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Observation of Methyl Radical Recombination Following Photodissociation of
CHasl at 266 nm by Time-Resolved Photothermal Spectroscopy
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A time-resolved probe beam deflection (PBD) technique was employed to study the energy relaxation
dynamics of photofragments produced by photodissociation gf @H266 nm. Under 500 torr argon
environment, experimental PBD transients revealed two energy relaxation processes; a fast relaxation process
occurring within an acoustic transit time (less thanu8.ih this study) and a slow relaxation process with the
relaxation time in several tens . The fast energy relaxation of which signal intensity depended linearly on

the excitation laser power was assigned to translational-to-translational energy transfer from the
photofragments to the medium. As for the slow process, the signal intensity depended on square of the
excitation laser power, and the relaxation time decreased as the photofragment concentration increased. Based
on experimental findings and reaction rate constants reported previously, the slow process was assigned to
methyl radical recombination reaction. In order to determine the rate constant for methyl radical recombination
reaction, a theoretical equation of the PBD transient for a radical recombination reaction was derived and used
to fit the experimental results. By comparing the experimental PBD curves with the calculated ones, the rate
constant for methyl recombination is determined to be 3.3(x110jstorr* at 295 + 2 K in 500 torr Ar.
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Introduction s0lid3% One of advantages of employing photothermal
technique is that the technique can be applied to the system
Photodissociation dynamics of methyl iodide ¢QHhas  in which optical detection is not feasible, since the technique
been investigated extensively through many experimiéiital measures the changes in refractive index induced by the heat
and theoretical®® works. As a result, methyl iodide has released from energy relaxation processes. Consequently, it
become one of prototypical systems for studying photo-has been applied to numerous processes with a great
dissociation dynamics of polyatomic molecule® The  succes$**° In solution, triplet state reactions of organic
information on the photodissociation dynamics of methylmolecule®® and lifetimes of photolysis intermediatés
iodide is useful not only for understanding molecularwere studied by means of probe beam deflection method
potentials and geometry but also for various application§PBD). Energy transfer and vibrational relaxation in gas
such as laser generatiinlaser-induced chemistf§?>and  phase were measured extensively by thermal lensing®(*fL)
atmospheric photochemistf3?® After the photodissociation and PBDJ? techniques. In addition, the PBD technique was
of CHgl, the resulting photofragments undergo numerousemployed to monitor a gas phase chemical equilibrium and
and complicated reactions including excess energy transfecondensation reactidn.
and methyl radical recombinatiéf?® The methyl radical Despite the versatility of this technique, only a few studies
recombination reaction is of special importance since then energy relaxation dynamics of photofragments utilizing
reaction is a termination step in pyrolysis and combugtion. photothermal spectroscopy have been repdft&dn the
Consequently, the chemical kinetics of methyl radicalphotothermal investigation of radical reactiéts,composite
recombination reaction is critical for elucidating flame rate constants for chain propagation reactions and chain
propagation and ignition processes. In addition, the methylermination reactions were obtained. In general, the reactions
radical recombination reaction has been served as a standdrdtween photofragments are complicated due to their high
reaction in steady-state competitive techniél@s which reactivity, and therefore, acquiring detailed information
the rate constants for reactions including methyl radicals arabout individual process by following the energy relaxation
explored. is often formidable. Hence, kinetics on methyl radical
Time-resolved photothermal spectroscopy technique isecombination reaction has been investigated mostly by
known to be very sensitive and versatile foudging monitoring the methyl radical absorption at 216%f%:4°
photophysical and photochemical processes in solution and In the present study, we have investigated the energy
relaxation dynamics of CiHphotodissociated at 266 nm by
“To whom correspondence should be addressed. Phone: +g2-9lilizing a probe beam deflection technique. We found that
961-0298, Fax: +82-2-969-3467, E-mail: hjhwang@khu.ac.kr  there are two, fast and slow, relaxation processes for the
'Present address: Department of Chemistry, Sungkyunkwan Unphotofragments. The fast process is assigned to translational-
versity, Suwon 440-746, Korea to-translational energy transfer of the photofragments to the
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medium. And the slow one is determined to be mainly due t : y T i T :
the methyl radical recombination reaction at the experimente
condition employed in this study; 0.4~1 torr £kphoto-
dissociated with 266 nm laser under 500 torr argon. The
excess energy partitioning of GHphotofragments was
compared with the reported values measured by photofrag
ment translational spectroscopy (PTS) meffidtwas found
that methyl radical recombination reaction rate constant: &
obtained by fitting the slow relaxation process are in excellen%
agreement with the values reported previogrst 952 o

ignal, a.u.

