bottom, data taken with reduced cluster forma-'

tion molecular beam conditions. o Experimental points.
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Fig. 38. 210 nm: Product TOF spectra of m/e=127, I, at source to
detector angles of 10 and 20°. o Experimental boints. |
total fit‘to the data, the sum of contributions from
CHZI product of C-Br fission (— — -—) and I atoms from the
triple dissociation CHyBrI—>CH, *+ Br + I (— — — — —)
(some of thé slow signal may be I atoms from spontaneous dis-
4spciation of CH,I product). The former is calculated from the
P(ET) shown in Fig. 36 (or from shifting the‘CHéI spectrum at
CHZI+ by the small difference in ion flight times) and the
Tatter is the fit calculated from a distribution of transla-
tional energies (Fig. 42a) imparted to the Ivfragment in the
triple dissociation. (The 10° data also contains a contribu-
tion from slow IBr elimination product (long dashed, — —)
calculated from the P(ET) shown in Fig. 40.) Each contribu-
tion is scaled for best total fit.

+
818r , at a source

Fig. 39;‘ 210 nm: Product TOF spectrum of m/e=208, I
to detector angle of 10°. o Experimental points.
fit calculated from the P(ET) shown in Fig. 40.

Fig. 40. 210 nm: Center-of-mass product translational energy distribu-
tion~from CHZBrI 2199 CH2 + IBf; The shape of the P(ET) below
~4 kcal/mol (shown as — — —) is not sensitive to the data
aS at those energies the c.m. recoil velocity of the IBr pro-

duct is too small for it to be detected at 10°.
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Fig. 41. 210 nm: Product TOF spectra of m/e=128, HI' (top) and m/e=94,

Fig. 42.

Fig. 43.

81

CH Br+ (bottom) at source to detector angles of 20°. Base-

line was calculated from averaging signal between 2 and 100
usec after the dissociating pulse. o ExperimentaT points.
210 nm: Energies imparted to translation for two of the -

fragments from the triple dissociation CHZBrI 319—9 CH2 +

Br + I.

a) Left. Distribution of translational energies (c.m.) re-
leased to the I atom fragment; it is derived from fitting

the slow signal in the 1 20° ToOF spectrum (Fig. 38) assum-
ing none of that signal is'from spbntaneous secondary disso-
ciation of CHZI product from C-Br fission (true if all
Br(%py ) 1s formed).

Noteﬁ The highest energies correspond to dissociation gyents
for which the CHZBrI parent must have contained some internal
energy that was released to translation in the final fragments.
b) Right. .Distribution of translational energies (c.m.) re-
leased to the Br atom fragment; it is derived from fitting the
slow signa] in the Br+ TOF spectrum (Fig. 35).

81

210 nm: Product TOF spectra of m/e=81, Br+, (a*b, top)

and m/e=127, I+ (c*td, bottom) at a source to detector angle of
20° witﬁlthe laser polarized at 0°.(left two frames) and 90°
(right two frames). o Experimental points.

a,b) (tob) S— total fit to the data, the sum of con-

tributions from Br atoms from primary C-Br fission (— — —)
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and Br atoms from the triple dissociation CH.Brl 2105 ch +

1 +Br (— — =~~~ —). Note: The relative probability for
each channel (as a function of the anisotropies) and transla-
fjonaT'energy distributidns are previously obtaiﬁed from the
unpolarized light data, the anisoiropy paraheters which gave
the fits shown to the changing shapes (fqr the slow signal)
and relative intensities of the slow vs the fast signal in
this polarized light data are g8 = 0.6 for Br atoms from C-Br
fission and 8 = 0.65 for Br atoms from the triple dissociation.
There is considerable uncertainties in these values; both dis-
tributions definitely do, however, have a parallel polariza-
tion dependence. |

c,d) (bottom) ———— total fit to the data, the sum of

contfibutions from CHZI from primary C-Br fission (— — —)
and I atoms from the triple dissociation CHZBrI 219, CH2 +

1 +Br (——~——). See note in a,b) above. Anisotropies
for c*d were constrained to be 8 = 0.6 for the CHZI signal at
_I+.(as obtained for C-Br fission from fitting of the Br

| signal) and found to be 8 = 1.0 for the fit to the I+ signal
from triple dissociation. Again these Qa]ues are uﬁcertain;

both distributions do, however, have parallel polarization

dependences.
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210 nm: Product TOF spectra of m/e=141,‘CH21+, at a source
to detector angle of 20° with the laser polarized at 0° (fop)
and 90° (bottom). The fit shown is calculated from the P(Ef)‘
(Fig. 36) derived from the unpolarized 1ight TOF data and an.
anféot?dpy parameter of 8 = 0.6 obtained from fitting the

partner Br fragment signal in Fig. 43.

81

+
210 nm: Product TOF spectra of m/e=208, I "Br , at a source

fo deteétor angle of 20° with the laser polarized at 0°. The
fits shown afe calculated from the P(ET) (Fig. 40) derived
from the.unpo1arized light data and anisotropies of g = 0.8
(———) and 8 = 1.0 (—— — —).

Schematic diagram of the quasidiatomic n(I)—»o*(C-1) diabatic
repulsive potentials in a molecule Rl and their corre]étion to
R +1 (2P1/2 or 2P3/2) products. W denotes an electric

dipo]e allowed transition where the dipole moment vector is
parallel to the C-I bond and 1 denotes an electric dipo]e'
allowed transition where the dipole moment vector is perpen-

dicular to the C-I bond. The notation Q originated with

~Mulliken and is analogous to a T state in'HI.

Schematic diagram of the LCAO-MO least motion path model for
the concerted elimination of IBr from CHZIBr. The path shown

is one following a singlet excitation by the photon in which

't‘he_CH2 product is constrained to be triplet. A 3H'IBr

product is neéessari]y produced; no ground state IBr is formed

in this model.
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CHAPTER TWO
THE PHOTODISSOCIATION OF NITROMETHANE AT 193 nm*

ABSTRACT / |
~The dissociation of nitromethane following the excitation of the

7* « n transition at 193 nm has been investigated by two independent
and complementary techniques, product emission spectroscopy and molecu- |
lar beam photofragment trans1ati§na1 enerqgy spectroscopy. The primary
dissociation process is shown to be cleavage of the C-N bond to yield
CH3 and NO2 radicals. The translationa1'ehergy distribution for this
ﬁhemica] process indicates.that there are two distinct mechanisms by
which CH3 and NO2 radi§a1s are produced. The dominant mechaqism

releasing a relatively large fraction of the toté] aveilable energy to.
| translation probably gives NO2 radicals in a‘vibrationa11y excited 282
state. When dissociated, other nitroalkanes exhibit the same emission
spectrum as CH3N02, suggesting little transfer of energy from the
excited NO2 group to the a]ky1 group dufing dissociation for the domi-
nant mechanism. This conclusion is supported by the apparent loss of
the slow NO2 product in the molecular beam sfudies to unimolecular
. dissociation to NO + 0,_which will occur for NO2 with 72 kcal/mole or
more internal energy. Evidence is bresented which suggests that the

NO, produced via the minor mechanism, which releases a smaller

*Published in The Journal of Chemical Physics 79, 1708 (1983).
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fraction of the available energy to translation, has a large cross
section for absorbing an additional photon via a parallel transitibﬁ

and dissociating to NO + O.
INTRODUCTION

The optical absorption spectrum of nitromethanel’2 is a broad
continuum extending down from 370 nm to the VUV having maxima at 198 nm

(¢ = 4000 M} 1

cm-l) and 270 nm (e = 10 M 7). Nag_akura2 assigned the
strong and weak bands to n* « n and »* ¢« n transitions, respective1y,
where both transitions are localized on the NO2 moiety. Photoelectron
. and electron energy loss spectroscopic studies?’-5 are for the most
part consistent with these assignments although Rabe]ais3 believes

the strong transition to be a promotion of a C-N o 'bonding electron to
the antibonding =»* orbital of the NO2

this #=* € o transition occurs in the same region as the »* < n transi-

and Flicker et a].s suggest that

tion and accounts for almost all of the 270 nm peak in the optical
spectrum,

The energetically allowed photodissociation channels involving
simple bond rupture, and two other channels involving the migration of
-H or O atoms, are shown in Fig. 1. A short review of previous studies
of the ultraviolet photb]ysis of nitromethane has been presented by

6

Schoen et al. Gas phase photochemical studies to date have been

1imited to excitation of the =* ¢ n transition (perhaps better assigned

as a n* <« o transition by Flicker et al.). Flash photolysis st_udies7’8
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indicate that formation of CH3 and NO2 radicalé is the major process
for this region, though Honda et‘a1.7 show evidence of other minor
channe]s;

Three recent‘gas phase photodissociation studies in the region of
the 270 nm transition(s) have relied on direct detection of the photo-

9,10,6

dissociation products by laser induced fluorescence (LIF) or

‘electron bombardment ijonization methods. Spears and Brugge9 dissoci-
ated CH3NO2 at 252.6 nm and probed the vibrational population of the
ground electronic state NO2 formed. By filtering .the LIF signal they

concluded that the NO2 is highly excited in all vibrational modes.

Kwok et al.lo

studied the photodissociation of nitromethane at 266 nm
in a collision-free crossed 1aéer-mo1ecu1§r beam experiment with mass
spectrometric detection. Although the vibrational predissociation of
small clusters of nitromethane molecules was’detectéd, dissociation
products from the monomer were not observed. They estimated from their
detection sensitivity énd the absorption cross section at 266 nm that
the quantum yield for dissociation of the monomer is less than 3 per-
cent for several possible products that would fragment to give CH+, NOE,
NO+, HNO+, or CH3NO+ in the ionizer. Schoen et a1.6 used a 5 ps photo-
lyzing pulse at 264 nm and monitored the subsequent evolutfon of the
No2 fragment by LIF with a5 ps 527 nm pu1se; They estimated a 1
percent quantum yield of NO2 product. They found that the dissocia-
tion occurred in <5 ps and that some of the NO2 product was formed in
an excited fluorescing state.

In the present paper, two complementary techniques have been used

to study the primary processes occurring when nitromethane is excited
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at 193 nm near the maximum of the n* ¢ « trahsitfon. The method of
photofragment translational energy spectroscopy in a crossed laser-
molecular beam apparatus identifies the primary photochemical process
as cleavage of the C-N bond and shoys that there are two distinct
mechanisms which produce CH3 and NO2 products. Product translational
energy distributions for the dissocfation pathways are measured and a
comparison of the product velocity distributions suggest that for the
dominant process the sz radical retains much of the internal energy.
The method of fluorescence émission spectroscopy idéntifies the excited
electronic state of the NO2 radical for the dominant prdcess and the
emission spectra of a series of nitroalkanes provides independent evi-
dence that little energy has transferred from the NO2 group to the

CH, during dissociation. The emission spectra suggest and the molec-

3
ular beam studies confirm that the hottest NOZ(ZBZ) is formed with

sufficient internal energy to spontaneously decompose. Evidence from
the molecular beam studies is also presented which suggests that the

NO2 produced in the minor primary processes undergoes'efficient sec-

ondary photodissociation to NO + 0 via a parallel transition.
EXPERIMENTAL

The fluorescence emission studies and the laser polarization
dependence measurement presented here were done at Columbia University
“ while the complementary molecular beam study presented was done at

Berkeley. The results of these independent measurements when combined
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allowed many conclusions to bé'made about the primary photochemical

processes studied here. Some product velocity distributions were meas-
-ured at\Co]umbia, but thevBerkeley data is presented as it is more com-
plete and as the Berkeley apparatus has a rotatable detector and is thus

sensitive to lower product recoil ehergies than the fixed 90° geometry

detector at Columbia.
A. Molecular Beam Experiments

Timehdf-f]ight (TOF) and angu]af distributions of the photofrag-
ments were measured in a molecular beam apparatus described in detail

11 The molecular beam was formed by bubbling helium through

elsewhere.
nitromethane (Mallinckrodt spectrophotometric grade) maintained at 20°C
§ﬁd expanding the mixture through a 0.005" diameter stainless steel
nozzle at a tota]lstagnation'pressure of 300 torr (11 percent CH3N02/89
percent He). The nozzle was heated to 240°C to effectively eliminate
contributions from molecular clusters in the beam. The velocity dis-
tribution of the nitromethane beam was determiﬁed by time-of-flight
measurehents. The beam had a peak ve1ocity of 1470 m/s wjth the full
width at half maximum (FWHM) of the distribution being 18 percent. The
béam was co]]ihated by a skimmer, and, after passing through two pres-
sure reducing differential chambers, ft_was crossed by the laser beam.
The molecular beam was defined to an angular divergence of ~1.6°.

The 193 nm photons were produced by a Lambda Physik EMG 101 Arf

excimer laser. For most of the data taken for measurement of product
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translational enefgy and angular distributions, fhe laser was run at a
repetition rate of 50 Hz and the averége power was maintained at 2.0 =
0.04 W (40 mJ/pulse). The laser iight was'unpolarized and was focussed
onto the molecular beam by a 35 cm fbca1 length fused silica spherical
lens to a final spot size of ~4 mm2. This resulted in a (time-
integrated) photon flux through the interaction region with the molecu-

lar beam on the order of ~1 x 1018

photons/cmz—pulse. For the power
dependence measurements, the power’waé adjusted by changing the high
voltage for the gés discharge and running the laser with the beginning
‘or end of a gas fill; the focus and alignment were kept constant.

The dissociation products were detected in the plane of the laser
and molecular beams by a rotatable u1fra—high vacuum mass spectrometer
consisting of an electron bombardment jonizer, quadrupole mass filter,
and particle counter. The flight path between the beam crossing point
and the ionizer was 20.8 cm. Angular and TOF distributions were meas-
ured in the usual way.12

Signal was observed when the quadrupole mass spectrometer was set
to pass the following mass to charge ratios: m/e = 46, 30, 16, 15, 14,
and 13 corresponding to NQ;, N0+, O+, CHS; (CH;, N+), and CH'.

