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Resonant multiphoton dissociation and mechanism of excitation

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

for ethyl chlorlde

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

Hai-Lung Dai, A.H. Kung,‘and C.'Bradley Moore
Department of Chemisfry, University of'California;‘
and Materlals and Molecular Research D1v151on of

the Lawrence Berkeley Laboratory, Berkeley CA 94720
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Multiphoton dissociation (MPD).of ethy1 chloride was
studied using a tunable 3.3 pu laser to excite CH stretches.
Resonances in MPD yields vs frequency match the poSition and
shape of,peaks in the fundamental, ae‘ﬁarrow as 0.41cm-1, and
first and second overtone absorption speetra. Traneitions
through‘the discrete levels are all.at or nearly resonant. An-

harmonicity is compensated by the‘presence of five CH stretch

modes. The lowest quasicontinuous level is v = 3.



-The.many reéent experimental and fheofeticaltstudies of
coliféionleés multiphoton dissociation by COé,iéserS have
established a good semi-quantitative understahding“of MPD for:
SF6 and similar molecules.l = 5 The excitation df'hydrogen
stretching modes provides éjqualitatively'different situation,
The anharmonicity is muéh largef; thé quantum is a much‘larger
fraction 6f the,dissociation énergy; the modes méyjbe'relatiyeiy
Weak1Y”coup1ed to ibwer frequenéy_vibratidns., Qualifatively
new phendmena in MPD result.

.Typicél MPD spectra recordéd;with CO2 lasers exhibit
widths which are greater than entire fundamental vibration-
rotation bands and red shifts which are comparable to P-branch
half-widths. In the case of.CZH4 for which multiphoton ab-
sorption‘spectra have been recorded at high resoiutidn, the
resonances af MPD intensities were 10 - 20vc‘:m'1 broad, much
broéder thankfof the lineéar abéorption Spectrum.6, A peak 10
em” b wide has been reported for cYciopropane at the 3102 cm™ 1
Qébranch.7 Here we find for the first time sharp resonanCes
in high resolution yield spectra. Since these resonances
match those foundvin.brdinary absorption spectra, the opfimum
selectivity and laser frequehcy_for isotopé.ehrichment aﬁd
chémical pufification may be predicted»ffom‘these spectra.

- In these experiﬁents'MPD'of ethyl chloride, C2H5C1
1

+ C,H, + HC1, is studied. Only seven photons v 2 2900 cm’

are needed to overcome the 58 if2 kca1/mo1egactiVationfenergy.

A Nd:YAG laser pumped LiNbO4 optical parametric 05cillator9



(0PO) provided.the phetOIYSis pulses, With an etalon in tﬁe
0PO cavity the 3.3 u pulse had a FWHM of 0,15  0.03 cm »

and is 10 ns between half pewer boints.' With a 3/4’m‘SPEX
monochromator and a 51mp1e spectrophone cell contalnlng 2
IVtorr CZHSCI the laser frequency was determined relative to
"_,sharp features in the linear absorption'Spectruﬁ to £ 0.1
.jemil.v The'energY'of the laser pulse is monitored continuous-
ly, and the frequeney occasionally, during photolysis. Tﬁe

3.3 u beam is focused by a 5 cm focal 1e_r1g.th.CaF2 lens to a
spot size of 0.6 mm FWHM, Tﬁe.beam diameter is less than

0.9 mm over a distance of 7.5 mm. A 14 mm thick glass eell
‘with parallel NaCl windows attached by Torrseal epoxy is placed
at Breﬁster's angle in the'beam’foeus; For the data shown |
pUlse energies fanged between Ep = 2 7 and 3.5 mJ'. In this
energy range dissociation y1e1d is proportlonal to (E )3 5
At 3.5 mJ the peak intensity in the center of the focus is
120 MW/cmz. The effective phbfoleis volume at the focus is
1.6 x 10-3 chs “Between 3000 and 7200 pulses were used for
each photoly51s - The phot01y51s products are analyzed w1th a.
flame ionization gas chromatograph (Varlan Model 3700) w1th
p1cogram sensitivity. 'Ethylenevis the only hydrocarbon ob-
_served as a product; thue_simpie-HCI elimination is the
only reactlon._,Flame ionization is not'sensitive to HCI.

The relative diséociation;yield Wy(v) is given by the total
~area ‘beneath the gas chromatograph peak normallzed by gas

_fpressure (1. 65 to 1. 72 torr), number of pulses and (E )3 5.