Experimental Section

Methyl iodide (99%, Aldrich Chemical) was used without 0 20 40 60 80 100 120 140
further purification. Oxygen free argon was prepared by Time,us
passing high purity argon (99.9999%, D_ongji_n Jonghab G'aSFi ure 2, PBD transients for Cifand Ar mixtures at various to
through an oxyg.en scrubber (J&W Scientific, Model 6Oo_prgelzssures. The partial pressur&g ofs0kas 0.40 torr and the to
1011). All experiments were carried out at room temperpressures (in torr) are indicated with curves. The excitation
ature. pulse energy was 15@/pulse.

A detailed experimental setup for monitoring probe beam
deflection was described previou$lyand therefore only a Model 9350A).
brief description will be given here. Figure 1 depicts Experimental PBD transients of GHphotofragments
experimental optical set-up. The pump beam was a 266 nmnder various Ar pressures are depicted in Figure 2. Mainly
pulsed laser (~5 ns pulse width and ~9 mm beam diametetjvo processes govern the shape of the PBD transient: a heat
that was the 4th harmonic of a Q-switched Nd:YAG laserreleasing process and a thermal diffusion process. The
(Spectra Physics, GCR-150). Typical pulse energy of thdormer process affects the early rising part of the PBD
pump beam was 30QJ/pulse to avoid multi-photon curves while the latter process controls the late decaying
absorption processes. The probe beam was a 632.8 nm Cp¥rt. As the argon pressure decreases the PBD curve decays
He-Ne laser (Uniphase Model 1125P) with ~1 mm beanfaster since the thermal diffusivity increases. When the
diameter and 5 mW output power. At the center of thethermal decay is too fast, it becomes unfeasible to obtain
sample cell that was omitted for simplicity in Figure 1, the detailed information about heat releasing processes since the
focused probe beam crossed the excitation pump beam #termal decay dominates over heat releasing. If the thermal
right angle and along the long axis of the line focus of thdliffusion is too slow, théBD curves become flat and lose
pump beam. A typical Gaussian beam radius of the pumtheir detailed features. As shown in Figure 2, when the argon
beam along the-axis at the crossing pointy was 70+5  pressure was 100 torr or 300 torr, the PBD transients were
um , and a distance between the center of two begwss  dominated by thermal decay indicating the thermal decay
40 £ 5 um. Sample gas pressure was measured with twavas too fast. At 700 torr argon pressure, not only the signal
capacitance manometers (MKS Model 122AA-00010AD intensity of the PBD curve diminished due to increased heat
and 122AA-01000AD). The probe beam deflection signalcapacity of the medium but also the curve became flat. In
monitored by a bicell photodiode detector was amplified,order to keep the thermal decay slow enough as well as
and then recorded by using a digital oscilloscope (LeCroykeeping the signal intensity and detailed features, 500 torr

argon was chosen as a medium for the experiments.

Differential Powermeter

Results and Discussion

Amplifier
To Digital Oscilloscope Spherical ; i i i
Focusing Lens A. Experimental PBD transients of CHl photodissociated
slit ‘/{ at 266 nm Figure 3 shows the PBD transients of {LH
- photodissociated at 266 nm as a function of excitation laser
Probe Beam powers. It is noted that not only the signal intensity increases
t Spherical Cylindrical (CW632.8 nm) as the excitation laser power increases, but also a significant
Bicel tioge OCUSing Lens Diverging Lens change in the shape of the curves is observed. This
dependence on the excitation laser power indicates strongly
z that the energy relaxation process(es) is not a first order
y (Excitation Beam y process_in tgrms of the photofragme_nts. If. the relaxation
pulsed 266 nm) x process is a first order process or else it consists of more than

Figure 1. Experimental probe beam deflection (PBD) setup for theOne first order process, the shape of the curves must be
time-resolved photothermal spectroscopy study. identical regardless of the excitation laser power since the
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Figure 3. PBD transients for Ci# and Ar mixture at various op——— 1 . 1.1 . |
excitation laser powers. The excitation laser powers are 104, 14: 1.8 20 22 24 26