Typical signal levels at a detector angie of 10° from the molecular
beam were 2.8 counts/pﬁ1se for NO*, 0.18 counts/pulse for NO+, 0.85
counts/puise for 0+, and 0.42 counts/pulse for CH;, Thg NOE signal
was much lower than the NO+ signal from the NO2 product presumably due

to extensive frégmentation of vibrationally hot N02_m01ecu1es in the

~ jonizer. No significant signal was observed at m/e = 47, 45, 44, 31 or
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29 corresponding to HONO', CHNO®, CHNO, (CH 0", HNO'), and (CHN",
CHO+) respectiyely. At all masses but m/e = 29, this signal was less
than 1 percent of the NO+ signal 1eve1. At mle = 29 a signal on the
order of 10 percent of the NO+ signaT was observed and was attributed
to crosstalk from the large signal af m/e = 30 due to the finite reso-
lution of the quadrupo]e; |
" TOF distributions were me;sured for CHS, NOE, and NO+ at’three
detector angles with respect to the'moiecular beam: 10°, 25°, and 40°.
TOF data was also taken for 0+ at 10° at the same photon flux as the
above data‘(noted previously) and for m/e = 14 and 13 at 10° ‘and laser
.pulse energies of ~ 13 mJ. The data presented for CH;, NOZ, N0+, and
O+ were obtained by counting for between 5 x 104 and 106 laser pulses
at each angle. A1l but one of the CH; TOF spectra taken had a very
slow laser correlated background arriving between 210 and 750 usec that
remained when the laser beam was pulsed but the molecular beam was
f]agged.13 It did not significantly overlap the data and was discrim-
inated against in the angular distribution measurements described below.
Angular distributions were measured for CH;, NOE, and NO+ between
8° and 45° in 3" increments, although good signal to noise ratios were
not obtéined for No;. We gated the CH;.;ignaI from 20 - 200 usec,
so that the slow laser-correlated backgfound was not inc]uded, and cor-
rected for this in our calculation for the fit to the angular distribu—
t{on. Each point in the CH; angular distribution is the integrated

signal for 12,000 laser shots and is the normalized sum of a forward/

backward angular scan. The NO" angular disribution is the sum of
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three scans taken by reversing directions in between each; each point

is the integrated signal collected for 6,000 laser pulses.
B. Laser Polarization Dependence

The dependence of the m/e = 15, CH;,‘signal on the polarization
of the laser was performed with a low photon f1ux 6n the Columbia molec-
ular beam apparatus described e]sewhere.14. The product was detected
7.8 cm from the interaction region at right angles to the pulsed laser
and an effusive ho]ecu]ar beam. Here the 1é$er was focussed with a 40
cm focal length cy]indricé] lens and polarized with a pile of ten plates
polarizer, resulting in a photon flux of ~ 1 x 1017 photons/cmz.-vThe
electric vector of the light was rotated with a half wave plate cut for
193 nm (Optics for Researchj. The TOF distribution for m/e = 15 was
measured at eight different polarization angles in a staggered fashion
to average out experimental fluctuations in background signal and laser
power. The laser power was kept constant to within 15 percent and sig-

nal was accumulated for 2160 laser shots at each angle.
"C. Fluorescence Emission'Expefiments _

Fluorescence measurements were carried out in a flowing cell.
Pressures rénged from 20 to 100 mtorr and were regulated to within 2
percent. Because of the. broad spectra1 range of the emission, several

photomultipliers were used. The fluorescence from the dissociation of
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nitromethane was viewed with an RCA 31035 photohu]tip1ier tube which

was cooled with dry ice/acetone. This PMT has a flat response from 400

*

_ 2
~ emission. For comparison with different'mO]ecules (Fig. 7) uncorrected

to 800 nm, so the spectrum (Fig. 6), gives a true picture of the NO

spectra were recorded from 380 to 650 nm.  The resolution of the 1/4 m

monochromator (Jarrell-Ash) was ~4 nm FWHM.

RESULTS AND ANALYSIS
A. Determination of the Primary Photodissociation Processes
| ) . .

There is strong evidence from the molecular beam study that CH3
is the only primary carbon containing photodissociation fragment. The
TOF spectra of m/e = 15 corresponding to CH; is shown in Fig. 2. The
m/e = 13, CH+, TOF data is eiact]y the same as the CH; data when the
usual small correction for the mass dépendent jon flight time through
the mass spectrometer is made. This suggests that CH+ is a daughter
ion of CH3 and that there are no other primary products which give
CH+ in the ionizer. In addition, no significant signal (<1 percent

of the NO+ signal or signal accounted for'by crosstalk from m/e = 30

due to the finite resolution of the quadrupole) was observed at the
' R T + o+ o+
masses corresponding to HONO ,_CH3NO . CH2NO . (CH3O , HNO ), or (CH3N R
+ o .
CHO ). These_observations also support the conclusion that the CH3
radical is the only primary carbon contéining photofragment and thus

identifies the primary chemical process as:
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CHaNO, -—> CHy * NO, . | (1)
The angular distribution of the m/e = 15, CH;,-signal is shown

in Fig. 3. The angular and TOF distributions of the methyl product

were fit by a trial-and-error forward convolution method using a com-

pletely flexible point form for the center-of-mass (c.m.) trans]afiona]

energy distribution, P(E'), and angular distribution, w(e). For a

~single photon process in the electric dipole approximation, the c.m.

angular distribution must be of the form
w(e) = 1/4+[1 + 2bP2(cose)], : (2)

~where e is the angle between the electric veétor of the laser light and
the final c.m. recoil direction of the products, and the anisotropy
parameter, b, is constrained to the range -0.5 < b < + 1.0. Therefore,
the c.m. angular distribution is completely described by the single
parameter b. A completely flexible point form for the P(E') was used.
The fits to the CH; data in Figs. 2 and 3 were ca1cﬁ1ated using the
solid-line P(E') in Fig. 4 and assuming an isotropic c.m. angular dis-
tribution (i.e., b = 0),' We then attempted to fit the data with sev-
eral ahisotropy parameters between b = 0.0 and b =-0.5. The fit to
the laboratory éngu]ar distfibution can be improved if b = -0.1 is
used, but it begins to degrade the best simultaneous 10°, 25°, and 40°
TOF fits. With a b parameter of -0.3 it is imposéib]e to get an accept-
“able fit to the TOF's or angular distribution. The result of the anal-

ysis is that if the entire primary photodissociation process is fit
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with one anisotropy parameter, it must be nearly isotropic in the c.m.
reference frame. The nearly isotropic distribution observed at this
laser energy fluence may have beeﬁ influenced.by saturation effects.
The photon flux in this experiment is high enough to dissociate almost
all the molecules regardless of the orientation of their transition
moment with respect to the po]arization of the laser. For a perhaps
more significant measurement of the anisotropy parameter, see Part D.
It is important to note that though the laser used in this experi-
ment was unpo]ariied, the data is still sensitiVe to anisotropy as a
cqhsequence of the geometry of our deteetion._ The ]aeer light can be
resolved into a component perpendicular to the plane of the laser and
molecular Beam, the plane of detection, and an equa] component parallel
to the mo]ecular beam. The perpendicular component gives an isotropic'
contribution to the detection plane but the parallel component does not.
The translational energy distribution for the primary photochemi-
cal process, process (1), is shown by the solid line in Fig 4. Derived
from the CH; TOF data, it has two maXima, a Sharp feature peaking at
2 kcal/mole translational energy and a broad featufe peaking at 8 kcal/
mole and extending out to 44 kcal/mole in translation. Within the
reso]utfon of this experiment, the shape indieates that there are two
distinct physical mechanisms by which the chemical products CH3 and
NO2 are produced. A minor mechanism releases a small fraction of the
total available energy to trans1ation and peaks at 2 kcal/mole and the
dominant mechanism channels a larger ahount of the total available
_energy to translation and exfends out to e translational energy of 44

kcal/mole.
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B. Fluorescence Emission from NO2 Product

A prompt fluorescence was seen after the excimer laser was fired
through a cell containing 20 mtorr of nitromethane.- The fluorescence

lifetime was measured to be 35 £ 5 ys (Fig. 5). 1In the Discussion Sec-

“tion it will be suggested that this is characteristic of the 282 state

of NOZ‘ The dispersed fluorescence is shown in Fig. 6 for nitro-
methane. The emission extends from the dissociation 1imit of NO2
(398 nm) out to the infrared, with a complete lack of any structural

features. Similar broad spectra, characteristic of NO have been

2’
reported for the chemiluminescent reaction of O +'N015 and the photo-

16 . S . .
The presence of emission near the dissocia-

2 , 2
formed with enough internal energy to unimolecularly dissociate to NO +

dissociation of (NO,),.
tion limit of.NO indicates that some of the NO, product may have been
0, as is discussed in part C.

As shown in Fig. 7, variations in the alkyl group attached to NO2
do not influence the emission spectrum. This-resu1t implies that the
excited state NO2 is formed in the same set of final states regardless
of the alkyl group and that the dissociation time is faster than the
time‘necessary for relaxation of the NO2 by the alkyl groups.

Figure 8 shows the emission spectrum obtained when nitromethane
was photolyzed with the 1aser strongly focussed. Superimposed on the
NO* continuum are additional features due to CN(BsX) and CH(AsX) emis-

2
sion which can only arise from a multiphoton process.



175
C. Spontaneous Unimolecular Decay of Highly Excited'NO2

The m/e = 46, NO,, TOF data is shown in Fig. 9. As CHy and NO,

are formed in the primary dissociation, their velocities with respect

to the center of mass are related by momentum conservation. One should
+

be able to fit the NO2 TOF data using the P(E') which fit the CH;

TOF data. When we attempted to do this we found that the fast NO2
product was cornectly related to the fast CH3-Dr0dUCt by momentum'
'conservation; but that much of the sliow N02‘product was not detected.
The good fits to the NOZ data in Fig. 9 were actué]]y calculated from
the dashed-1ine P(E') in Fig. 4 (again assuming b = 0). Evidently,
much of the NO2 product formed in dissociation events releasing less
than 16 kcal/mole to translation has disappeared. We will now consider
what evidence we have concenning how this NO, is lost.

The N0; fluorescence emission studies of part B have shown that
the excess energy is concentrated in the excited NO2 product. Because
the band origin of the 282 state is calculated to be 27.9 kca]/mo]e”’18
and the total aQaiiobie energy is 90 kcal/mole, any NO2 from dissocia-
tion events releasing 62 kcal/mole or less into translation could be in
the 282 state. Thus we fentativeiy assign the major primary dissocia-
tion brocess (corresponding to the broad energy distribution extending

out to 44 kcal/mole) to process (3) below:

CHNO, ———> CHy * NOZ(ZBZ) (3)
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It appears from the P(E') derived from the NO2 TOF's that all of the

surviving NO2 results from this process. The P(E') derived from the
+

3
below 16 kcal/mole. At 16 kcal/mole translational energy, the NO2

NOE data starts to deviate from the P(E') derived from the CH, data
product could have as much as 74 kcal/mole internal energy. With 72
kcal/mole or more internal enefgy, NOZ(ZBZ) will enimolecular1y disso~
ciate to NO + 0, Thus the loss of some of the NOZ(ZBZ) product at
translational energies less than 16 kcal/mole might reasonably be
assigned to its unimolecular dissociation to NO'+ 0 (process 4 below),
particu]ariy as the NOZ(ZBZ) fluorescence extends to the dissociation

limit,

CHgNO, ——> CHy *+ NO, . (8)

LyNO + 0

Now notice that practically all of the NO2 formed in the minor
primary dissociation proeess (which gives rise to the peak in the CH;
P(E') at 2 kcal/mole) has also been lost. Whether this should be
ascribed to the unimolecular dissociation of this NO2 product is much
less clear. If this were 50, then essentiq}]& all of this NO, would
have had to retain 72 kcal/mole or more internal energy, since there is
no hint of the 2 kcal/mole feature in tﬁe NO2 product P(E'). Analysis
of the NO+ and O+ data in the following subsection suggests that, for

some reason, the NO2 formed in the minor primary process'undergoes

very efficient secondary photodissociation to NO + O.
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D. Secondary Photodissociation of NO,

The N0 TOF distributions are shown iﬁ Fig. 10. They are not
identical to}the NOZ distributions shown in Figure 9. Therefore the
NO+ signal is not due solely to cracking of-NO2 in the ibnizer.lg The
most striking difference between NO+ and NOE is the bresence of a
fast "shoulder" in the NO+ TOF distributions. This shoulder becomes
quite prominent.a; larger angles. - Also, the main peak in the NO+
distribution is slightly broader than in the NOE distribution.

Initially we thought that the shoulder and broadening in the NO+
data might be entirely due to NO radicals produced in the spontaheous
unimolecular decay of hot NO2 (see Part C). Certainly the slight
broadening of the main peak in the NO+ TOF distribution-at small

angles may be attributed to this cause. However, for energy and momen-

tum to be conserved spontaneous decay of hot NO, cannot account for

the fast shoulder in the NO'_TOF distributions. At 10°, the fastest

product in the shoulder is travelling at 2.5 x 105 cm/s in the c.m.
frame. In a sequential dissociation of CH3NO, producing CHy + NO *+ O,
the NO will attain a maximum velocity for a given amount of transla-
tional energy when the-CH3 aﬁd 0 are formed moving in the opposite
direction of the NO with the same speed. For 18 kcal/mole #vai]ab]e
translational energy, the maximum NO velocity is calculated to be only
1.6 x 105 cm/sec. .This maximum NO ve]ocity is still much too slow to
account for the fastest observed NO+ product.j

Another explanation for the fast NO+ signal is that secondary

photodissociation of the NO2 product is occurrihg during the excimer
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laser pulse:

N0, 123.0m, yo + o, - (5)
To tést this exp]anat{on we measured an d+ TOF distritution at 10°
(Fig. 11). The shoulder on the 0+ distribution begins at even shorter
times than the shoulder on the NO+ TOF distribution, as expected on
the basis of reaction (5). (Of course,'the 0+ shoulder may contain
bontribﬁtions from both NO and 0, but the contribution from O will dom-
inate the fastest part of the shoulder.) B

whi1e this evidencé convinced us that rxn. (5) is occurring under
our experimental conditions, it is clear that not all of the NO2
undergoes secondary photodissociation. A lot of NO2 survives. In
fact, the experimental CH3:N02 ratio (calculated by'correctihg the
measured CH; and NO+ signals for relative ionization cross sections
-and radical fragmentation in the ionizer) agrees with the CH3:N02 ratio
calculated from the CH, and NO2 P(Ei)'s in Fig. 4 within experimental
error. (The details of this calculation are givenvin Appendix 1). That
is, the majority of the "missihg" N02‘seems to be accounted for already
by.the.discrepancy between the_CH3 and NO2 P(E')'s. This would seem
to indicate'thét 6n1y a rather small fraction of the NO2 corresponding

to the NO, P(E') undergoes secondary photodissociation. If this is the

case, the intensities of the shoulders in the NO+ and O+ TOF's, rela-

tive to the main peak, should decrease linearly as the 1a$er power is

decreased.20
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Even before we measured the 0+ TOF distributfon; we remeasured
the NO' TOF distribution at a laser power ten times lower than that

used in Fig. 10. (This measurement was only made at e = 40°, where the

- shoulder is more prohinent.) To our surpfjse; the shoulder intensity

relative to the main peak was only s]ightiy (~20 percent) lower, com-
pared to the ~10-fold change which had been anticipated. After measur-
ing the 0+ TOF distribution, and convincing ourselves that secondary
NO2 photodissociation héd to be occurriné, we repeated the_NO+ TOF
measurements at three laser powers spanning a 50-fold range. The raw
data is shown in Fig. 12, where all three distribufions have been nor-

malized to the same peak height. The dependence of the relative shou 1~

der intensity on the laser power is confirmed, but the power dependence

is indeed very weak.

To obtain a measure of the relative shoulder infensfty, we calcu-
lated the ratio of the signal in the shoulder (channels 15-35 ) to the
signal in the main peak (channels 36-120 ). The background/channel was
calculated by averaging channels 2-13 and was subtracted out before
integrating the TOF.distributions. The dwell time per channel was 3 us.
The resuits fdf'the three measurements of Fig. 12, a§ well as for the
two earlier measuremehts, are co]lected in Table 1. As the laser pulse
energy increases ffom 0.7 to 33 mJ/pulse, a factor of 47, the relative"
shoulder intensity increases by_onTy a factor of 1.5. For reference,
the total NO* sigha] increases by a factor of six over this same range.

We are faced with an apparent paradox. The weak power-dependence

of'the shoulder intensity indicates that thé_secondary photodissociation
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signal is strongly saturated, just as the primary nitromethane photo-

dissociation signal is strongly saturated. Yet the measured CH3:N02

signal ratio indicates that most of the N02 primary product survives
(Appendix 1). The most reasonable way out of this dilemma is to

attribute the secondary photodissociation signal to NO, which is pro-

2 _
duced in the minor primary photodissociation process which gives rise

to the-"blip" in the CH3 P(E') at low recoil energies. We should
emphasize that very hot NOZ'(ZBZ) from the major primary photodisso-
ciation process cannot contribute to the secondary photodissociation

signal, since N0, (8,) levels which lie above the N0 (?m) + 0(%p)

2
1imit are strongly predissociated (predissociation lifetimes on the

order of picoseconds), and would not Tive Tong enough to absorb a second

photon. This also implies that most of the NO, which is produced in the

2
minor primary process, while presumably vibrationally hot, must be below

the NO(2T) 3

+ 0(°P) limit.

