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In t roduc t ion

Substan tial progess has now been made in energy transfer

studies involving small polyatomic molecules using laser fluo-

rescence , double resonance, and thermal lensing techniques.

We have described in detail these experimental methods as well

as the bas ic pr inci ples wh ich govern mode to mode energy trans-

fer and molecule to molecule ener gy transfer 1. In addition

we have published a massive review of laser applications to the

stàdy of molecular energy flow2. This review describes much of

the work which has been performed in the energy transf er field

over a period of several years, a signif icant frac tion of which

has been carried out in our laboratory. In the following sec—

tions we summarize b r ie f ly  work on ind ividual molecules which

has been performed under the present grant.

1. Mode to Mode Ener gy Transfer  in OCS

Laser-induced fluorescence has been oberved from all funda-

mental vibrational states in OCS.3 The fluorescence risetimes

indicate rapid V-V energy transfer between the v2 and v3 modes ,

but suggest a considerably slower (by a factor of 7) V—V equilibra-

tion between the v
1 and modes. The v2 

— v3 equilibration

has been studied in OCS—rare gas mixtures. The results of

these studies are consistent with a ra te limi ting f i ll ing  of

v3 from the level 4v2. Electrical anharmonicity of the

bending mode probably plays a major role in this transfer process.

In particular , a long range dipole—dipole calculation for the

probability of energy transfer between 4v2 and v3 is in very good

agreement with the experimentally observed probability . Mechanical
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anharmonic mixin g of 4V2 and 
V
3 
appears to be too small to

• account entirely for the efficient bend-asymmetric stretch equi-

li bra tion , though such m i x i n g  may play at least a small role in

the energy transfer process. There is some evidence that, at

least in the case of OCS-helium mixtures , several paths may con-

tribute significantly to the equilibration of the V
2 
and V

3

modes.

The v1-v 2 energy transfer rate is slow compared to the

v2-v 3 rate but is consistent with existing evidence concerning

comparable V-V processes in other triatomic molecules such as

SO2 and CO2. The slow equilibration of the V
1 
mode with v2 and

V
3 

is , of course, consisten t wi th the observa tion of laser action

between V
3 
and V

1 
in an electric discharge.4 Presum ably ,  the V

3

mode temperature increases significantly due to electron-molecule

collisions while V
1 

is only weakly coupled to both the electron

temperature and to V
3
. Very recen tly,  laser action has been

achieved in OCS on the 2v 2
1v

2 transit ion af te r  laser pumping the

0 -
~~ 2V~ overtone with a T.E.A. CO2 laser in a manner similar to

the present experiments.5

The decay of fluorescence from each fun damen tal mode in OCS

displays substantial heating and all three modes have the same

deactivation rate constant. These results indicate that the entire

vibrational manifold is deactivated through the lowest-lying state,

the V
2 
bending fundamen tal. The dependence of this fluorescence

decay in rare gas collision par tners is in rea sonable agreement

with the results of calculations based upon SSH V -
~~ T theory.

This agreement with V -
~ T theory indicates that V -, R relaxation

• ~~~~ — ——--—~~ -



does not contribute appreciably to the deactivation of laser—

excited OCS, in contrast to the results of similar experiments

performed on CH
J
F, CH

3
C1, Cu

4
, and CD

4
. The calculated prob-

ability for V—T deactivation of the v2 
mode in pure OCS is in

excellent aqreement with the oberved V—T decay rate.

In general , the V-V rates in molecules composed of all heavy

atoms appear to be 2-3 times slower than V-V rates in molecules

containing light atoms provided comparable densitites of vibra-

tional states are considered .

In the present experiments the bending manifold of OCS can

be assumed to be in equilibr ium before bend-stretch equilibration

occurs. Under these circumstances a variety of paths for bend-

stretch equilibration can be expected to have comparable energy

transfer probabilities. In p r inc ip l e, such paths can be distin-

guished by observing the dependence of the energy transfer rates

on laser pump power since some paths involve excited state-excited

• state collision processes while others involve only &~~~ited state—

ground state collision processes. Experiments are presently

under way to test this point.

2. Vibrational Energy Exchange between 12CH3F and 13C113F

The infrared-infrared laser double resonance technique has

been used to study vibration to translation (V-T) and vibration

to vibration (V-V) relaxation behavior of several molecules such

as CO , SF , BC1 , and c ii •
6—ll t)ouble resonance experiments are

complemen tary to fluorescence methods since double resonance can

be used to study the relaxation behavior of vibrational levels

which either fluoresce weakly or at a wavelength very near that
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of the pump rat iation , where small fluorescence signals may be

obscured by relatively m issive amounts of scattered pump radia—

t ion .