164, 197, 227, 274, and 3Q2/pulse from the bottom. GH
pressure was 0.40 torr and total pressure was adjusted to 500 t

with Ar. The solid lines represent the best fit based on Eq. (1).  Figure 4. The amount of total released heat observed in
transientAo, as a function of excitation laser poweksis equal t
curve shape only depends on the relaxation time that i(1/n)(9n/dT)((-8aEyzIf)/mpC;) in Eq. (1). Open squares
constant. We also observed a similar change in the shape C|rcles. represent the amount of heat contributed from the fa:
. . . releasing proces\{r1) and from the slow heat releasing pro
the PBD transient when the @Honcentration was varied (Aor2), respectively. The solid lines are the linear fitting resuli
from 0.4 torr to 1.0 torr (data not shown). log-log plots.r; andr, values were obtained by assuming tha
In our previous photothermal deflection spectroscopyobserved PBD curves consist of two first order heat rele
study of CKl,* we have shown that experimental PBD processes (see text for details).4Cptessure was 0.40 torr and
transients of CH at various excitation laser powers were total pressure was adjusted to 500 torr with Ar.
completely indistinguishable. Only the signal intensity
depended linearly on the excitation laser power at the givem andr; are the relaxation time of the fast process and its
experimental arrangement. It was concluded for the case dfactional contribution, respectively, whife andr; are the
CHRil that relaxation processes involved in the time domaimones for the slow proced.is the thermal diffusivity of the
we used were translational-to-translational (T-T), and vibraimedium,E, is the pump beam energy, aads the optical
tional to translational (V-T) energy transfers from photo-absorption coefficientn is the refractive indexp is the
fragments to argon. The differences in excitation energydensity, andC, is the specific heat at constant pressuie.
dependence on PBD curves betweenl@Hd CRl systems  the interaction length between the pump and the probe
support the presence of a process(es) that is higher than filsisersz is the separation between the centers of pump and
order reaction with respect to photofragments. probe lasers, andvy is an apparent beam waist for a
In order to investigate the nature of energy releasingsaussian-shaped pump bedrdenotes a fractional ratio of
processes that take place after the photodissociation $#f CHexcess energy with respect to the total excitation photon
at 266 nm, we have attempted to fit the experimental PBRenergyhv. For 13, we used 0.2us that is the instrumental
transients with a theoretical PBD curve that is derived byresponse time since the actuals shorter than the instru-
assuming the heat releasing processes can be describedrbgnt response. For a detailed explanation of the equation
two first order energy relaxation proces&eghe time-  given above, please refer to the previous refiort.
dependent PBD signapcan be described with two relaxation We found that the experimental PBD transients can be
times, r; and 1, if two heat releasing processes are wellfitted relatively well with Eq. (1) in the experimental
separated in tima.e., one process relaxes much faster thancondition we used,e. up to 1.0 torr Ckl and 150uJ/pulse

Log [laser power, pJ/pulse]

the other'® excitation laser power (see Figure 3). When the excitation
laser power and/or GHconcentration is higher, we starts to
o(t,2)= observe significant deviation of the experimental PBD

curves from the theoretical prediction (data not shown).

10n(-8aEqzlf) [1 —ryexp(t/T)~(1 - 1) exp(-t/zy)] Nevertheless;y, r, andr, values obtained by fitting with Eq.

3/2
ot mpCy (w5 + 8Dt) (1) are useful for deducing the nature of the reactions taking
0 22 O place following the photodissociation of @H As the
X expo5——0. (1) excitation laser power or GHconcentration increases;

2
(W + 8Dt value increases while value decreases. In Figure 4, the
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amount of heat released by fast and slow proceagesnd T " T T T
Aar, respectively, are depicted with respect to the excitatior
laser power. Note that a striking difference between the
slopes in the log-log plot was observed. The slope for the
log-log plot of Agr1 and excitation laser energy is 1.1 +£0.1
while the slope foAgr, and excitation energy is 2.0 £ 0.1.
This difference in the slope indicates that the fast and th
slow processes observed are quite different in terms of th
excitation laser power dependence, and in turn the number
active radicals involved in the process. From the observe
slopes, 1.1 and 2.0, it is concluded that a single radice
participates in the fast heat releasing process while tw
radicals are involved in the slow heat releasing process.
The fast relaxation process is easily ascribed to translationz
to-translational energy transfer between the photofragment
and argon (see discussion given in Ref. 46 fa)CPossible