\ | A .
On the basis of the above assignment, we attempted to fit the NO
+
and 0 data by varying the P(E') and anisotropy parameter for the
secondary photodissociation reaction (5) and the ratio, e, of the frac-

tion of NO, which undergoes secondary photodissociation to the fraction

2
of surviving NO2° The details of the calculations and the final fits
are given‘in Appendix 2 (see Figs. 14-17). Here we will only mention
the main results. (1) To fit fhe shape of the shoulders in the NO'
TOF distributions, it was necessary to use a P(E') for reactfbn (5)

which peaked around 10 kcal/mole and tailed off smoothly to zero around

100 kcal/mole, with a mean translational energy of 31 kcal/mole. (2)
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To fit the relative shoulder intensities in the NO' TOF's at 10°, 25°
and 40°, it was necessary to use a positive anisotropy parameter (b =
+0.5) for reaction (5). Evidently, the secondary photodissociation of
NO2 proceeds via a parallel transition. (3) To fit the observed ratio
of the shoulder intensity to the main peak in the NO+ and 0+ TOF's, it
was necessary to assume that ¢ ~ 0.50. This imp]ies that about 1/3 of

the total NO, (less that fraction which spontaneously decomposes)

undergoes secondary photodissociation at our highest laser pu1se ener-
giés. For discussion of the quantitative significénce of the derived ¢
value, see Appendix 2. | |

To summarize, we have assumed that the NO2 which is produced via
the minor photodissociation channel of CH3NO2 (which gives rise to the
blip in the CH3 P(E')) undergoes very efficient secondary photodissoci-
ation to NO + Q, while the‘NO2 (282) which is produced in the major
primary photodissociation brocess does not. On the basis of this
assumption, we have been able to ca]cu]atevvery_gdod fits to all of the
NO+ and O+}data and at the saﬁe.time rationalize (roughly) the observed

percentage of NO2 undergoing secondary photodissociation and the very

weak power-dependence of the secondary photodissociation signal.
E. Polarization Dependence Measurement

The dependence of the CH; signal on the polarization of the laser
was measured at the lower photon flux of ~ 1 x 1017 photons/cm2 in the
effusive mo]ecuTar.beam apparatus. The result was an anisotropic dis-

tribution shown in Fig, 13. Each point is the integrated fast portion
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of the TOF signal. The angular distribution was fit to the equation:

I(e) =1+ 2bP2(cos 8 - eo) _ _ (6)
by a least squares method. b =-0.3 #0.1'and ¢ = 14 * 5° gave the
best fit. To nominally transform from the laboratory to the center of

mass frame of the mo’lecu]e21

ae = 8° was expected as calculated from
the molecular beam velocity and the average speed of the methyl radical.
- This agrees roughly with the measured shift of 14 = 5° in this

distribution.

DISCUSSION

A. The Nature of the Excited State of Nitromethane

A simple molecular orbital picture for the n electron structure of
the nitro group in nitromethane was given by Nagakura.2 The orbitals

and their symmetries (assuming C2v for the nitro group) are:

b,: 8y = 0.7133 N +0.7009 (0; + 02)//5 (7)
32 ¢1 = (01 - 02)/@ (8)
by: ¢, = 0.7009 N - 0.7133 (o1 + 0.2)//5 (9)

~The 2pr atomic orbitals for the nitrogen and two oxygen atoms are desig-

2 and a2 orbitals

are filled, and the symmetry is Al‘ The transfer of an electron from

nated by N, O1 and 02° In the ground state, the b

a. tob

5 1 is believed to be responsible for the strong peak in the



183

absorption spectrum, near which the ArF laser is exciting; This excited
state configuration has 82 symmetry and the transition is therefore
polarized in the molecular plane perpendicular to the C-N bond. More

22,23

refined calculations agree with}thﬁs assignment of the 198 nm

transiton as 182 - lAl’ though a controversial assignment of the tran-
sition to a »* < o (181 - lAl) has been proposed by Rabelais.

| Assuming the n* “« assignment is correct, the electronic excita-
t{on is localized on the_ANO2 gfoup and the dissociation wou]d‘not be
‘expected to proceed as a direct dissociation from the excited electronic
state. The =* < = state must be predissociated by an electronic state

‘repulsive in the C-N bond or by a lower bound electronic state above

1

its dissociation limit. The Ai repulsive electronic state described

briéf]y by Harr1523 could predissociate the 182 state in CS and would
correlate to 282 excited state sz product. This would be consistent
with the emission studies as will be discussed. The predissociatioh is
expected to be fast as indicated by the lack of structure in the absorp-
tion spectrum. The lack of strong anisotropy in the angular distribu-
tion could result from a combination of many factors: rotation of the
excited molecule through a non-neg1igib1e_ang]e between the excitation
and dissociatioh process, the excitation of out-of-plane or antisym-
metric sfretching modes of the NO2 group, or participation of another
electronic state in the absorption with a paré]]e] transition moment.
This paper has presented two differént measurements of the anisot-

ropy parameter, b. In the experiment performed on an effusive molecu~

lar beam of nitromethane with a low photon flux, b = -0.3 * 0.1 was
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measured consistent with‘the perpendicular assignment of the transition.
In the experiment performed at high photon flux with a supersonic molec-
ular beam, the c.m. angular distribution was determined to be nearly
isotropic, b = 0 ~ -0.1. Assuming no experfménta1 error and admitting
the uncertain statistics of the first measufement, what differences
between the two experiments could have caused the discrepancy? An ac-
cepted difference between supefsonic and effusive molecular experiments
is that the rotation of the parent molecule ih an effusive expansion is
not relaxed, while it is to some degree in a supersonic expansion, so
the rotation of the parent molecule after excitation but before disso-
ciation will smooth the angular distribution of photofragments more in
an effusive experiment. Here, however, the supersonic expansion gives
the more smoothed angular distribution, so this cannot explain the dif-
ference between the two heasurements. " A possible explanation for the
differing measurements.may result from the difference in photon flux in
the two experiments assuming that the internal rotation of the nitro-
methane molecule has relaxed in the supersonic expansion. Ling and
wilsbn24 have shown that for linear molecules, saturation of the paral-
lel or perpendicular transitions by high photon fjuxes causes a smearing
of the measured angular distribution of photofgégments. They point out
that the effect is particularly small for perpéndicu1ar transitions as
here the dipole moment vector is anywhere in a plane perpendicular to
the dissociating bond. In the case of nitromethane, however, if the
internal rotation of the NOZ with respect to the CH3 group .is relaxed,

the dipole moment vector which is perpendicular to the NO2 plane is no
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longer defined by the entire plane perpendicular to the C-N bond. The
overall rotation of the CH3N02 molecule will not bring the dipole

moment vector, u, in perfect alignment with the electric field vector,
5 ,

. : !
E, for a significant fraction of the molecules, yet these molecules

will be dissociated with near unit probability at very high values of
photon flux along with those molecules whose il becomes parallel with E
during the molecules' rotation.. The result is a more isotropic angular
distribution of photofragments. This exp]énatioh may partially account
for the more isotropié angulaf distribution measured on the supersonic

molecular beam experiment at the high photon flux.
B. Dynamics of the Dissociation

Conservation of energy allows us to write an expression for the

partitioning of energy.

= h\)+E?

E int = Do(R = NOp) = Eg * Ep*+ By * 10)

avail E

where the available energy, E_ .. consists of the photon energy,

avai

hv, plus the internal energy of the parent molecule, E?nt

energy, Do(R'Noz)’ required to break the C-N bond.. This energy is

, minus the.

partitioned into the translational, rotational, vibrational, and elec-
tronic degrees of freedom of the fragments. An upper limit for the
vibrational energy of_the parent molecule would assume no relaxation of

the vibrational modes in the supersonic expansion and may be calculated
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from the known vibrational frequencies25 of nitromethane for the 240°C
nozzle temperature; this gives 2.1 kcai/mole vibrational energy. As
rotational relaxation is believed to follow translational relaxation
and the velocity disfribution of the nitkomethane indicates trans]atfon
has relaxed to <30°K, we Q111 assume no significant contribution to the
available energy from the overa11 rotations of the molecule 6r the one
near free rotation about the C-N bond. As the translational energy
distribution has been measured, the combined vibrational, rotational,
and-e1ectronic energy of the fragments can be inferredf These two
studies, iniadditioﬁ, have given information on the electronic energy
of the products and the partitioning of internal energy between the

CH3 and NO2 fragments, as will be discussed below.
I. Fluorescence Emission Studies

Let us first consider the electronic state of the excited state

NO, product. The spectroscopy and'theory of NO2 is reviewed in the

26

2

first chapter of the spectral atlas of Hsu et al. The ground state

is designated as G A, and the three lowest excited states are A 282,

B 281 and C 2A2‘ The nearness of these states causes mixihg of the

vibrational levels by vibronic cbup]ing, Jahn- and Renner-Teller and
" spin-orbit interactfons. As a result most of the spectrum of NO2 has

yet to be analyzed.” Lifetime measurements have yielded a large number

of different values depending on the excitation used.2"3% yhen

excited at 593.3 nm two lifetimes were observed which Stevens et a1.30
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2

have attributed to the 282 state (30 £ 5 ys) and the “B, state (115 =

1
10 us). Our measurement of 35 £ 5 us is not intended to be yet another .
value for fhe lifetime. A1l that can be said is that the lifetime |
fa11s‘within the range reported and that.the_eXCitéd N02 state that

is formed is prdbabiy in the 282 state. The fluorescence studies do
not eliminate the possibility that some of the N02 product is formed

in the ground state or the non—f]uoreséing 2A2 state. If éccording to
the majority of theoretical and experimental results (and consistent

with our angular distribution) nitromethane is excited to the 1

B2 state
at 193 nm, then the products NOZ(AZBZ) + CH3 (XZAI) héve the same
overall symmetry. It is also believed that the 2Bzxstate of NO2 is
responsible for most of the visible emission.31
The emission spectrum has been studied by a number of workers.
When NO2 is directly excited by a siﬁg]e wave]enéth, a discrete struc-
ture is observed superimposed on a broad confinuum. Sakurai and
Broida32 measured the ratio of discrete to continuous emission as a
function of excitation energy and found that the continuum emiséion
increased with increasing energy. In a series of studies Kaufman et

28,33

al explained the sharpness as due'to emission from levels ini-

'tia11y populated whereasvthe continuum is due in paft to collisional
relaxation to a large number of other radiating levels and in part to
an inherent property of N02 in the absence of ;o1lisions. The lack
of any discrete feafures in the emission spectra of Fig. 6 implies that

the NO, is formed very high up in the vibrational manifold of the 28

2
state where the spacing between levels is smaller. That the NO2 is
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vibrationally hot is consistent with the low average translational

~energies found for the fragmentéa

II. Molecular Beam Studies
The analysis has shown that the primary process in the photodisso-
ciation of nitromethane at 193 nm is cleavage of the C-N bond to yield

CH, and NO, radicals and that there are two distinct mechanisms for

3 2
formation of these chemical products. The data further suggests that a
significant (>10 percent) fraction of the NO2 product formed in the
dominant mechanism retains 72 kcal/mole of internal energy or more and
dissociates to NO + 0, as evidenced by the apparent loss of the slow

NO, product depicted in Fig. 4. This interpfetation is supported by

2
the emission studies of the NO2 product from the photodissociation of
. the series of nitroalkanes, which also indicate that much of tHe total
available energy is retained as internal energy of the excited state
NOZ' It is further supported by the observation offNO2 fluorescence
near the dissociation limit to NO + O.

The molecular beam study does not identify the electronic state of
the products, but it is consistent with a large fraction of the NO,
product being formed in the 282 state. The total available energy for
product translational + internal energy is 90 kcal/mo]e,. As the lar-
gest amount of energy that goes into translational energy in the disso-
ciation process is 44 kcal/mole, the major fraction of the NO2 product
contains much more internal energy than the_e]ectronic energy of the

2

B, state, particu]ariy considering the evidence thatbthe alkyl group

2
carries away little internal energy.
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If one assigns the main feature of the product translational energy
distribution shown in Fig. 4 to'production‘df NO2 in the excited 282
state and subtracts the electronic energy, EE = 27.9 kca]/mo1e17’18,

2

of the B, state from the total available energy, then the average

*

fraction of the modified total available gnergy, Eavai] = Eavai] - Eﬁ’

that goes into translation is::

f;

j 13.4 + 16.2 | »
R Wt = 0202 0.0 | (11)

avail

The major uncertainty in fT is in the approximation of E. for the

T
major primary process. It is certainly lower than 16.2 kcal/mole, the
E} for the NOZ(ZBZ) product distribution, because the slow N02(282)

product has undergone unimolecular decomposition, and it is lafger than
13.4 E} for the CH; distribution, as here the low translational

energies from the 2 kca1/mo1e mechanism are included, so the true'E+
for process (2) lies between these limits. Here we take the average

and state the uncertainty due to these considerations. Thus, the aver-
age translational energy re1ea§e, ~15 kcal/mole, is only 24 percent of
the total available energy minus electronic energy, leaving a large

fraction, 47 kca1/mo1g, for excitation of rotation and vibration of the

’

3 2

Some characteristics of the excitation and dissociation suggest

CH, and NO, fragments. 3

how this vibrational and rotational energy might be partitioned in the

No2 and CH3 fragments. First, if the symmetry of the groUnd state is
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preserved in the excited state, little rotational angular moméntum will
be generated during the separation of the fragments CH3 and NOZ'
Second, the change in geometry of the CH3 group from near tetrahedral
to near planar might be expected to éxcite the symmetric bend of the

methyl radical, but only by 2-3 quanta if analogy is made with the

34,35

recent experiments on the photodissociation of CH3I. Thus, most

of the internal excitation will be found in the NO2 fragment. The

initial absorption of a photon by the NO2 group might be expected to

excite the bend and symmetric stretch of the NO2 group in the 182 state

as this would be the case for>n electron excitation in free N02. The

geometry‘of the X 1A1 state of nitromethane is given by CQx and waring36

182 excited state

- geometry has not been calculated to our knowledge. The bond angles and

as <NCH = 107.2°, <ONO = 125.3° and N-0 = 1.224 R; the

lengths for ground 2A1 NO2 are 134° and 1.20 R as compared to the theo-

retical values of 102° and 1.26 & for the 2 37

82 state.
Though much information on the dominant dissociation mechanism of
nitromethane has been derived from these experiments, only a few facts
have been learned about the minor pathway. A possible explanation for
a trans]atfona] energy distribution that peaks sharply at such low
energies might be internal conversion and dissociation from the ground
electronic state of nitromethane to ground state products. This channel
would be expected to release a much smaller fraction of the total avail-
.able energy to translation than the dominant process of predissociation

of the w‘; w*"state, presumably by a surface that is repulsive in the

- C-N bond correlating to excited state NOZ' If this ground state NO2
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product absorbed a 193 nm photon, it could be brought to the upper 282
state of NO2 which is thought to correlate to NO + 0(16) at 117 kcal/
mo]e.38 This is consistent yith the angular distribution of fast NO
and 0 photofragments which resulted from a parallel tranéition, and
with the maximum translational energy release for the secondary disso-
ciation being less than the total available energy of ~119 kcal/mole .
[148(hv) + 148(hv) -GO(C-N)‘—117(0N-0(10))]. This explanation is not
completely satisfactory for two reasons. Firsf, dissociation from the
ground state might be expected to have a translational energy distribu-
tion peaking ét zero kca1/mo1evif there were no barrier to dissociation.
Second, it is not clear to us whj the proposed ground state product for
the minor channel would différ in its cross seétion for absorption of a
193 nm.photon from the 282 NO2 product from the major channel because
these two electronic states are so strongly mixed at high internal
energies.. This dynamica]]y'distinct mechanism for'producing CH3 and
NO2 radicals requires further investigation.
One further question concerning the assignment of thé absorption
“bands of CH3N02 at 198 and 270 nm needs to be considered. While
Schoen et a1.6 found at an excitation wavelength of 264 nm that the

quantum yield of NO2 from'C;N»bond fission was only about 1 percent, -

the quantum yield of No2 product at 193 nm is_near1y unity.42 Yet
the n » o*(C-N) absorption is assigned to the 270 nm band, in which the
guantum yield for C-N fission is low. A priori one would expect a high
probability of C-N fission if an electron were promoted to an anti-

bonding orbital in that bond. These considerations suggest that the

-assignment of the bénd'at 270 nm may be erroneous.
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:NO,, Ratios

APPENDIX 1: Comparison of Experimenta1 and Ca1cu1atéd CH3 >

The true experimental CH3:NO2 ratio at laboratory angle e is

related to the observed CHS:NO+ jon signal ratio according to

CH3(°) ,NCH‘;(") aion(N0,)  F(NO"|NO,)
"o, Mwotleh wionlth)pienl | chy)

" where °ion(N02) is the ionization cross section of N02, f(N0+|N02) is
the fréction of those NO2 radicals which are ionized which give N0+,
and similarly for °ion(CH3) and f(CH;jCH3). At e = 40°, the observed
CHS and NO+ signal levels were 0.30 and 0.98 counts/pulse, respec-
tively. (We will ignore the contribution of NO radicals from secondary
N02 photodissociation to fhe NO+ signal, since this. contribution

(=20 percent) is small compared to erfors involved in the determ%nation
df the radical fragmentation patterns, as will be discussed below.)