An absolute calibration of the gas chromatograph combined

“with theieffective focal volume estimate giVes an approximate
absolute yield scale.

| MPD occurs throughout the entire spectral range for the
five Cé;rH stretching fundamentals,vFig. 1.. The diesociafion.v
' yie1d spectfﬁm.follows approkimately the same shape és-the
_ordlnary 11near absorption spectrum AOl(v) The relative

ylelds are somewhat enhanced at longer wavelengths. The peak"
yields near 2944 and 2977 cm -1 are about 2%. The band center
frequency~and_bend shape of the sharp peak in Wd at 2943.8

em” L mateh_those of the fundamental Q-brehch almost exactly; The
Wd peak near 2913 cm%ldoes not correspond to a peakvof AOl(v).
However, it coincides with hélf thevfrequency_of a strong,'sharp Q-
branch in the first overtone SpeetrUm;e When W, is dividedeﬁy Aoi(v),
a good correlation with the.overtone speétrum is found{ Fig. 2.
Finaliy; far in the»red end of the spectrum where the yield

is low, Wd/A01'shows a broader resonance, Fig. 3, which
vCOrrespends towonefthird the frequency of the strong resonénce

in- the second overtone speCtrum. We believe.that»the_struetured
MPD spectra observed here .arise in a natural ﬁéy from excita-
.tion’of higher frequency fuhdamentais aﬁd from the;spectralf
propertles of C2H5C1

| | Ethyl chloride is hearly a brolate symmetric top (k

= 0.904)'withV18.non-degenerate vibrational~modes.;0 The
S.C-—-H medee_provide?the dominant'c6Upling“between the
-radiation:fieid_and the mqiecule...The'fundamental absorp-

~tion spectrUm iﬁ;Fig. 1‘givesvthe.necessary-infdrmationvfor the



Vog = 0 1 transition. Each vibrational band contains 9,

6| and 3, iines.fof most populated rotational states.
~ The absorption cross section averégéd over the 200 cm'l,CHv

20

stretching region-is 6 x 10 cmZ;  In_this range each ro-

tational state has about 5 x 9 = 45 lines with an average
effective cross section when coincident with the laser of
20 2 -18 2

[6 x 10 “° cm® x 200 cm—l]/(45 Avlaser] =1 x 10 cm”.

P- and RFbranches of strong parallel bands may have cross

-17 _2

sections up to 10 cm®. while Q—branches11 are about

one order of magnitudé weaker. Thefe are 15 overtone and
combination levels, Ver = 2. The overtone specfrum in Fig. 2
~gives the positions of some levels, but does not show the more
harmonic higher frequency levels and does not indicate re-
lative intensities of fhe Vey = 1 > 2 spectra. All VCH‘
=12 transitiohs ar¢ symmetry allowed. 'For non-interacting
harmonic oscillators only 5 transitions are allowed,!éddition
-0of one quantum in one mode. Mixing of the C—H modes would
spread.the_vCH =1 +v2 oscillatof'strength among transitions
to one or more of the reméining fifteen levels. - The 35 Vel

= 3 levels are strongly mixed with each other and with the
‘low'ffequency modes by anharmonic and Coriolis coupling (see
below).12 The absorptiOn spectrum of a molecule'in»ény of
' 1

the VCH-= 2 states should exhibit smooth broad.&ens Qf.cm-}

spectral features throughout the CH'stretéhing region.

)

Sharp Q-branches. and other rotational structure in the linear

- absorption spectrum,of v = 1 have widths limited by the



1

- 0.06 cm™ 1 FTIR resolution. This indicates that mixing of the

."Can—H.str¢tch¢s Qith chervvibratiqns is limitéd to interaction
i with a few discrete‘overﬁones, e.g. band near 2904 cm'l.l,O
'The_widths-of Q-branchesbfor_vcH = 2 and 3 are much greatef

~ than expected from changes in rotational constants.with
’  Vibratibnal'quantum number and inditéte a Substantial.bfoadening
of the C—H ievels by mixing with the 13 lower fieqUency

modes . The.total vibrational level &ensities near 6000 and _

“1.13 Thus any frequen-

9000 em™ b arevgbout'70 and 1300 per-cm
‘cy within a Vel = 1 > 2 or Ve T 2 » 3 Q-branch will re-
 sonant1y_excite»molecules from*lbwef to upper vibrational

: 1eve1_for,almoStany rdtational'stéte...ln sﬁmmary, for C2H5C1
the iévels‘VCH =0,.1 andbz are disérete or nearly discrete
.1eVels, and VCHv=.3 is the onset of the quasicontinuum.