Log [1/t,, us™]
o =

N
~

reactions for the slow process are vibrational to translationz 1.8 2.0 292 2.4
energy transfer from methyl radical to argon, methyl
recombination reaction to produce ethane, argliénching

by methyl iodide or methyl radicals. From the reportedFigure 5. Variation of the slow heat releasing relaxation times

'1.6 1 L

Log [laser power, uJ/pulse]

; 8,49 ; T respect to excitation laser power. The relaxation times
reaction rate constait$®*°and experimental findings, the obtained by fitting the observed PBD curves with two first ¢

most pl«'_slusi.ble reactic_)n fqr the_ slow process is methyl radice, o, releasing processes. Lhressure was 1.0 torr and the t
recombination reactionvide infrg. The excess energy pressure was adjusted to 500 torr with Ar.
partitioning of the photofragments after the photodissoci-
ation of CHl at 266 nm is reported as 34.66: 0.922: 16.3 inin ther; value indicates that additional contributions to slow
kcal/mol (66.8:1.8:31.4 in percentile) folEg : <Ein>: heat releasing process other than vibrational to translational
<Ee>.%° Here, €, <Eine> and €2 denote average trans- energy transfer from methyl radical to medium exist even in
lational, internal (vibrational and rotational), and electronicthe lowest CH pressure employed in the present study.
energies partitioned into the photofragments upon photo- Estimatedr,value decreases as the excitation laser power
dissociation, respectively. Therefore, vibrational to translationaincreases. Figure 5 shows the log-log relationship between
energy transfer should be negligible since the vibrational anthe excitation laser energy and the first order relaxation time
rotational energies of the photofragments are only 1.8% ofor the slow process., that is in several tens g§. Note that
the total excess energy.guenching by methyl iodide should log-log slope between excitation laser power and i
not alter the shape of PBD curves at different excitation lasetlose to 1 suggesting that the slow process is a 2nd order
energies since this process involves single radical compaeaction with respect to photofragments. This finding is
nent, [. In addition, T quenching rate constant by methyl consistent with the result observed in Figure 4 where the
iodide is reportedf to be 7.0x 10° storr t which results in  heat released from the slow process depends on the square of
hundreds of microseconds as a relaxation time in thishe excitation laser power. When the laser power is higher
experimental condition. On the contrary,duenching by than ~15Qu/pulse, 17, value deviates from the unit slope as
methyl radicals involves two radical components. Howevershown in Figure 5. At this high radical concentration, Eq. (1)
the estimated relaxation time with the reaction rate constarfhils to fit the PBD transient as mentioned before. Therefore,
2.2x 10° s'%torr 1,2 falls in milliseconds time scale even in in order to investigate the kinetics of the photofragments by
the presence of possible maximum methyl radical concentdsing PBD transients, a new theoretical equation for PBD
ration (~4x 107 torr). Consequently, the contribution from signal describing this 2nd order reaction becomes necessary.
I” quenching by either methyl iodide or methyl radical B. Theoretical calculation of PBD transients for a 2nd
cannot be observed in the time range (up toijQve used order radical reaction. We derived a theoretical PBD
in the present study. transient equation for a 2nd order radical reaction to study
Sincer; value corresponds to the contribution from the methyl radical recombination included in the slow heat
fast translational to translational energy transfer, it is worthreleasing process. In a crossed-beam setup, when a weakly
to compare; value with the energy partitioning, 66.8 : 1.8 : absorbing sample is exposed to a short excitation pulse, the
31.4 in percentile for B> : <E;,s> : <E>, obtained by photo- temperature rise due to a pulsed heat source is descriSed by
fragment translational spectroscdpyAs we mentioned
earlier,r; value decreases as excitation laser power increases. 1(Z t) =ﬁ) dt'_l: dzG(Z.,zt-t")Q(Z.t') (2)
The largest; value observed is 80 + 5% at 0.4 torr LHDN
the contrary, the largest value estimated from PTS result is
97% assuming that the contributions frdfa and other
chemical reactions are negligible. This substantial discrepancy

where Green's functiod is
_ exp[~(z—2)*/(4D(t~1"))]

2./ -1)

G(Z,zt-t") 3)
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The heat source ter@for a 2nd order reaction of a type T - - y

A

kz .
R +R—— R +qis

Q(Z,t) = k,q[N(Z,t")/(N(Z t)2k,t' + D]*.  (4)

Here, g is the heat released per reaction (@, t) is the
concentration of the excited molecules given by,

PBD signal, a.u.