The ionization cross sections were estimated using the following

empirical correlation between peak ionization cross section and the

po1arizabi1ity39
%on = 36v/a” - 18,
where % on and a are in units of Az and A3, respectively. Molecular

polarizabilities were approximated as the sum of the atomic polarizabil-
ities. This is expected to be a good approximation except in the case
of highly polarizable one-electron atoms such as H (or the alkalis)

where the atomic polarizability tends to overestimate the contribution
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‘to the molecular po1arizability; This is illustrated by the fact that
the polarizabilities of atomic and mo]eculqr hydrogen are nearly equal.
Therefore, for H, we took ay = (1/2)aHé = 0.3. The values of the other
other atomic polarizabilities were taken from Ref. 40: ac = 1.8, ay =

1.1, a = 0.8. Thus, aion(CH3) = 41, o, (N02) = 41, (If ay is used

0 ion

instead of (1/2)aH to calculate the contribution of H to the CH3

polarizability, (CH3) increases to 50. This difference is negli-

%on
gible at the present level of comparison.)

Methyl radicals fragment mainly to give CH+, CH; and CH+ in the

jonizer. We measured the following sigha] ratio in our experiment:
m/e = 15:14:13 = 100:167:43.

The m/e = 15 and 13 TOF distributions look identical. Therefore all of

the m/e = 13 signal is due to CH . However, the TOF distribution at

m/e = 14 clearly shows contributions from both CH3.(as CH;) and NO,
(as N+). Unfortunately the data quality at m/e = 14 is quite poor,
"due to high detector background at this mass. We estimate roughly
that only 1/3 of the m/e = 14 signal is due to CHy. (This is the
weakest point in this analysis.) Then, CH;:CH;:CH+ = 100:56:43, and

f£(CHY CH,) = 0.50.

3 3)

NO2 radicals fragment mainly to N0+, 0" and N+.. (The NOZ signal

is 10-20 times lower than the4N0+'signa1 and may be safe1y ignored.) We ’

measured

+

CH3:NO":0" = 15:100:29.
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Using this data, together with the assumption that 2/3 of the m/e = 14

signal is due to N02, we obtain the following NO2 fragmentation pattern:
NO":0":N" = 100:29:16.

This gives £(NO'INO,) = 0.69.

The experimental CH,:NO, ratio at 40° is therefore

2
Ney, (407)
3 - 0.30 41 « 0.69  _ 445
Nno (30°) - 0.98 T 0.50 — "7
2

If, at the other extreme, all of the m/e = 14 signal is ascribed to

CHy, we get f(CH;|CH3) - 0.32, £(NO"[NO,) = 0.78, and

Ney (40°)

"'§T36°T - 0.75
NN 02 — [ ] L ]

_ The theoretical CH3:N02 ratio at any angle is automatically calcu-

1a§eg by the c.m. » LAB transformation program using the P(E')'s for CH3
and &02, respectively. The two P(E')'s must be normalized as shown in
Fig. 4 (to properly take into'account the loss of slow N02)° The de-
tails of the general ca]cqlation are feviewed in Appendix B of Ref. 41.

The result is

40°)

| NCH3( |
s = 0.63.
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The experimental and calcu]atedCH3:N02 ratios agree reasonaﬁ]y
well. (If anything, the experimental CH3:N02 ratio is too small, indi-
cating "too much" NO2 relative to CH3.) Therefofe, we cannot assumé
that a lTarge fraction Qf the total NO2 primary product undergoes sec-
’ondary phbtodissociation. This result forms the basis for the assump-
tion that it must be the slow NO2 formed in the minor primary photo-
dissociation process [which gives rise to the blip in the CH3 P(E')]

which is responsible for the strongly saturated secondary photodissoci-

ation signal.
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APPENDIX 2:  Calculation of Fits to NO' and 0" Data.

The contribution of NO2 to the NO* and O+ dété is ca]cﬁ]ated'using.
the NO, P(E')‘shown ih dashed line in Fig. 4 and thé nitromethane beam
velocity distribution for the distribution of c.m. vé]ocities. ‘We want
to fit the shoulders in the NO and 0" ToF distributfons by adjusting
the P(E') and anisotropy parameter for the secondary photodissociétion
reaction: | |

NO, --—— NO+ 0, - (5)

2
and varying the contributions of NO and 0 re]ativeAto NO2° Strictly
speaking, when calculating the laboratory angular and TOF distributions
of NO and 0, we should use the laboratory number density angle-velocity
distribution of the primary NO2 product in place of the nitromethane
beam ve1o¢ity distribution to represent the distribution of c.m. veloc-
jties. Here we are assuming that only tﬁe'slow NO2 produced via the
minor primary dissociation pathway undergoes secondary photodissocia-
tion. This NO2 is concentrated in a fairly narrow cone about the
original nitromethane beam direction. Since much more'tfans1ationa1
energy is released in the secondary reaction (S) than in the minor
primary dissociation reaction,'the calculated NO and O angular and TOF
distributions are insensitive to the details of the energy re1eése in
the primary reaction. In the fits to be presented below, we simply

approximated the parent NO2 c.m. velocity distribution for reaction
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(5) by the nitromethane beam velocity. We will not justify this
approximation in detail here, but it is, in fact, a very good approx-
imation in this case. |

The relative contributions of NO2 and NO to the NO sigha]_shduld
be given by

. 950" #no*Ing)
"o*(e:t) = tyg,(est) * e- oy ¢ TTNU'TNU%T‘ Mole-t)

wherelNNO (e,t) is calculated from the N02 P(E') in dashed line in
Fig. 4, using an isotropic c.m. angular distribution, and NNO(e?t) is
calculated from a P(E') and anisotropy parameter describing reaction
(5). € is the ratio of the fraction of NO2 which uﬁdergoes secondary
photodissociation to the fraction of NO2 which survives. (For other
notation, see Appendix I.) Similarly, the relative contributions of

NO,, NO and 0 to the 0" signal should be given by

No*+(e,t) = Ny (6,t) *+ e .
0 NO +
2  050n(NOy) - F(07|NO,) )
[550n(NO) = F(O'INO) « Nyo(e,t) *+ o5 (0) + Ny(s,t)].

%ion

We began by édjusting the P(E') for reaction (5) to fit the shape
of the shoulder in the NO+ TOF at 40° (assuming b = 0). We obtained
a good fit with the P(E') shown in Fig. 14, which has a mean transla-
tional energy of 31 kcal/mole. However, using this P(E') éhd-b =0,
the NO,:NO ratio which gaveka good fit to the magnitude of the shoul-

der at 40" did not give a good fit to the shoulder heights at smaller
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angles; the calculated shoulders were too small at 10° and 25°. To
compensate fof this, a positive anisotropy parameter for reaction (5)
was required. The best-fits to the NO TOF data shown in Fig. 15 were
calculated using the P(E') in Fig. 14, b = +0.5, and the following

N02:N0 ratio:

NN0+(e,t) = NNOZ(e,t) + 0.3 NNO(e,t).

Therefore it appears that the secondary photodissociation of NO2

‘occurs via a parallel transition.. From the empirically determined

NOZ:NO ratio we have:

%3on(NO)

E o
: °ion(N02)

_ f(no'INO) 0.3

f(N0+|NOé)

or

e - f(NOTINO) = 0.27.

The corresponding fit to the measured NO+ 1abofatory angular distri-
bution is shown in Fig. 16. |

To consistently fit the 0' TOF distribution, we must use the
same P(E') and anisotropy parameter for reaction (5), and an NOZ:NO:O
ratio which is constrained by
Ng*(e,t) = NNOZ(e,t) +3.84 ¢ - £(07IND) * Nygle,t)

+ 1o72 € ° No(eyt)’
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where we have used the NO2 fragmentation pattern and ionization cross
sections specified in Appendfx 1.

-Unfortunately, we had no way of dgtefmihing the NO fragmentation
pattern in_this experiment. At first we assumed that f(0+|N0) =
1-f(NO+|NO) (i.e., al1 NO is jonized to either NO' or O+). However,
using this assumption, we could not get a satisfactory fit to the 0+
shoulder for any value of ¢ (the NO contribution was always too large
compared to the 0 contributidn). Evidently, some of the NO also frag-
meﬁts to N* in the iohizer._ By ékbitrari]y assumihg that f(0+|NO) =
1/2[1-f(NO' |NO)], we were able to obtain the fit to the 0' data shown
in Fig. 17, using the value ¢ = 0.50. This e value implies that 1/3 of
the total NO2 primary product (less that fraction which spontaneously
decomposes) undergoés secondary photodissociation.

The area under the CH3 P(E') in Fig. 4 is 36 percent larger than
the area under the NO2 P(E'). If all of this 36 percent difference
were due to NO2 which undergoes secondary photodfssociation there
would be almost perfect agreement with the ¢ value deduced above. How-
ever, part of the 36 percent difference is undoubtedly due to sponta—'
neous unimblecular decay of hot NO2 (232) produced in the major primary
dissociation process. Therefore, the value ¢ = 0.50 is a bit on the
high side. Still, given the guessWork involved in the above'anaiysis,
we do not feel that this discrepancy is fatal. (If, on the other hand,
we had deduced a value of ¢ > 1, we would have been compelled to aban-
don the hypothesis that the secondary photodissociaticn signal is due

to NO2 produced in the minor primary dissociation process.)
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The spontaneous decay of hot NO2 from the major primary dissoci-
ation process is also reflected in the NO+ and 0+ TOF distributions at.
sha11 angles. The hottest NO2 is‘formed {n low recoil energy events,
and, in the laboratory, should appear near the molecular beam velocity.
The f]ight time corresponding to the nominal c.m. (CH3N02)vis ~150 Qsec.
The actual NO+ and 0+ TOF data is smeared out in the vicinity of the
c.m. velocity, due to spontaneous decay of the hottest N02. The
smearing, however, is not too severe, suggesting that even the hottest
NO2 radicals are not too far above the NO(ZH) + O(3P) dissociation

limit. '(Recall that the maximum possible NO2 excess energy is 18

kcal/mole.)
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Table 1. Power dependence of the relative shoulder intensity in the
NO* TOF spectrum at 8= 40°.

Pu]se Energy Photon Flux™ Laser Intensity? S(15-35
(mJ) (photons/cm2-pulse) (MW/cme) 3{§B:I?%T * g
0.7* - 1.7 x 10%® 1.3 0.045 % 0.008
2.0 4.9 x 1016 3.6 0.049 + 0.005
3.3% - 8.0 x 108 5.9 0.047 # 0.005
20 | s9x10 3 0.062 + 0.003
33 8.0 x 1017 59 0.067 + 0.003

" *These measurements correspond to the data shown in Fig. 12.
TCalculated assuming a 4 mm¢ laser spot size at the molecular beam
and a 14 ns laser pulse duration.
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FIGURE CAPTIONS

- Fig. 1.

Fig.‘2.

Fig. 3.

Fig. 4.

R +
CH, *+ NO

Some energetically allowed dissociation channels of CH3N02

excited at 193 nm. AHO values were calculated from

300
values tabulated in S.W. Benson, Thermochemical

0
8He300

Kinetics, 2nd ed. (John Wiley and Sons, New York, 1976), or

estimated using Benson's rules. Only ground electronic state -

products are shown; NO may be produced in either spin-orbit

2 2 2

state and NO, may be formed in the X Al' A BZ; B Bl’

2

or C2A2 states.

TOF distributions of m/e = 15, CH;, at three angles to the

molecular beam. e Experimental points, : best fit

| calculated using the solid-line P(E') in Fig. 4 and b = 0.

-+

3
rimental points. Error bars represeht p]us.or minus one half

Laboratory angular distribution of the CH, signal. e Expe-
standard deviation of the statistical counting error;
calculated using the solid-line P(E') in Fig. 4 and b = 0.
Center-of-mass translational energy distributions for the prod-

ucts of the primary photodissociation reaction CH3N02»>

3 X Derived from CH; angular and TOF
distributions; - - - - derived from NOE TOF distributions.

o +
The uncertainty in fitting the feature at ~100 usec in the CH3

TOF distributions (Fig. 2) is represented by the shaded area

near 2 kcal/mole in the solid-line P(E'). The top border of

‘the grey area fits the 10° TOF perfectly; the Tower border

fits the 40° TOF well,



Fig. 5.
Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.
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*
Fluorescence decay of NO2 from the photolysis of nitromethane.
Dispersed fluorescence due to electronically excited NO2
from the photolysis of nitrbmethane at 193 nm. The dissocia-

tion limit shown is for NO, > NO + 0(3P).

*

- Dispersed fluorescence of NO2 formed by the photodissocia-

tion of R—N02. The spectra are unchanged for the four dif-

ferent R groups ((CH3)3CNO2 is not shown). The R-NO2 bond

energies of the three compounds shown are within 2 kcal/mole

of .each other and the bond energy of (CH3)3CNO2 is estimated

to be 59 £ 2 kcal/mole.

Dispersed fluorescence from the photolysis of nitromethane by
a focused 193 nm laser.

TOF distributions of m/e = 46, NOE; at three angles to

the molecular beam. e Experimental points;

best fit
calculated using the dashed-line P(E') in Fig. 4, assuming

b=20.

* TOF distributions of m/e = 30, NO , measured at three

angles to the molecular beam. Fits are shown in Appendix 2,

“Fig. 15.

Fig. 11.

Fig. 12.