‘ "For'dissociatipn to occur the moleéule must absorb two
ﬂphotbns at or near résonance to reach-VCH'=_2. Then sequential
absorption of 5 or more photons must excite the molecule to

the continuum. 'Dissociation'must_fhen occur before collisions
“can remove excitation energy. The 10 ns pulsevis.short
compared to the 80 ns between gas kinetic collisions. The

Q-branch shape of the fundamental speétrum]at 2943.8 cm'lv_
ié'reproduced'within'the combined laser width, 0.15 1'0.03>cm_1;

plus power broadening width, < 0.1fcmf1, Other spectral fine

-structure, Such as the peak and'vélley near 2977 ’c:m-’1 aré

likewise reproduced. " Thus only molecules in rotational

~states with.a vy = 0 + 1 transition in near resonance with



the laser are excited. Those transitions which are resonant
.are strongly saturated. At the center 6f the Q-brénch the'
laser éhOuld eXcite approXimately 1/4 0£ thé molecules tb
Ve
be suffiéiently resonant with 1 + 2 transitions of molecules

= 1, For excitation to Ve = 2 to occur the laser must
in the rotational states which have.been excited to Vcﬁ»* 1.
Since the anharmonicity of C—H 1eveis‘is larger than

- vibration rotation band widths, the ﬁSuaI compensation me-
chanisms2 -4 canhbt operate. The second phofbn may excite
a higher'frequencyvC——-H mode than the first, é.g.,.the
R—brahch'excitation near 2956 cm_1 in Fig. 1. The fraétionv
' of Vel =;1vm61ecu1es which will reach v = 2 depends

strOngly on the mixing of_VCH =.2 levels among-themseives and
with other modes. The Q-branch at 5826 c_m;1 in the O +;ZAab-
vsorptioh specfrﬁm guarantees that all molecules which_are
excited,o +> l.at 5826/2 cm-1 are résonant for 1 » 2. The
importance Qf resonance on the'1.+ 2 transition is clearly:
demoﬁstratedvby the‘strgng enhancement in Wy at 2913 cmfl.

The 4ﬁcm-1 breadth in the overtone épectrum of Fig. 2 suggests
that v = 2 is broadened by that-amount. Thus with parailel

band R-branch widths of ~ 13 cm—1 a large fraction of all

. ( . S . . -1
rotational states would be in resonance within the ~ 4 c¢cm

width. .The v, = 3 levelé‘do not present a perfectly flat .

CH
| continuous absorption,thrqughout the CH range. = The three
points at the right in Fig. 2 and the modest broad resonance

in Fig. 3(b) indicate the importahce of this structure in



thevfirst'level of the "quasicontinuum;V,.NQnetheless*all
‘mpleeuiee which reach vCH = 2 shdﬁld'exhibit‘Sigpificant,cfoss
seCtions'for_eQCitation’to'VCH = 3, . | | |

The most interesting new feature exﬁerimentally and for
practical épplicafion is the occurrénceof'shafpgpeaks in MPD ]
yield‘(Wa and Wd/AOI)'at frequenéiesvgiveh_by ordinary abeofp—_
tion spectra. The MPD mechanism deduced from the experiﬁents
is a modification of the estaBlished model for SF'62 for the
different spectral and structural properties of C2H5C1‘ .An-
'harmohiqity is compensated By'inVOlving several G—H modes
of different ffequencies rather‘than by the splitting of
‘degenerate modes to give .a spread of frequencies. Study.of
'moieCules'with,fewer.C——QH modes»sheuld'define limits-to the
class of molecules for which‘this compensation mechanism 1is
useful.

Thevabeorption ‘and yield spectfé_preseﬁted are‘e'direct
experimentalvstUdy of transitions among the discrete le?els
and from the discrete levels to.the'qﬁasicentinuum._ A more
~complete knowledge of the level str;cture‘and mode'mixing
for Ven = 2 will permit a thorough quantitative test of the
entire model. - ' | |
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Figure 1. Relati?e dis§QciatiQﬁ yield, Wys and linear
absorption spectrﬁm, Agq (Niéolet 7199 FTIR with 1 cﬁnl_re;
- solution Vs 'frequency; .A11 points”(.) were measured at the |
peaks of absorption:lines;'.Two,pointé'(v) wefe taken in |
valleys. A shéfp résohancé”(o) is shown enlarged with an

absorption spectrum at 0.2_4‘c'm'1

2977 em™?

resolution. Two points near

show sharp structure in a P-branch.

Figure 2. Relative dissociation yield, Wd(v/Z),'diVided
by the absorbance, AOl(v/Z) at 0.24 cmfl‘resolution, frbm-( )
in”Fig. 1. The first overtone absorptioh spectrum, Aoz(v),

is also plotted at‘lzcm—l'resolution-(FTIR).

‘Figure 3. '(a) Relative disébciatiOn'yield‘Wd(v/S) and
secoﬁd overtone spectrum'Aos(v) (2.5vcm'1 resolution, Carey
17). AOl(v/S) RN and‘Abz(Zv/B) -~--.are also shown.

(b) Wd/Adl(v/3) and the second overtone spectrum. Th§ mono -
tonic decrease of Wd in (é) becomes a broad resonance matching

“the second overtone spectrum when normalized.
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