The V—V encrqy transfer rate from 12 CH 3F to 13CH 3F has been

measured using laser infrared-infrar ed double resonance. The

rate , in t he  ex )thermic direction , was found to be l.5~ O.3xlO 6

sec 1torr 1. A symmetric top-syrninetric top energy transfer

calculation employing the long range dipole-dipole interaction

using the methods of Sharma and Brau ’3’14 yields rc.t~~ riable aqrecment

with experiment. The observed 12CH3F—~
3CH3F isotop ic exchange

rate is similar to the rate observed for ladder climbing excita-

tion of the mode in CU3? which leads to excitation of the 2v 3

and presumably 3v
3 
states after laser pumping of v3. These results

lend further evidence to the idea that collisions are largely

responsible for rapidly populating high ly ing excited states near

3000 cm 1 in CU3? after excitation of low lying states near

1000 cm 1 under our experimental conditions.

• 3. The Methyl Fluoride Sensitized Decomposition of Tc’tramethyl-
1, 2—dioxetane.

The enhancemen t of chemical reactivity by infrared light

absorption has been demonstrated in a variety of systems)5 Efforts

to date have fallen characteristically into one of two domains:

(1) bimolecular reactions involving selectively exc ited small

molocucs (two, three atoms ) in which the goal was to obtain detailed

informa tion on the dynamic course of the react ion ,16 (2) bulk reac—

• tion studies in which product identities and yields have been

used to demonstrate the potential of IR laser excitation for produc—

- 

S 
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• tion of unusual , or at least enhanced , chemica l reactivity)7 The

competition between collisional energy transfer processes and

chemical reaction , which plays a crucial role in determining the

mechanism of a laser initiated chemical reaction , can be probed

• using pulsed infrared excitation followed by time resolved

detection of the reaction and energy transfer coordinates. We

report here initial studies on a system that is capable of yielding

this type of information , the pulsed CO2 laser-enhanced decomposi-

tion of gas phase tetramethyl-l ,2-dioxetane (1) in a methyl fluoride

bath. Methyl fluoride is a “sensitizer ” for the CO2 laser induced

decomposition of tetramethyl-l ,2—dioxetane (1) . Some unique

features of this system are: (a) the observed infrared photo-

chemistry is extremely clean , acetone being formed quantitatively;

(b) the IR laser induced decomposition of (1) is accompanied by the

emission of blue light 
~“max ~410 nm); (C) the thermochemistry of

(1) is well established and is such that acetone may be •

produced in an electronically excited states;
18 (d) the reaction

dynamics can be probed a f t e r  exci ta t ion by monitor ing t ime-re-

solved translational temperature changes (probed by the thermal

lensing opto—acoustic technique);19’2° (e) energy transfer processes

in CH~F are wel l unders tood21’22 and serve as a benchmark for rate

measurements in the mixture.

Irra d ia tion of mix tures of CH
3
F (2-30 Torr) and (1) (vapor pressure

1 Torr at 25°C) with an unfocused CO2 TEA laser (1 ps pulse dura—

tion ; 300 mJ per pulse) operating on the P20 (9.6 p ) line is

accompanied by blue luminescence from the reaction cell and results

in a smooth conversion of (1) to acetone. Laser radiation at this

~~~~~~~~~~~~~~~~

uency excites only Cr13? although the luminescence is observed
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only when both CH 3F and (1) are present in the cell. Thus, CH3F

is a true photosensitizer.

In two other experiments using d i f f e r e n t experimen tal con-

figurations the 3 p infrared omission emanating from the C—H

stretches in CII 3F was monitored using the laser induced fluores-

cence technique , and the translational temperature rise was

monitored using the thermal lensing technique. These experiments

show clearly that reaction is initiated by IR absorption into

CH3F and that the visible light generated by decomposition of 1 is

produced on an energy transfer timescale. The following mechanism

serves as a model to explain these observations (A = acetone).

CU3? + hv (IR) —~~ CH~Ft absorption of infrared light (1)

CH3
Ft + 1 ~~ CU3? + lt vibrational (V—V) energy transfer(2)

CU Ft + l— ~ 1(T’) + CU F(T’)) (3)
( vibration to translation

lt + CH3F~~±l(T’) + CH 3F ( T ’ ) I  (V—T) energy t r a n s f e r  ( 4 )

it + 1 ~ ± 1( T ’)  + 1(T’) J (5)

lt and/or l (T’)—~ A* + A chemieiectronic excitations (6)