TOF distribution of m/e = 16, O+, measured at 10° from the

molecular beam. Fits are shown in Appendix 2, Fig. 17.

NO+ TOF distributions measured at three laser pulse ener-

gies. A1l three distributions were measured at 6= 40° and

have been normalized to the same peak height.
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Fig. 13. Angular distribution of the methyl radicals formed by the
photodissociation of nitromethane at 193 nm in the effusive
molecular beam apparatus. The solid curve ﬁs.the best fit to
the equation I(e) = A[1 + 2bp2(cos(e;eo))] using b = ~0.30
and o = 14°, | |

| Fig. 14. Approximate form of the centek-of—mass product translational
energy distribution for the secondary photodissociation |
reaction NO2 > NO + 0. |

Fig. 15. TOF distributions of N0+, o Experimental points (same as
Fig. 10);I-———————— best fit, obtained by adding the indi-
vidual contribution of NO, (—— - —) and NO (- - -) |
to the NO+ signal. The NO2 contribution was calculated
using the dashed-line P(E') in Fig. 4 and b = 0. The NO
contribution was calculated using the P(E') in Fig. 14 and
b = +0.5. Spontaneous unimolecular decay of hot NO, was
neglected.

Fig. 16. Laboratory angular distribution of the NO+ mass Spectron#

eter signal. e Experimental points; fit obtained by
adding the individual contributions of NO2 and NO shown in

dashed'lines. The relative contributions of NO2 and NO to.
the total was kept the same as for the f%ts of the TOF dis-
tributions of NO+ (Fig. 15). (For the exﬁerimenta1 points,

*2g error bars are roughly the size of the dots shown.)
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+ :
Fig. 17. TOF distributions of 0 . e Experimental points (same as

Fig. 11);

best fit, obtained by adding the indi-
~vidual contributions of NO, (— Z—), N (----)
and 0 (—— +« —) to the 0+ signal. The NO2 contributfon :
was calculated using the dashed-line P(E') in Fig. 4 and 5 =
' O. The NO and O contributions were calculated using the
P(E') in Fig. 14 and b = +0.5. Spontaneous uhimo]ecu]ar

decay of hot NO2 was neglected.
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CHAPTER THREE
ENERGY PARTITIONfNG TO PRODUCT TRANSLATION IN THE
INFRARED MULTIPHOTON DISSOCIATION OF DIETHYL ETHER*

ABSTRACT

The infrared mu]tiphotgn decomposition of diethyl ether‘(DEE) has
been investigated by the crossed laser-molecular beam technique, The
center-of-mass product frans1ationa1 energy distributions (P(E')) were
measured for the two dissociation channels: (1) DEE » CoH:0 + C2H5
and (2) DEE » C,HOH + C2H4‘. The shape of the P(E') measured for the
radical channel (1) is in agreement with predictions of statistical
unimolecular rate theory. The translational energy released in the
concerted reaction (2) peaks at 26 kca]/mo]e; with an average eneragy
released to translation of 24 kcal/mole; this exceedingly high transla-
tional energy release with a relatively narrow distribution results
from the recoil of the products from each other down the exit barrier.
Applying statistical unimolecular rate theory, we estimate the averége
energy levels from which DEE dissociates to products usingvthe measured

P(E') for the radical channel (1).

-

*Published in The Journal of Physical Chemistry 87, 5106 (1983).
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INTRODUCT ION

Previous mo1ecu1ar beam investigations of unimolecular reaction
dynamics have shown that potential energy barriers in the exit éhanne]
beyond the éndoergicity have a large effect on the asymptotic product
trans]ationa1 energy distributions. . For almost all of the simple fis-
sionvreactions stud{ed; in which a single bond is broken without an
- exit barrier and no héw bonds are formed, the products have statistical
trans]ationa] energy distributions.1 However for all the complex
fission reactions studied, in which bonds are broken and formed simul-
taneously, the translational energy distributions of the products
reflect their recoil from each other down the substantial potential
energy barrier in the exit channe].z"4 Huisken et al.z studied the
infrared multiphoton dissociation (IRMPD) of ethyl vinyl ether (EVE) in
a crossed laser-molecular beam apparatus. They observed competition

between two dissociation channels: (1) EVE » CH,CHO + C2H4 and (2)

3
EVE > CHZCHO + CZHS and found that approximately 70 percent of the 38
kcal/mole exit barrier for reaction (1) was re]eaéed into product
translational energy. Such a high translational energy release, =30
kcal/mole, in the unimolecular dissbciationvof a polyatomic mo]ecule.in
the ground electronic state was preyidusly unsuspected. Several other
similar experiments, which measdred the product translational energy
distributions for reactions involving three- and four-center HC1 elim-

ination from ha]ogenated'hydrocarbons3 and a three-center C12 elimina-

tion from CF2C12.4 are reviewed in the paper of Huisken et al. In the
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. four-center elimination bf hydrogen ha]ides;'a large fraction of the
exit barrier appears as vibrational excitation of the products; the
average translational energy release does not usually exceed 10
kcal/mole. A]sd reviewed there are some examples of ihfrareds énd
Taser induced f]uorescence6 techniques used in bulk experiment§ to
measure the internal energy distributions of products from complex
fission reactions. »

Two groups have independently studied the thermal decomposition of
diethyl ether (DEE) and derived preexponential factors and activation.
energies for the the Arrhenius expression for the rate constants of the
primary dissociation processes. Laidler and McKenney7 and Istvan and
Péter8 both report two competing primary channels, é simple C-0 bond

fission reaction with little or no exit barrier:

and a molecular elimination reaction with a large exit barrier:

The Arrhenius parameters for the four-centered elim%nation (2) were
reported to be log A = 18.0 and E, = 84 kcal/mole by Laidler and
McKenney and log A = 13.9 and E, = 66.0 by Istvan and Péter. The
A-factor and activation energy for the radical channel were reported to
be 14.0 and 78 kcal/mole respectively by Laidler and McKenney and 14.3

and 77.5 by Istvan and Péter. Benson and O'Nea1g point out that the
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Lafd]er and McKenney A-factors are not reliable as (2) should have a
larger, more positive entropy of activation'than reaction (1) so it is
expecfed that the A factor of (2) is-larger than that of (1). They
also point out that a fairly re]iab]e estimate for the parameteré of
the radical reaction (2) can be made from the thermodynamics by assum-

_ )
ing a recombination rate of krec - 109-7 1.0

1/mol.sec, from which
they obtain log A = 16.3 and Ea = 81.8. The other energetically |
-allowed decomposition channels are shown in Fig. 1 along Qith these two
channels. The activation energies shown are those estimated by Benson
and 0'Neal for the radical channel (1) and reported by Istvan and Peter_
for the molecular -elimination reaction (2).

Thus this system allowed the molecular beam study of two competing
dissociation channels, one a concerted reaction with a constrained
transition state resulting in a large exit barrier and the other a
simple bond fissibn reaction with a large activation energy but no sig-
nificant exit barrier. We wished to confirm the identification of
these two channe]s; to investigate the possibility of the occurrence of
the other two energetically allowed channels shown in Fig. 1 and to
determine the effect of the large exit channel barrier for reaction (1)
on the product translational energy distribution. As will be seen, the
velocity distributions of the radical channel products allowed us to
determine limits on the energy levels from which the molecules dissoci-
ated, thus providing an estimate on the average number of photons

absorbed in our IRMPD_experiment.



230

EXPERIMENT

Time;of-flight (TOF) distributibns‘of the photofragments were 7
measured in a molecular beamvapparatus described in detai]-elsewhére.lo
The molecular beam was formed by bUbb]ing helium through diethyl ether
(DEE) (Mallinckrodt AR grade) maintained at 0°C and éxpanding the mix-
turé through a 0.13 mm dfameter stainless steel nozzle at a total stag-
nation presSure of 400 torr (~50 percent DEE/50 peréent He). The nozzle
was heated to 300°C to eliminate the formation of molecular clusters
during the superéonic expansioﬁ. The velocity distribution of the DEE h
beam was determined by TOF measurements to have a peak velocity of 1120
m/sec and a full width at half maximum of 30 percent. The beam was
collimated by a skimmer and, after passing through two pressure-reducing
differential pumping chambers, if was crossed by the 1a§er beam. Tﬁe
moleéular beam was defined to an angular divergence of ~1.6°.

The infrared photons were produced by a Gentec DD-250 C02 TEA
laser tuned to the P(24) line in the 001-020 vibfationa] band at
1043.16 cm-I, The TT conformer of DEE has an absorption band at
10‘47-cm-1 and thé less stable (by 1.1 kcal/mole) TG conformer.absorbs
~at 1021 and 1067 Cﬁf:, A phofon drag detector was used to measure
the temporal output of the laser pulse; the intensify is ;trongest near
the beginning of the pulse, which has a 300 nsec FWHM and a long taif
éxtending to 600 nsec with an average intensity of ~40 percent of}the
peak. The laser was run at a 50 Hz repetition rate. For all the TOF

data, but the m/e = 26 TOF, the total energy fluence crossing the
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molecular beam in the interaction region is estimated to be ~2.4 J/cmz.
The m/e = 26 TOF was taken at an.energy fluence of ~1.8 J/cmz. The
- laser light waé unpolarized and was focused onto the molecular beam
 'with,a 25 mm focal 1ength‘spheric§1 zinc Sé]énide lens. For the tota1 
signal dependeﬁce on laser f]dence,.the lens position was kept fi%ed.
and the fluence was adjusted from 5.5 to 0.5 J/cm2 by attenuating the
laser beam by passing it through a gas cell filied with C2H4 at pres- .
~sures from 0 to 360 torr. | |

The dissociation products were detected in the plane of the laser
and molecular beam by a rotatable ultra-high vacuum mass spectrometer
cdnsisting of an electron bombafdment jonizer, quadrupole mass filter,
and particle counter. The emission_current in the ionizer was 10 mA
with a 240 eV e]ectron.energy. The flight path between the beam cross-
ing point and thé jonizer was 20.7 cm, TOF distributions were measured
in the usual way.12

Signal was observed when the quadrupole mass spectrometer was set
to pass the following mass to charge ratios: m/e = 14, 15, 26, 27, 28,
29, 30, 31, and 44; after very long counting times a very small signal
was detected at m/e = 57. These'masses'cbrrespond to CH;, CH;; CZH;,
C oy (CO%, CHy), (C HE, CHO'Y, (CHzof, CHOK) , (CH, 20), and
C2H4O+ and to C2H4OCH+. No measurable sigﬁa] was detected at m/e = 46,

2
OH', CH

58, or 59 corresponding to C2H50H+, C,H40CH, and CH.OCH, or their

isomers after signa1 averaging for 300,000 laser shots for each. The

daté taken at m/e = 45 (C2H50+)"were discarded when it was found that

: the m/e = 44 data taken that day showed evidence of boor mass tuning_of
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the quadrupole. Typical signal levels at a detection angle of 10° from
the molecular beémhand a photon fluence of ~2.4 J/Cm2 ranged from 0.14.
to 0.82 counts/laser pulse for all but m/e = 57, at which the signal
Tevel was 0.003 counts/laser pulse. A good signal to noise ratio was

obtained for all masses but 14, 15 and 57.

RESULTS AND ANALYSIS

A. ldentification of the Molecular Elimination Channel

The m/e = 31 (CH20H+, CH30+) TOF measured at an angle of 10° to
the molecular beam is shown in Fig. 2. Let us first focus our atten-
tion on the faster peak in this spectrum. This sharp feature, which
corresponds to a narrow-energy distribution at a relatively high aver-
age translational energy, can only contain contributions from'the heav-
jer molecule of each pair of products shown in Fig. 1. It is easily
calculated from momentum and energy conservation that about 24 kcal/
mole of the total available energy would have had to be released as
translational energy of the products fbr the acetaldehyde, ethanol or
ethoxy radical product to arrive at the detector at times corresponding
to the peak of the fast distribution in the m/e = 31 TOF. The total
product translational energy would have to be as much as 115 kcal/mole
at the peak of the distribution if the CZHSOCH2 producf were responsi-
ble for the fast peak in the m/e = 31 TOF spectrum. Thus, it is very
clear that the fast velocity product in the mass 31 TOF must be due to

one of the two energetically allowed molecular elimination reactions as
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only these two channels have enough energy available through the conver-
sion of the exit potential energy barrier to give the observed'brbduct
translational energies. The radical channels from simple bond rupture
are not expected to have such a high average translational energy re-
lease with such a narrow energy distribution, even if an excessively .
large number of photons are absorbed before dissociation.
Identification of the molecular elimination channel would be easy
if we had observed the same fast product velocity distribution at m/e =
46,_(C2H50H+), but the fast product was not observed at this mass or
at m/e = 44 (CH3CHO+, CHZCHOH+). This is understandable because the
energies required to dissociate C2H50H+ or CH3CH0+ to their smaller
ion fragments are known to be small, ~15 kca1/mo]e; and the ioﬁization
of highly vibrationally excited CZHSOH or CH3CHO products is not
expected to yieid the parent ion in electron bombardment ionization.
By cafefﬁ] examination of the masses at which daughter ions of the
heavy>product appear and of the masses at which daughtér ions of the
lighter partner (C2H4 for the ethanol product or C2H6 for the acetalde-
hyde product) appear, one can be reasonably certain that DEE dissociates
to form ethanol and ethylene but not acetaldehyde and ethane. First,
m/e = 31 is the major ion mass fragment of ethan0113. Second, no
' signal from acetaldehyde was detected at m/e = 31 in a previous IRMPD
- experiment on the same apparatus in which acetaldehyde was a product;2
H atom migration must occur to get signal from acetaldehyde at m/e .= 31

‘CHZOH*. Third and perhaps most important, the lighter fragment of the

molecular elimination channel does not appear in the m/e = 30 or 29 TOF
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spectra (see»Fig. 3 and Fig. 4) but it does appear in the m/e = 28
spectra. If the C2H6 product were being formed one would expect it

to give m/e = 30 or 29, yet there is no additional broadening of the
fast peak in the m/e = 30 or 29 TOF which is expected from the lighter
fragment. The lighter, faster product is not detected until the m/e is
tuned to 28 (CZHZ), as would be expected if DEE.dissociates to give

ethanol and ethylene. The TOF of m/e = 28 is shown in Fig. 5.
B. Identification of the Radical Channel

The TOF spectra of m/e = 44 (C2H4O+) at 10° from the molecular
beam is shown in Fig. 6. The fast partner to this ve]dcity distribution
appears in the TOF spectra taken at masses m/e = 29, 28, 27 (Fig. 7),

26 (Fig. 8), 15 and 14. Thus the radical channel, Eeaction (1) which
forms C2H50 + C2H5‘must be occurring since the CH3 product in the

other radical channel cannot give any contribution at the higher of the
masses. The extremely small signal at m/e = 57 (0.003 counts/laser
pulse) suggests that a small fraction of the DEE may dissociate by

breaking a C-C bond:

However this small signal may underestimate the extent of dissociation
via reaction 3 as CéHSOCH2 may not fragment to give m/e = 57, 58, or
59. The contribution of C,H.OCH, and CH, to smaller ion masses would

25
‘largely be obscured by the overlapping TOF spectra of the other
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dissociation products. The dissociation of DEE into two channels with
vastly different tr&ns]ationa1 energy distributions can also be seen
easily in Fig. 8 as this TOF has contributions from both of the mo]ecu-
lar e]imination_products and the lighter radical product. The momentum-
matched heavier radical product'and the heavier molecular product can be
seen in Figs. 2 énd 3 without contributions from the overlapping lighter

products.
C. Product Translational Energy Distributions:

1. CZHSOCZHS — C2H50 + C2H5

When a molecule dissociates to two fragments, the linear momentum
of one fragment'is equal in magnitude and opposite in direction to that
of the other frégment in the cenfer of mass coordinate system, so the
measured velocity distribution of one derived from the experimental
measurements will completely define the velocity distribufion of the
other fragment and the total center of mass translational energy dis-
tribution, P(E'), of the dissociation process. The TOF distribution of
the C,H 0 product (Fig. 6) was fit by a trial and error forward convo-
lution method using a completely flexible point form for the P(E').
The good fit shown in Fig. 6 was calculated from the P(E') in Fig. 9.
We used this P(E') to fit the slow peak in the m/e = 26 and 27 TOF |
spectra (Figs. 8 and 7) by varying the relative amounts of C2H50 and
C2H5 product contributing to ;hesefTOF distributions. In both cases

the best fit was. obtained when only the L.Hy product's contribution

was used.
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Dﬁring the trial and error fitting procedure of the m/e = 44 TOF,
a daughter ijon of the C2H50 product, it was i&mediate]y found that the
better fifs were achieved by making the P(E') peak at translational
energies near 0 kcal/mole. We then tried to fit tﬁe data with a trans-
lational energy d%stribution derived with RRKM theory. In an IRMPD
experiment the molecules dissqciate from a distribution of levels above
thé dissociation 1imit determined by the experimental conditions. Thus
the RRKM translational energy distribution used to fit the data should
be a sum of the translational energy distributions from single energy
levels weighted by the fraction of molecules that dissociate from each
level. In order to estimate weighting factors for these levels, we
simulated the infrared photon absorption and dissociation process for
this system with a simple rate equqtion model described in detail else-
'where.l4 We calculated the RRKM dissociation rate cohstants (see
Fig. 10) from published molecular vibrational frequéncies and frequen-
cies of transition states chosen to reproduce the A-factor and activa-
tion energy estimated by Benson and 0'Neal for the radical channel and
the reported parameters of Istvan and Peter for the molecular elimina-
tion channel (at 800°K). This procedure is known to give reasonable
RRKM rate constants as a function of interna1 energy.,15 The spread
of dissociating energy levels was found to be only weakly dependent on
the parameters of the model which are not known, most importantly, the
change in photon absorption and stimulated emission cross section as a
function of internal energy. The simulation suggested a representative

form for the relative dissociation yields from a group of neighboring



237

energy levels which we used to calculate the effettive RRKM P(E'). With
each level spaced 2.983 kcal/mole apart, corresponding to the photon
energy, tﬁe contribution from neighboring energy levels to the RRKM
translational energy distribution were weighted by factors of 8, 20,.

38, 60, 73, 80, 73, 60, 38, 20, 80

4 this dissociating population dfs-
“tribution was used to calculate the RRKM P(E') at several median disso-
ciation energies. The data were then fit using the resulting P(E') for
“each mean energy. The model calculation took into account the fact that

we could on]yrdetect dissociation occurring while ihe excited molecule
| was in the viewing region of the detector. It also included the compe-
tition between the three competitive processes above the dissociation
limits: dissociation to radical products, dissociation to molecular
 products, and change in energy level due to absorption or stimulated
emission ofla photoh. The unknown parameters in the model, which re-
lated to the abso%ption and stimulated emission of photons, had a large
effect on the actual median energy level from which dissociation
occurred, but, as will be seén, fitting of the product velocity distri-
bution from the radical channel helped limit the uncertainty in this
energy level.

We then attempted to fit the m/e = 44 TOF with several different
averaged RRKM translational energy distributioné. The best fit was
achieved with molecules dissociating from eleven energy levels 1.73,
4.71, 7.69, 10.68, 13.66, 16.64, 19.63, 22.61, 25.59. 28.57 and 31.56
kcal/mole above the 81.8 kcal/mole dissociation'1imit. The transla-

tional energy distributions, calculated from RRKM theory, from each of
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these levels was weighted by the popq1atioﬁ distribution above and
summed to give the P(E') used to fit the data. We will call this the
“aYeraged 16.64 kcal/mole P(E')." This is the P(E') shown in Fig. 9.

It is slightly broader than the usual single 1évé1 RRKM trans]ationa1' 
energy distribution calculated aséuming-a]l the molecules dissociate
from the level 16.64 kcal/mole above the dissociation limit. Accept-
able fits to the TOF data could also be obtained with an "averaged"
22.61 kcal/mole P(E') and an averaged 10.68 kcal/mole P(E'), but not
with P(E')'s calculated assuhing the molecules dissociated from levels
peaked at higher or lower energies than these. Thus the measured C2H50
TOF sdggests thaf most of the detecfed radical products were formed

from DEE dissociating from energy levels between 5 and 28 kcal/mole
above the 81.8 kcal/mole dfssociation 1imit (including energy levels in
the population diétribution weighted by a factor of 60 or greater). 1t
should be noted that since the excited diethyl ether molecule is travel-
ing ~1120 m/sec through a small region (;3 mm 1ohg) viewed by the detec-
tor, we are oh1y $ensitive to molecules with dissociation times less
than a few micrdseconds. Using the calculated RRKM dissociation rate
constant of 0.5641 x 104 sec-l, only about 1 percent of the DEE that
‘dissociétes to radical products.at>16.64 kcal/mole above the dissocia-
tion 1Timit will diésociaté within the detecfof viewing volume and have

a chance to be detected.

2. CZHSOCZHS -—> CZHSOH + C2H4

The fast peak in the m/e = 31 TOF (Fig. 2) was fit with a com-

pletely flexible point form for the P(E'). The dotted curve fit to the
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TOF spectrum shown in Fig. 2 was calcu1ated from the P(E') shown in
Fig. 11. This P(E') peaks near 26 kcal/mole and extends out to beyond
45'kca1/mole, with an average energy released‘of ~24 kcal/mole. The
curves fit to the fast peaks in the m/e = 26 aéd 27 TOF's (Figs. 8 andl-'
7) were calculated from this P(E')'using-the relative contribution of.
the CZHSOH and C2H4 to these masses as the only variable parameter.
Assuming'(l) the ‘A-factor and activation energy of Istvan and Peter
for this channel are correct and (2) the conclusions about thevenergy
levels those mo]etules which dissociated to radicals had reached are
also correct, we can eétimate the energy levels from which the molecules
dissociated to efhanol and ethy]ene.  Since the RRKM rate constants for
the molecular elimination channel are higher thgn those for the radical
channel for internal energiés up to ~125 kcal/mole (see Fig. 10), the
molecu1af eliminations will occur on th average from s1ightTy’1ower
energy levels. How much lTower will depend on the mean energy level from
which the radical dissociations occur and the fraction of molecules that
dissociate durfng.the laser pulse. A good estimate based on our épprok-
imate modeling is that the molecules that dissociate via reaction (2)
and are detected do so from energy levels that are 1-9 kcal/mole beiow
‘the enefgy levels from which the radical products are formed.v We thus
estimate that«the DéE diséociates to give md]eéu]ar products from energy:
levels mostly between 82 and 107 kcal/mole above its zero point'1eve1.
This ehérgy rahge is combared to that of the DEE that dissoci&tes to
radical products from a group of ehergy levels mostly between 87 and

110 kcal/mole above_its zero point level.
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D. Branching Ratio and Total Product Yield Dependence on Laser Power

The integrated TOF signal at m/e = 26 as a function of laser powér
is shown in Fig. 12. In spite of the large error bars, one can see the
signal still increased with laser power at the higher powers used in
this experiment. Quantitative interpretation of this data is, however,
quite difficult in this case. There are two dominant factors which
would cause our signal level to.rise in this measurement. The first is
simply that more molecules absorb enough photons during the laser pulse
to reach energy levels above one or both dissociation limits. The
second factor arises from our experimental érrangement. An excited DEE
molecule will spend at most 2.7 usec in the viewing region of the dé-
tector. Because the lifetimes for dissociation to molecular or radical
products at an energy level of 98 kcal/mole abové the ground state are
~13 and ~180 usec, respective1y,‘we detect only a smé11 fraction of the
total number of dissociations. With increasing laser powef, the aver-
age energy level a molecule will reach above the dissociation limit
increases. At the higher excitation levels, the dissociation rate con-
stants become higher and a greater fraction of the molecules will dis-
sociate within the region viewed by the detector. Even when most of
the molecules are already above the dissociation 1imit and no increase
in the number of molecules above the dissociation limit is e#pected,
higher laser intensity will still give a larger signal. For instance,
the fraction of dissociations forming radicaI products that occur with- '
in the viewing region of the detector increases by a factor of 3, from

~1 percent to ~3 percent, if the molecules dissociate from an energy
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level 19.63 kcal/mole compared to 16.64 kcal/mole above the dissocia-
tion limit. |

A crude determination of a branching ratio between thése two
channels was made by comparing the total signal at m/e = 14, 15, 26,
27, 28, and 29 ascribed to C2H5 with the total signal at all the masses
counted ascribed to C2H50H. If the branching ratio were 1:1, and the
ionization cross sections aré the same we would expect the total ion
signal from C,H to be 10.8 times that of C2H50H due to the differences
in laboratory angular and velocity distribution of these two products.
The observed total ion signal for C2H5 is 3.0 times that for CZHSOH’
giving a branching ratio of 78 percent mo]ecu]ar.channel and 22 percent
H. com-

25
. pared to C2H4 gives a similar branching ratio. However, the ion sig-

radical channel. The analysis of the total ion signals of C

nal of C2H50 compared to CZHSOH gives a branching ratio of 95 percent :

5 percent.A Our lack of data at m/e = 45 may be the source of the dis-
crepanCy,_but as this would only shift the branching ratio in favor of

the molecular channel in the comparison of the C2H5 and C2H50H counts

and would ndt affect the C2H4:C2H5 ratio, we may arrive at a lower

bound of ~70 percent molecular channel (2). The branch{ng ratio pre-

dicted from the rate parameters is critically dependent on the mean
ene}gy level from which the molecules dfssociate for each channel. In
a calculation whefe the molecular products are formed from energies
peaked at 107 kcal/mole above the ground state of DEE and the radical
products are formed from 3 kcal/mole higher energies, the branching

ratio is 85.3 percent and 14.7 percent in qualitative agreement with
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17 Qur best estimate of the energy levels from

our crude estimate.
which dissociation occurred, based on the translational energy distri-
bution obtained from the m/e = 44 TOF, was ~9 kcal/mole lower; at these
Tower energies the radical channel would be <5 percent of the dissocia- -

tion yield.
DISCUSSION

The effect that an exit channel barrier has on the asymptotic
translational enérgy distribution of the products has been treated

19 19 studied

theoretically by Marcus18 and Hase et al. Hase et al.
ethyl radical decomposition to H + C2H4 with Monte Carlo c];ssica]
trajectbries on potential energy surfaces with different exit channel
barrier heights. The exit channel barrier resu]ts.from the C5C single
bond in the reactant shortening to a C=C double bond in the ethylene
product. He found that the shape of the product translational energy
distribution at the top of the barrier agreed with the predictions of
RRKM theory, but that the distribution broadened and shifted to higher
translational energies as the reaction was allowed to proceed beyond
the top of the exit channef barrier. The effect was larger for a 3.5
kcal/mole barrier than it was for a 0.1 kcal/mole barrier. Marcu518
demonstrated the application of RRKM theory to prediction of final
‘product translation§1 energy distributions when the reaction proceeds

through a tight transition complex which involves an exit channel bar-

rier. He showed that one should éi]ow for the evolution of the RRKM
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transition state as the reaction proceeds down the exit channel barrier.
In his example case, the behding vibrations excited in the tight transi-
tion state are coupled into translation and rotation of the products as
they recoil from each other.

The concerted réaction forming ethanol and ethylene has a large
exit barrier estimated at ~50 kcal/mole. The measured product transla-
tional energy distribution shbwn'in Fig. 11 has an average of ~24
kca]/mo]e.translational energy. At an RRKM critical configuration cal-
culated from the Istvén and Péter A-factor and activation energy only
1.5 to 2.5 kcal/mole is in the relative motion of the products, if the
molecule dissociates from energies averaging around 14, and 39 kcal/mole
respectively above the dissociation limit, so one might conclude that
the interactions between the products as they descend the exit barrier
considerably alters their energy distribution at the_top of the barrier.
Their final translational eﬁergy is measured to be almost 1/2 of the
exit barrier height.

The fracfion of the exit channel barrier energy released to trans-
lation in this four-center elimination reaction is significantly higher
than that measured for the four-center HC1 elimination from halogenated
hydrocarbons by'Sudbo et a].,3 but considerably sma]Ter than the 70
percent released to translation in-the IRMPD dissociation of ethy]

viny]vether to CH3CH0 + C2H4.2 The latter comparison is particularly

interesting as both involve hydrogen atom transfer and breaking of a

C-0 bond, as here both bbnding electrons move away from the CO bond in

a concerted reaction, the C-0 interaction becpmes repulsive, and the
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trans]ationél energy of the product molecules is mainly due to the
repulsive energy release of,this interaction. Although the fractions
of the exit barriers appearing in translational energy are somewhat
different for EVE and DEE, they have a similar average translational
energy release, 31 and 24 kcal/mole respectively. In concerted reac-
tions with large exit barriers, the structure of the transition state
‘ will determine the energy partitioning to a large extent. If the chem-
ical bonds in the products whiéh are to be formed are extensively |
stretched in the transition state, significant vibrational excitation
is'expectéd° On the other hand the longer the bond which is to be
broken is extended, the less important the repulsive energy release
will be. In the four-center HCl elimination reactions, the C-Cl1 bond
to be broken must be significantly extended, but in EVE or DEE, in view
of the enormous translational enefgy release it is likely that the C-0
bonds fo be broken are not significant]& extended when the interaction
suddenly becomes repulsive,

The shape of the product translational energy distribution (Fig.
9) for the radical channel (1) was in agreement with RRKM theory for
reactions proceeding through a loose transition state. We accounted
for the fact that in an IRMPD experiment, the reactant molecules disso-
ciate from a distribution of energy levels above the dissociation limit
by using an averaged RRKM P(E') to fit the data. The exact form of
this distribution was described in the Results and AnaTysis Section.
The best fit P(E') was calculated with molecules dissociating to

radicals from a spread of energy levels peaked at 16.64 kcal/mole above



245

the dissociafion Timit. The average energy released to translation of
the radical products detecfed was 1.6 kcal/mole.

Because the photon absorption and stimulated emission cross sec-
tions as a function of energy for a highly energized molecule are not
generally known, one is usually uncertain in an IRMPD experiment as to
what mean energy level the absorbing molecule will reach before it dis-

'sociates. An attempt was made in this study to reduce this uncertainty
considerably. Assuming (1) that the thermochemical A-factor and acti-
vation energy reported for the dissociation channel are correct and (2)
that the translational energy distribution of the products is correctly
predicted . by RRKM theory, one can detefmine the approximate mean energy
level from which the molecules dissociated to radicé]s by attempting to
fit the data with various predicted RRKM P(E')'s. The mean total avail-
ab]eAenergy for the RRKM P(E') that fit the measured velocity distribu-
tion determines the mean energy level from which the molecules dissoci-
ated. The method is only weakly dependent on the assumed shape of the
distribution of energies of the dissociafing levels. If the radical

- product TOF were measured carefully at several laser f]uehces, one
might also expecf to gain some information on how the mean energy of

the dissociating levels increases with photon intensity..
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

. . s 0
The low energy d1s§oc1at1on channels of C2H50C2H5. AH300
values were calculated from values tabulated in Rosenstock
et al., J. Phys. Chem. Ref. Data 6, Supp. 1, (1977) for the
ethanol and acetaldehyde channels and estimated to be 85

kcal/mole for the CZHSOCH2 channel using group additivity

~rules (S. W. Benson, Thermochemical Kinetics, Wiley Inter-

science, New York, 1976) and the heat of formation of
CH30CH2, The energetics of the CZHSO + C2H5 radical channel
are those of Ref. 9. The barrier in the ethanol channel, 66
kcal/mole from the reactant, was reported in Ref. 8.