J2aEexpl— 22 %/(wW; + 8D, t)]

Jmhvl JwZ + 8D, t'

Dn is the molecular diffusivityk. is the bimolecular rate
constant defined bydR-J/dt=-2k,[R]% and hv is the
excitation photon energy. By substituting Eq. (5) into (4), the
heat source terr@ for a 2nd order reaction is obtained as

N(Z,t') =

(5)

exp[—22'°/(w} + 8D, t')] 2

G,
./Wé + 8Dt ©)

exp— 22/ (W} + 8D t')]

./W§+ 8Dt

, and = 2nd order rate constant. 0 20 4'0 60 80 100
Time,us

Q(Z,t') = ko0

PBD signal, a.u.

2¢c, kt' +1

(o =
rthvl

The time-dependent probe beam deflectiomr-dtirection
@(z, ) is given by:

wherec, =

Figure 6. Theoretical PBD curves calculated for various 2nd

bimolecular rate constants, (A) and for various probe beam ra

10n oT 1onoT wo (B). ¢; andz values were set to 3:5107 torr-m and 4Qum,

Az = =1 | . 5,9 573, () respectively. The bimolecular rate constakisre 1x 107, 2x 10/,

and 4x 10’ s'orr™ from the left, andv, value is set to 8am (A).

wheren is the refractive index. We calculated the simulatedw, values are 50, 60, 70, §n from the top, ank is set to 3« 10

PBD curves,@(z,9), based on Egs. (2) and (7) by use of astorr™ (B). All curves are normalized for ease of comparisor
numerical integration routine.

In Figure 6, the effects of the 2nd order rate constant an™ i
probe beam radius on PBD transients are depicted. It i
clearly demonstrated in Figure 6(A) that the increase in rat
constantkz, shifts the PBD curve to early time and narrows
the width of the curve. As the apparent probe beam radius 3
Wo, increases the PBD curves broaden without shifting th(f
peak time. As expected from the Eq. (6), the effeat, d$ S
similar to the effect ok, on the shape of the PBD curve (data %
not shown).

C. Methyl radical recombination rate. In order to deter-
mine the rate constant for methyl radical recombination
reaction, we first estimated the contribution from the slow i
heat-releasing process by subtracting the contribution fron
the fast heat-releasing reaction in the experimental PBL L ; P L
transients. Figure 7 shows the subtraction to obtain the PBI 0 20 40 60 80 100 120 140
curve for the slow heat-releasing process. Simulated fas Time, us
processes (dashed lines) were used for the subtraction, a
subtraction factors were obtained by fitting the experimentaF'gure 7. Estimating the PBD transient from the slow
PBD curves with Eq. (1). The slow heat-releasing processe'¢/€2siNg process. PBD curves for the slow heat releasing f

. . - were obtained by subtracting the simulated fast heat rel
at various excitation laser powers that are obtained by thprocess (dashed line) from the experimental PBD ct
subtraction are shown as dots in Figure 8 with calculatesuptraction factors were determined by fitting the experinr
curves in solid lines. It should be noted that the intensity ocurves with Eq. (1).

o
o F
o
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' ' T ' ' cross sectioft The solid lines represent the best fit at given

) experimental conditions. As shown in Figure 8, there is an
outstanding agreement between the experimental and the
theoretical curves. The averaievalue obtained by fitting
was 3.3 (+1.0x 10° sttorr ™.