~~~~~ A + hv (visib].e) emission of visible light (7)

heat di f fus ion  (8)

In thi s mechanism , daggers refer to vibra tionally hot, trans-

lationally cold molecules and asterisks refer to electronically

excited acetone , while T’ refers  to species whose transla tional

temperature T’ is above the ambient equilibrium temperature of

the gas mixture. The thermal decomposition of 1 is known to be

• chemiluminescent due to the efficient formation of A*. According

to our mechanism , the blue luminescence should therefore correspond

to electronic emission of acetone. Indeed , the blue emission
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produced by 1 a : pump i no was shown to be e x p e r i m e n t  a~ 1 y iden t i Cal

w i t h  act t o n e  t 1 ~i r s c e i 1 c e

In summary ,  t h i s  is the  f i r s t  example of an infrared

photosen s i t i zed  chemi luminescen t  o r g a n i c  reac t ion . A combinat ion

of measurements of infrared fluorescence from the photosensitizer ,

of visible luminescence from the primary product and of the

translational temperature reequilibration are consistent with a

predominant “ te:~~erature j ump ” mechanism (eq. 1—6) wherein any

contribution from (1. ) in eq. 6 is dominated by the contribution

from 1(T ’). These studies are being extended to 1,2-dioxetanes

which directly absorb the laser pulse and to other systems in which

a high energy content reaction possesses the potential of infrared

laser induced electronic excitation .

4. Translational and Vibrational Energy Distributions in Metastalbe
Laser Pumped Polyatomic Molecuels.

A model is proposed to describe the vibrational steady state

in a laser pumped polyatomic gas.~
3 Such systems are shown to he

characterized by a multiple temperature distribution with temperature

relationships governed by the vibrational energy transfer pathway.

• In the harmonic oscillator limit each vibrational mode is at a

single mode temperature , different from the translational/rota-

tional tempera tur e, leading to simple expressions for the steady

state thermodynamic quantities. Additional constraint equations

allow the complete determina tion of the temperature distr ibu tion

and thermodynamic quantities in terms of two initial parameters ,

• input energy and ambient temperature. Examples of multiple tern-

perature distributions have been obtained for laser pumped CU 3?
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undergoing various re laxa t ion  pathways and at a var iety of in itial

conditions. The selection of the hottest vibrational mode was

found to depend only on the path, and this mode may not necessar ily

be the one with the smallest energy spacing nor the one that is -
•

actually pumped . The extent of the vibrational enhancement of

this mode is dependent on the initial conditions through the

conservation equations.  A stable multiple temperature condition

was found to exist only if a restricted number of energy transfer

paths are allowed .

5. Vibrational Energy Transfer in CD3F

Infrared fluorescence from the v2 and v4 vibra tional levels

has been observed in CD 3? following excitation by a l0 .6p  Q-switch

co2 laser. 24 The exponential deactivation rate constant was

found to be 0 . 4 4  msec~~~torr~~ for the pure gas. The rate constants

for deactivation by the rare gases have also been measured ~nd

vary between 3 .26  and 0 .025  msec 1torr~~~. A lower limit of 500

msec~~ torr~~ was set on the v1, V
4 
activation rate.

The V-T/R, deactiva tion ra te constan ts are in general quali-

tative agreement wi th the results for similar molecules and par-

ticularly with those of the nondeuterated species, CU3?.
25’26

The CD3F self deactivation rate constant, 0.44 msec~~torr~~ is

of the same order of magnitude as the 0.59 msec~~ torr~~ reported

for CH3F. The CD3F-rare gas rate constants also behave as ex—

~~E ed, decreasing with increasing mass of the collision partner

except for an unexplained higher value for Xe. Again , save for

the Xe case , the general trend of these results and even their

• ._ _
-
~~ • A _ _ _ __ _  .——
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magnitudes are similar to those observed for C1I 3F’.

The vibrational enerqy transfer results obtained for CD3?

conform well to the pattern e~;tablishec1 by the results of pre-

vious studies on other members of the methyl halide and deuterated

• me thyl  h a l i d e  series. The slow V-T/R r e l a x a t i o n  is cons is ten t

w i t h  a molecu le  where a t  1ea~;t 903  cm 1 of v i b r a t i o n a l  ene ray ,

the heiqht of the lowest fundamental , must be transferred into

translation and rotation. rhe comparisons made with V-T/R theory

a r e clea r ly q ua l i t a t ive , but  reasonable in terms of the trends

and genera l  ru les  which can be discerned among s i m i l a r  molecules.
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