TOF distribution of m/e = 31, (CHy0', CH,OH') at 10° from

the molecular beam. e Experimental points, ———— best

fit, obtained by adding the individual contributions of

CHcOH ( . ) and C,Hc0 ( ). The

CZHSOH contribution was calculated using the P(E') in Fig.

11. The C2H50 contribution was calculated using the P(E')

in Fig. 9. The relative intensities were varied to obtain

the best fit and an isotropic center of mass angular distri-

bution was used. Photon energy fluence = 2.4 J/cm2°

" Note that the time scale in this and all subsequent TOF spec-

tra include the transit time of the ion through the mass spec-
trometer. (For our operating conditions, the ion transit time
in ysec is 2.0 /M where M is the detected ion mass in amu.)

To convert to laboratory velocity, the displayed flight times



Fig. 3.

Fig. 4.

Fig. 5.
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must be corrected for the ion transit time and divided into
the flight path, 20.7 cm. For an example of this transforma-’ .
tion, see Figures 3(a) and 3(b). |
2) TOF distribution of m/e = 30, (CH,0", CHOH') at 10" from
the molecular beam. e Experimental points, ~———— best

fit, obtained by adding the individual contributions of

CHeOH . ) and CHg0 ( ). The indi-

vidual contributions were calculated as in Fig. 2. Photon
energy fluence = 2.4 Jlen?.
b) Laboratory velocity flux distribution of m/e = 30_derived
from the TOF distribution between 360 and 70 usec. The c.m.
velocity may be approximately obtained by subtracting 1120
m/sec x cos 10° from the laboratory ve1ocity;

TOF distribution of m/e = 29 (CHg, COH'), at 10° from the

molecular beam. Data is shown with a 5 point polyhomia]

smooth. e Experimental points, ———— best fit, obtained
by adding the individual contributions of CZHSOH (T““' —)
and C2H5 ( — ———). The C2H50H contribution was.

calculated as in Fig. 2. The CZHS contribution was calcu-
lated from the P(E') shown in 9 which is derived from the

CZHSO TOF distribution (Fié. 6)7>.Photon energy fluence =

2.4 J/cm2° |

TOF distribution of m/e = 28, (CO+, CZHZ), at 10° from the

molecular beam. e Experimental points, —————— best fit

obtained by adding the individual contributions of C2H4

(—— =+ =), CHgOH (—— . ——) and C,H



Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.
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(=——— — ——). The shape of each individual TOF distri-
bution is fixed by fhe P(E') that fit the m/e = 44 and 31
TOF's (Fig. 6 and 2). The relative intensfty of each cohtri-
bution was varied to obtain best fit.

H 0+, at 10° from the molecu-

24
lar beam. e Experimental points, ————— fit calculated

TOF distribution of m/e = 44, C

using the P(E') in Fig. 9 énd an isotropic center of mass
angular distribution. Pﬁoton energy fluence = 2.4 J/sz.

TOF distribution of m/e = 27, CZH;, at 10" from the molecu-
lar beam. o Experimental points. ~———— best fit ob-
tained by adding the individual contributions of C Hgs CoHSOH
and CZHS as in Fig. 7. Photon energy fluence = 2.4 J/cmz.
TOF distribution of m/e = 26, C,Hy, at 10° from the molecu-
lar beam. e Experimental points, -—————— best fit obtain-
ing by adding the individual contributions of C2H4

(—— -« —), CHOH ( : ) and C,Hg
(=—~— — ——). The shape of each individual TOF distribu-

tion is fixed by the P(E') that fit the m/e = 44 and 31 TOF's
(Fig. 6 and 2). The relative intensity of each contribution
wa§ varied to obtain best fit. Photon energy fluence = 1.8
Jfent. |

Center-of-mass translational energy distribution for the |
radical dissociation channel DEE —» CZHSO + C2H5 derived

from the m/e = 44, C O+, TOF distribution (Fig. 6). This

2" |
P(E') was used to obtain the calculated. fits shown in all



Fig. 10.

Fig. 11.

Fig. 12.

251

other TOF distributions which contained contributions from
CZHSO or C2H5;

RRKM rate constant curves for DEE decomposition assuming

Ea = 66 kcal/mole and IOgloA = 13.9 for the reaction produc-
ing CZHSOH +,C2H4 and Ea = 81.8 and 1ogloA = 16.3 for the

reaction producing CZHSO + C2H5. |
Center-of-mass translational energy distribution for the
molecular elimination chaﬁhe] DEE —» C2H50H +-C2H4 derived

from the ethanol contribution to the m/e = 31 TOF distribu-
tion (Fig. 2). This P(E') was used to obtain the calculated
fits shown in all other TOF distributions which contained
contributions from CZHSOH or C2H4.
Integrated signal ét m/e = 26 as a function of photon energy
fluence. e Experimental points. Error bars represent plus
or minus one standard deviation of the statistical counting
error. The laser pulse shape is constant, so intensity in-

creased with fluence.
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APPENDIX A: Rotating Source Machine Detector Interlock - Description

and Operation

General Description

The detector interlock's primary fuﬁction is to protect the
magnetic turbomolecular pump and ionizer filament in the case of an
exteﬁded normal and emergency power failure. It also provides for TMP
360 (small turbopump) reétart and ionizer protéction in the case'that
the normal power fails but emergency power engages within five minutes,
thus requiring operator intervention only to restart the magnetic turbo-
pump. The wiring diagram is shown in Figure 1 and the front control
panel is shown in Figure 2. The interlock's response to several cases
of power or turbopump failure are outlined below. Maintenance require-

ments and suggested improvements are also outlined.

Interlock Response to Power and Turbopump Failures

Note: The operation requires that the TMP 360 small turbopumps are
.set up in the automatic start mode. To be restarted after
a failure in this mode, power need only be shut off to them
and turned back on after a short delay.
A. Normal Power Failure Which is Relieved by Emergency Power Takeover

Within Five Minutes

Immediately following the normal power failure the powér to the

ionizer (filament and optics), quadrupole, doorknob and photomultiplier
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(hereafter refefred tb as ifonizer and other detector components) are
latched off. This is to prevent damage to those components in case of
subsequent power failure or surges. vwhén,the emergency powér takes
over or normal power resumes (this must occur within five minutes) the
TMP 360 turbopumps automatically restart as do the foreline pumps. The
magnetic turbopump must be restarted by pressing the START button on -
the frequency converter. Because this turbo is magnetically suspended
the operator need not be present to restart it immediately, it will
pump for several hours. fhe bell will ring when power resumes indicat-
ing there has been a power failure and the red ionizer light (L1, see
Figures 1 and 2) will light on the front panel indicating the power to
- the ionizer and other detector componentsvis latched off. The bell may
be shut off temporarily by turning the bell set switch (S7) to the OFF
position. Once good detector pressure is verified by the operator, the
bpower to the ionizer and other components may be turned on again by
pressing the reset pushbutton (PBl) for the ionizer on the front panel
of the interlock box. It is suggested that the ionizer ff]ament current
supply and high voltage (HV) supplies be turned down prior to pressing
the reset button as the output of the supplies will surge immediately
to reach their preset values. When reset, the bell will stop ringing,
the 1ight indicating power to ihe jonizer (L4) will light, and the red
light (L1) will go off. The bell set switch (S7) should be turned to

the ON position so it is ready to signal subsequent power or turbopump

failure.
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B. Normal Power Failure Which is Not Relieved by Emergency Power

Takeover Within Five Minutes:

In the event'of a power failure, the magnetic turbopump is sus-
pended by a small battery supplied by Leybold Heraeus. The battery,
even if fully charged, can only suspend the pump for thirty mihutes.
The magnetic turbo must be slowed down by aif friction by venting the
detector to dry nitrogen before the battery runs out. Thevventing and
slowdown requires twenty minutes so the magnetfc turbopump is inter-
locked to vent five minutes after a power failure if power is not
~restored.

When the power initially fails, the power to the ionizer and other
detector components is latched off as in failure case A. When the mag-
netic turbo interlock powers the vent vales, the intér]ock uses the same
- voltage source to initiate three responses. The_power for the vent
“valve which.the detector interlock uses is supp]ied'across pins 1 and 3
of the magnetic turbopump control (see Figure 1, right center). The
voltage source powers a relay which connects the car battery to power
three relays (see Figure 1). These three relays, when powered, cut off
power fd 1) the small turbopumps, 2) the foreline pumps and liquid
nitrogen, and 3) the jonizer and other detector components, which should
already be latched off. The relays are latched so evén when the small
battery which‘powers the venf valve ;and initial detector interlock re-
sponse relay is dep]eted,.the car battefy still powers the relays which

keep the ionizer from turning on again in the vented chamber. Likewise,
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the foreline and furbopumps do nof restart and pump out the vented
chamber. | | |

Thus the magnetic turbopump is slowed down via the venting so it
'w111'not crash onto fts bearing at full rotational speed when the small
battery runs out and the ionizer and other pumps are latched off after
venfing has begun. |

Caution-—do not press the resetvof the ionizer (PB1) after such a
venting. The ionizer will turn on in atmosphere! To pump the detector
down aftef the emeréency vent{ng, first consider waiting 6 hours after
power has beeﬁ’restored to the magneffc turbopuhp battery pack so it
may recharge fully (see Fig. 9 in the 560M manual from Leybold Heraeus).
Then 1) turn all the small turbopump switches, S1, S2, and S3, to the
OFF position, 2) prepare to use the mechanical pump to pump out the
diffusion pump by setting S6 to the OFF positidn (this positions the
butterfly valves so the foreline pumps do not yet pump on the turbo
foreline but the mechanical pump is open to the D.P. foreline), 3)
simultaneously press the turbo reset and foreline reset pushbuttons PB3
and PB2 to turn the mechanical pump and diffusion pump on; 4) wait for
the mechanical pump to evacuate the‘diffusion pump, then switch S6 to
the mechanical pump bosition so the butterfly valve shifts to let the'
mechanica] pump evacuate the turbo foreline and seals the D.P. foreline
(S5 must be in the ON position for S6 to power either butterfly valve),
and 5) start the turbomolecular pumps by switching S1, 2 and 3 to the
ON position and pressing the START button on the magnetic turbo fre-
quency converter. When the foreline reaches a low enough pressure S6

may be switched to the'diffusion pump position so the diffusion pump
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evacuates fhe turbo foreline instead of the mechanical pump. The ion-
izer reSet PB1 should not be pressed until the detector has been baked
out sufficiently and/or the ionizer and other detectof power supplies
turned off. Otherwise they will surge on unexpectedly when the reset

is pressed.
C. Small Turbopump Failure

If any of the small turbopumps'fai1, pins 5 and 4 on the back 6f
}the respective frequeﬁcy converter become shorted. The detector inter-
Tock uses this to 1) turn off the ionizer and quadrupole, etc., as a
precaution, 2) ring the turbo failure bell indicating there has been a
-turbo failure, and 3) attempt to restart the failed turbo once by cut-
ting the power off to the turbo and turning the power on again. Once
the failure is corrected the turbo will restart automatically and the
ionizer and other detéctor voltages may be restored by the operator by
pressing the reset button PBl. Turn down the jonizer and high voltage
power supplies‘before resetting.

The detector will not be vented in the event of small turbopump
failures as the pump can often be restarted before the UHV is signifi-

cantly contaminated.
D. Magnetic Tufbopump Failure

If the magnetic turbopump fails, pins 5 and 6 on the back of its

‘fraquency converter will no longer be shorted. The detector interlock
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uses this to latch the ionizer off as in the other failures. No auto-
matic reétart try is available. The operator should attempt to restart
the pump by pressing the STOP then the START buttons on the frequency
converter. Even if the pump will not restart, we have encountered
times when just a fransistor in the frequency converter has blown and
can be replaced. The pump may then be restarted before it spins down

. and fails to maintain UHV conditions. The detector is only vented in
the case of power failure to the magnet levitating the turbopumps; the
detector is not automatically vented if the turbopump itself indicates

failure on the frequency converter.
E. Operator Error in Venting and Normal Venting Procedure

If the vent button is pushed and any of the pumps or the ionizer
are still on, the detector interlock will shut off and the bell will
ring. This method is ﬁot recommended as the jonizer filament will not
cooi off instantly.

For normal venting, 1) turn the ionizer and other HV power sup-
plies off well ahead of time, 2) turn the bell set switch S7 to OFF,
3) press STOP on the magnetic turbo frequency converter, 4) turn off
the small turbo's with S1, 2 and 3, 5) isolate the foreline by switch-
ing the butterfly switch S5 OFF (be certain there is sufficient air
pressure in the pﬁeumatjc butterfly valves to turn them), 6) turn the
mechanicaT and diffusion pump off with switch S4, and 7) press the vent

va]ye button on the magnetic turbopump control.
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The detector interlock cannot distinguish this from emergency

venting so the restart procedure is as outlined in failure part C.

Suggested Improvements

1)

2)

Run the A-B connection shown on the return of the KRP14AG ionizer

relay (Fig. 1, bottom left) through a connection which is only

’madé if the detector ion gauge is in the 10_8 torr range. Then

the ionizer will be protected in the case of a slow leak or fore-
Tine failure.
Run the diffusion pump heater through a relay which switches the

heater off when the cooling water flow is interrupted.

Maintenance

The %12V car battery_mustvbe kept charged. It is located on top
of the detector rack; a car battery recharger is stored next to
it. Hook it up-to the recharger for 12 hours every 6 months and
after each power failure. - If this battery is not adequately
charged the interlock system will not work properly, e.qg., if the
turbopumps fail the ionizer will not be shut off.

The only normally powered relay is the KRP14AG relay that controls
power to the ionizer, quadrupole and other detector components.
This relay is thus the only one 1ikely to wear out with time. If

it does; power will not be transmitted to the ionizer and other
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power supplies but the pumbing of the detector will not be
affected. The relay is mounted in a socket and is LBL stock. The
relay may be replaced and the ionizer reset button (PBl) reset to
restore normal operation. Again, the bell will ring following
replacement of the relay before the reset button is pushed unless
the bell set switch (S7) is set to OFF. The filament heater power
supply (and high voltage power suppTies) should be turned off prior
to p;essing reset to prevent them from surging to full current/
voltage values.

The indicator lights on the front panel occasionally burn out and
may be replaced by removing them from.their socket without inter-

rupting detector operation., L1 and L4 are 115 VAC. L2 and L3 are
12 vDC.
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FRONT PANEL LAYOUT
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Fig. 2. Detector interlock box panel layouts: (top) front panel
indicator light and control switches, (bottom) power input

and output plugs. F equals connector to turbopump frequency

- convertor indicator pins.
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APPENDIX B: Fluorescence Detection Assembly

Pu[gose

The fluorescence detection assemb]y for the'rotating source
machine was designed to allow one to obtain a fluorescence excitation
spectrum of the parent molecules in the molecular beam. For state-
selective preparation of the parent molecule in a phofofragmentation
experiment, one would tune the excftation 1aser to the desired transi-
tion and’record thé laserQinduced f]uorescehce signal concurrently with
the time-of-flight data to measure the relative number of molecules
being excited for each product time-of-arrival Spectrum,

The fluorescence detection assembly is totally enclosed in the
vacuum apparatus and monitors fluorescence from the laser-molecular
beam interaétion region. Alternately, with a simple adaptation of the
mount and baffling, it may monitor fluorescence from a point away from
the interaction region, should one desire to introduce a probe-Taser to
interrogate the internal states of product molecules as a function of
their laboratory velocity.