In Table 1, previously reported values are summarized
for comparisort’ #8451 Most comparable, value is 2.3
(+1.0)x 10° sorr? that is measured by monitoring the
methyl radical absorption in 500 torr argon medium at room
161 temperaturé’ Considering the differences in experimental
techniques, conditions and errors, our resulkngalue is
remarkably similar to the ones reported previously. Our

64 resultingk. value appears to be only slightly larger than the
' L . . k. values in Table 1. This slight discrepancy is expected
0 20 40 60 80 100 since we monitored the time-resolved heat release that is not
Time,ps completely selective for monitoring reactions of methyl
Figure 8. PBD transients for the slow heat releasing processes iradlcals' Althou_gh ,the majo'_"ty of t_he heat C,am? from the
CHsl and Ar mixtures at various excitation laser powers. ThemMethyl recombination reaction, minor contributions from
excitation powers (ind/pulse) are indicated with the curves. The other processes cannot be entirely ruled out. Fast vibrational
solid lines represent the calculated best fit from Eq. (7) byto translational energy transfer from methyl radicals to
assumir)g that the s!ow heat releasing process is the methy! radicg{edium can surely contribute kevalue slightly (less than a
recombination reaction (see text for details). For the calculation, few percent) even at a low methyl radical concentration. The
andz values are set to 1@n and 4Qum, respectivelyc, values are L .
calculated based on Eq. (6) at given excitation powers. Thé;onmbu.t'on. from processes Other than mEth_yl rad'f:al
correspondings (in torr - m) andk (in storr™) values are 2.18 recombination becomes more discernible at high radical
10°, 3.0x 1¢f; 1.51x 10°, 3.3x 10°% 1.10x 10°, 3.0x1(’; and  concentrations. As the radical concentration increases,
4.81x 107, 3.7x 10° from the top, respectively. GHoressure was  experimental PBD curves starts to deviate from the calculat-
1.0 torr and total pressure was adjusted to 500 torr with Ar. ed PBD curves based on methyl radical recombination
reaction (see Figure 8) due to other processes occurring at
the curves does not depend linearly on excitation lasehigher radical concentration. Nevertheless, kinetics of the
energies. This non-linear behavior is typical for the reaction2nd order radical recombination reaction is monitored
involving two radicals, and is consistent with the finding thatsuccessfully by means of probe beam deflection method.
the amount of heat released from the slow process depends
on square of the excitation laser power (see Figure 4). It was Conclusion
also found that the time for the maximum intensity shifted to
an earlier time as the excitation laser power increased. This We have shown that the experimental PBD transients of
shift in maximum position supports that the slow heat-CHsl photodissociated at 266 nm can be explained by
releasing process is methyl radical recombination reactiotranslational to translational energy transfer from photo-
since the same shift is observed with the calculated PBOragments to the medium and methyl radical recombination.
curves for a 2nd order radical reaction. The theoretical PBD equation for a 2nd order bimolecular

In Figure 8, the resulting PBD transients for slow heat-process was derived, and was found to describe the experi-
releasing processes are compared with the theoretical valuesgntal PBD curves successfully. We found that the methyl
@ calculated by use of Eq. (7). For fitting the experimentalradical recombination reaction dominates up tox48™
curves with theoretical ones, we adjusted the rate corkgtant torr radical concentration. At higher radical concentrations,
in Eqg. (7) until the best fit was achiever}. values were additional reactions such asduenching and other radical
calculated for each PBD curve by usimg = f20E0/ reactions began to contribute significantly. Methyl radical
Jmhvl and the experimental parameters used for eachecombination reaction rate constdatwas obtained easily
measurement. 1.2 108 cn? was used for the absorption by fitting the experimental PBD data with theoretical curves.

232

PBD signal, a.u.

120

Table 1. Methyl radical recombination rate constants

. . Temperature Pressure Rate constant
Technique Detection method ®) (torr) (s ttorr™) References
Laser flash photolysis (193 nm) 216.36 nm radical absorption +298 5.4-500, Ar 2.%10° 27
Flash photolysis ~216 nm radical absorption 293+2 100, Ar x 18 48
Flash photolysis 216.4 nm radical absorption 293 200, Ar xA¢ 49
Flash photolysis 150.4 nm radical absorption room temp. 500-700, He x 18%4 51

Laser flash photolysis (266 nm) Probe beam deflection 285 500, Ar 3.3x 10° This work
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By carefully choosing experimental parameters, this PBD24
method can be applied successfully to kinetic study of

various radical reactions in which optical detection is not
feasible. 26
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