The description of the fluorescence detection assembly includes
1) details of the photomultiplier tube (PMT), voltage divider, and
collection and filtering optics, 2) suggestions for assembly and
improvement, and 3) a parts list for the fluorescence collection and

signal processina components and voltage divider electronics.
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Description

The photomultiplier tube isvan RCA model C31000M. The tube is an
experimenfa] version of the RCA 8850 ﬁsed commonly in the Daly
detectors and may be used with the same vd]tage div1der. As the 8850,
the C31000M has a sensitive bialkali photocathode and a high-gain
~ gallium-phosphide first dynode. The GaP dynode amplifies pulses from
the photocathode so that these photoelectron pd]ses have a 1érger
height than the dark count pu]ses originating in the Tater dynodes.
Thus the tube is optimal for photon counting applications as one can
discriminate effectively between dark counts and photon counts. The
signifitant advantages of the C31000M over the 8850 are 1) it has a
fused silica window which extends the spectral response of the tube far
below 300 nm and 2) it has a lower dark pulse summation than the 8850.
The relative spectral sensitivity of the C31000M at 200 nm is ~55%
while that of the 8850 is << 1%. The spectral response of the tubés is
the same between 300 and 650 nm. | |

The voltage divider used with the C31000M fs the 5ame as that for
the 8850 pictured in C. Ng's Ph.D. thesis, University of California,
Berkeley (LBL 21X227 S-1) with a few differences and/or clarifications.
Thank you to Paul Weiss for his helpful suggestions in the fabricaticn
of the voltage divider; three clarifications of the C. Ng drawing he
pointed out were 1) pin 3, the 5th dynode, is to be connected on the
socket to.pin 10, the PMT's internal shield, while pin 14 is dynode 6,

2) the unlabeled capacitor in the drawing is Cl’ and 3) a mu-metal
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shield wrapped around the PMT doubles as both a mégnetic and an
‘electrostatic shield and is to be floated at the photocathode
potential. The use of the 512 resistor in C. Ng's thesis which is
drawn 1in series with the signal from the anode is unciear. Its only
purpose as shown might be to limit the rate of discharge of an
vaccidenta11y charged anode. If the resistor were meant to be from
signal to ground to provide termination at the PMT end of the signal
cable it wbu]d necessarily reduce the pulse height at the measurement
end of the signal cable by a factor of 2 (assuming anode current is
measured across a second 500 terminator). The divider I fabricated has
the resistor wired in series with the anode, as sthn in C. Ng's
thesis, so voltage should not be applied to the tube un]eﬁs the signal
cable is terminated. For future voltage dividers, I would take a
sugestion made by Ralph Page and replace the 51Q in series resistor
with a 1kQ resiStor»to ground at the anode pin so the anode could not
charge .up if the signal cable were disconnected. As an additional
improvemént, the noise pickup from, for fnstance, the firing of the
excimer laser, could be reduced if the signal cable from the anode had
both a shielded signal cable and a shielded ground wire. In practice
with the existing design we just kept the signal cable short. The
voltage divider componénts were mounted on a PC board (LBL 21X1111-PI)
in a water-cooled box and potted with vacuum epoxy. A partSFTist of
the electrical components and the relevant distributors follow and

Appendix C lists drawings for the voltage divider box.
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An assembly sketch of the fluorescence collection and filtering
'setup is showh_in Fig. 1. A1l the optics and filter are mounted
directly on the PMT housing so alignment only requires positioning the
one complete assembly. The assembly is mounted so the 1" diameter 1*
focal length lens is 2"'be1ow the interéction region of the laser and
molecular beam. A cone of fluorescence from the interaction region is
focused by the lens to a point 2" below the lens, at which an iris with
an ~5 mm aperture is positioned (thanks, Y.T.). Before the iris there
is the option of inserting a long wave pass filter. If the fluorescence
is sufficiently red-shifted from the excitation laser light one may use
the filter to attenuate the Signa] from scattered light. (A small
selection of fi]ters has been obtained; more are stocked by Schott or
Corion. Care should be taken to use absorption filters, not interfer-
ence filters, as the light is converging as it passes the filter.) The
fluorescence diverges after the iris onto the face of the PMT. Al1l the
light impinges on the 1.7" diameter sensitive surface of the photo-
cathode. With this arrangement we verified experimentaily that the PMT
only sees significanfelaser 1ight which is scattered from surfaces in

the conical viewing region above the interaction region.
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Assembly Notes and Suggestions for Improvement

A. Voltage Divider

0f the voltage divider components,.the .0047 ufd capacitors and
anode resistor are mounted directly on the PMT socket while the rest
are mounted on a PC board (21X1111-PI) and potted in the water cooled
box. |

Two suggested improvements are the inclusion of a 1 k@ resistor to
ground at the anode pin instead of the 510 resistor in series and a
shielded BNC cable with both signal and isolated ground wires protected
by the shield for the entire length of the cable from the anode.

Note that there is an additional wire coming from the voltage
divider in addition to the ones attached to the PMT socket. This wire
is carefully electrically insulated'as_it is connected to the photo-
cathode potential. It is to be connected to the wire attached to the
magnetic shield of the PMT and should not be disconnected unless the ’

. PMT is off.
B. Photomultiplier Tube and Housing

The C31000M does not come with a magnetic -shield. A mu-metal
shield floated at the photocathode voltage was added. A wire soldered
to a copper tab which is bent around the bottom overlapped edge of the

mu-metal shield is attached to the appropriate wire from the voltage
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divider. The tube with mu-metal shield is wrapped in insulating tape.
The housing is lined Qith .030" thick teflon to provide further
insulation. The PMT housing has a groove to allow the mu-metal float
wire to extend out to the voltage divider. Care should be taken that
the wire is attached near pin 16 or 17 so the final orientation of'the
PMT socket and housing does not restrict the rotétion of the molecular
beam source. | |

Space-is very tight in the rotating source machine so the PMT fits
snugly in the housing and one side of the outside surface of the housing
is flattened to allow the molecular beam source to rotate to 0°. The
assembly of the housing is straightforward with the space restriction
in mind. The curved outér surface of'every piece is flattened to clear
the differential wall of the source at 0°. From the bottom up one
assembles the following pieces (see drawing 1list in Appendix C):  socket
- tube cap, socket tube, socket tube ring (welded to cap), fins of socket,
base.ring, tube. When assembled, the face of'the PMT reaches to near
the top of the housing.

The assembly of thé fluorescence collection and filtering optics
to the top of the.photomuﬁfﬁp]ier hodsing are shown in Fig. 1. (The
drawings for the small metal mating pieces were not saved.) The.draw-
ings for the mount to hold the PMT housing and'optics in the machine
are listed in Appendix C and are self explanatory. A threaded rod is
screwed into the mount and facilitates the vertica1'posifioning of the
PMT; the small ring which slips around the socket tube and holds the

PMT vertically slides up and down this threaded rod and is secured at
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the final height with nuts on the threaded rod and screws into vertical
 grooves on the housing mount. The entire mount bolts into holes in the
bottom center of the main chamber. The upper ring of the mouﬁt is
oversized for the PMT housing; three screws thread through the ring
“inward to the PMT allowing easy adjustment of the tilt of the housing
and optical assembly so the interaction region is viewed.

A potential improvement might be made in the collection efficiency
of the focusing lens. Insertion of a 1-1/2" diameter 1" focal length
lens may be possible depending on what angle one plans to rotate the
source to during data accumulation. Care must be taken to aséhre that
the molecular beam does not hit the lens or mount and scatter back to
the nearby interaction region and that the Tliquid helium cooled slit
mounted on the source clears the lens assembly at all ppsitions of the

source.

Parts List

A. Photomultiplier Tube, Collection Optics, and Electronics
RCA C31000M.photomu1tiplier tube |

(Replacement pins Amp Inc., Harrisburg, PA, No. 201328-1 Type
I1 socket 24-20) '
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Suprasil lens, 1" diameter, 1" focal length

Long

I1ex

Lens

Biconvex lens ordered from Optics for Research does not have
the specified focal length.

P1ano-concave lens supplied by Howard Nathel achieve§ good
-spatial filtering (glass). Mount plano side toward
interaction region.

wave pass filters, 1" diameter

Purchased from Corion Corp., Hollistor, MA, filters LG350,
420, 505, 595, and 670 -F, 2-3 mm thick, numbers list a at
50% transmittance, transmittance curves shown in Coriqn
catalog. Schott sells a greater Qariety.

mechanical shutter with iris

From Melles Griot, Irvine, CA, No. 04IMS001. Shutter may be
cable operated with 5-44 Asa standard cable (from any camera
store). Aperture of iris is adjustable between 1.6'to

25.4 mm diameter. Thread for mounting to lens assembly is
.5 mm, not 50 TPI as quoted in catalog.

énd filter mounts for 1" optics

Klinger Scientific, Richmond Hill, NY, adaptor mounts type B

No. 178348. 1" mount for optics to mm thread.

Boxcar

Stanford Research Systems, Palo Alto, CA, SR 250, nin bin

compatible with small gate width achievable (~2 nsec).
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Analog Processor
Stanford Research Systems SR 225, nin bin compatible, used

for normalizing to laser power (A-B, A:B, A-B, etc.).

B. Voltage Divider (Wiring diagram similar to one in C. Ng thesis as

noted. )

Box |
Mechanicai drawings: Tlisted in Appendix C
Vacuum epoxy: Emmerson and Cummings skytast 2850FT blue
epoxy and catalyst 24LV from C.V. Roberts (213) 870-9561.
High voltage chassis feedthrough: Kings SHV 1704-1, LBL
stock 5935-58226
BNC chassis feedthrough: salvage

; Electrical components

P.C. board: desigh on file at LBL 21X1111-P1

Resistors:
R1 60 k@ £ 1 wire-wound, Newark Electronics, Oakland,
CA (hereafter, Newark) No. 18F143R60K
R2-9 40 k2 £ 1 , Newark, No. 13F143R40K ‘
R10 512 carbon composition LBL stock No. 5905-16458

(suggest replace with 1kQ to ground)
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2y 15,19,20 [N3041B, 75 volt, replaced with Sylvania

21618
Capacitors:
C1-12
C13-15
C16-17
1819

No. ECG5093A, 75 volt 1 Watt.
IN3037B, 51 volt, Newark No. O8T1N3037B

.0047 uF HI-Q ceramic disc, LBL stock 5910-44369
.01 uF 1 kV buffer ceramic disc, LBL stock 5910-24572
.05 uF 600 WVDC, HI-K ceramic disc, Newark No. 19F539

.1 yF 600 WVDC, HI-K ceramic disc, Newark No. 67F5018
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Fig. 1. Fluorescence Collection and Filtering Assembly
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APPENDIX C: Compilation of Mechanical Drawing Contributions to

Rotating Source Machine

The méchanica] drawings for portions of the rotating source
machine listed below are filed with the mechanical engineefing print
room at Lawrence Berkeley Laboratory and may be obtained by writing to
Professor Lee. The_pdrtions of the machine designed by the two pther
students are not listed here but are also easily obtained. Each draw-
ing is 1isted by drawing number-size and title. The drawings shown
here are for construction of the fluorescence detection system, time-
of—f]iéht'wheel assembly, source chamber nozile assembly,-]aSer-1ens
and window flanges and adaptors, detector gate valve and photomulti-
plier tube accessories, and source chamber additions (for rotation of

source). Many thanks to Professor Lee for the fine exahp]e of his many

~previous designs.

A. Fluorescence Detection System

2INO09-3  Photomultiplier housing mount, part 1 of 5

21N010—1 Photomultiplier housing mount, part 2 of 5

21INO11-1 Photomultiplier housing mount, part 3 of 5

2INO12-1 | Photomultiplier housing mount, part 4 of 5

21INO13-1 Photomu]tip]ier housing mount, part 5 of §

2INO14-3 RCA C31000M (or 8850) divider heat sink box
2IN015-1 Divider heat sink box end

2INO16-1- Divider heat sink box cover
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2IN017-3  Photomultiplier tube housing - tube (C31000M)
21INO18-1 Photomultiplier tube housing - base ring
21IN019-1 Photomultiplier tube housing - socket tube
2INO20-1 Photomultiplier tube housing - socket tube ring
21IN021-1 Photomultiplier tube housing - socket tube cap

TOF Wheel Assembly

200925-3 ‘Rough assembly sketch

200926-3 TOF square keyed flange

200927-2  Square flange to tube welding
200928-3  TOF motor mount

20D0929-3 TOF wheel moveable cylinder
20D0930-2 TOF flange to cylinder mating plate
200931-2  TOF height adjust mating plate
200932-2  Photodiode mount

200933-2  Motor cooling block

200934-2 TOF wheel - thin

200935—1 Motor casing modification
200936-1 Conical spacer.to rest on bearing
200937-1 Thin wheel holder - first half
200938-1 Thin wheel holder - second half
200939-1 Thin wheel spacer

Source Chamber Nozzle Assembly

200940-2
200941-2

Nozzle tube with 0.005" hole

- Self aligning nozzle support cage



200942-1
200943-1
200944-1
200945-1
200946-2
20D947-3
200948-3
200983-1
200984-1

Laser Lens

200949-3
200950-1

200951-1
20D952-1
20D0953-2
200954-1

200955-2

200956-1

Detector:

200959-1

200960-1
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S1iding key between nozzle and support cage

‘Nozzle clamp

Nozzle feedthrough flange - epoxy glass
High temperature nozzle feedthrough flange

2-1/2" dia. port'nozzle feedthrough flange

7-1/2" dia. port flange with electrical feedthrough

4" dia. port nozzle feedthrough flahge
Source skimmer 0.020" dia. hole

Differential wall skimmer for 3 mm collision

and Window Flanges and Adaptors

Laser feedthrough flange tube - part. plate
Laser feedthrough flange tube retaining ring
(see 20D556-2 Laser feedthrough flange - part
plate under Source ChambervHeading)

Laser lens holder - part 1

Laser lens holder - part 2

Laser entrance adaptor flange for 3" dia. port
Laser exit flange for 1-1/2 dia. port - Brewster
Laser entrance adaptor flange for excimer

Laser entrance and exit flanges for excimer

Gate Valve and PMT Accessories
Gate valve rod handle

Gate valve closed position stop - parts 1 and 2



200977-1
200978-1
200980-2
200982-3
200264-3
200265-1
200267-1
200268-1
200269-2
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Gate va1vé large hole stop

Gate valve small hole stop

Gate valve rod

Gate valve rod feedthrough flange with conn.
Voltage divider box for 8850

End to voltage divider box for 8850

PMT socket retainer ring - 8850

PMT capacitor cover - 8850

PMT voltage divider box holder

Source Chamber Additions

200919-4

200920-3
200921-1
200922-1
200923-1
20D957-2
200958-2

Support stand addition - for water and rotating source

lever

Plate mount for drive sprocket mount
Drive sprocket mount

Sprocket for 25" rotating ring

Lever to drive sprocket adaptor

90° rotation source stop

0°rotation source stop

Main Chamber Additions

200979-1
200981-3

Cold shield heater housing

Main chamber ion gauge cover
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