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Tunneling chemical reactions between deuterated methyl radicals and the hydrogen molecule in a
parahydrogen crystal have been studied by Fourier transform infrared spectroscopy. The tunneling
rates of the reactions-RH,— RH+H (R=CD3,CD,H,CDH,) in the vibrational ground state were
determined directly from the temporal change in the intensity of the rovibrational absorption bands
of the reactants and products in each reaction in solid parahydrogen observed at 5 K. The tunneling
rate of each reaction was found to differ definitely depending upon the degree of deuteration in the
methyl radicals. The tunneling rates were determined to b B03° s™1, 2.0x10 ° s %, and
1.0x10 ° s~ for the systems of Cp, CD,H, and CDH, respectively. Conversely, the tunneling
reaction between a GHadical and the hydrogen molecule did not proceed within a week’s time.
The upper limit of the tunneling rate of the reaction of the ;Ciddical was estimated to be
8x10 %8s 1. © 2004 American Institute of Physic§DOI: 10.1063/1.1642582

I. INTRODUCTION covering all isotopomeric radicals GDCD,H, CDH,, and
CH5. The aim of the present study is to shed more light on

The tunneling effect becomes important in chemical re->" 3 " ™~ , ;
actions at low temperature because of the suppression 6tpe intrinsic nature of the reactions promoted by tunneling.

thermally activated reaction processes. Such a situation ilg_”ofr_der to prpwlde a genera_l backgriund to our study, we
expected to be realized in interstellar clouds, for exan"1p|e.WI gSt_ reca;]pnu ate é)ur %rewoui worb. dvi i
However, the determination of bimolecular rate constants for. uring the past decade we have been studying rovibra-

cryogenic reactions is not easy because most systems a{'l]gnal spectlra (I)'f moflecules e_mkk))edr(]j id 'r? Squf-lz. which
immobilized by condensation at low temperatures. as several salient features in both high resolution spectro-

. . . . —23 . .
Compared with this difficulty inherent in bimolecular re- scopic andn-situ photolytic studies™*The p-H, matrix is

actions, unimolecular reactions involving intramolecular tun-Cap""bIe of providing not only high resolution spectroscopic

neling processes are relatively easy to study in Cryogemgﬁormatmn regarding embedded molecules but also subtle

termolecular interaction between trapped molecules and
crystals. For example, a long-range hydrogen transfer by turl" i 13.15-18.21. -
neling in a radiation damaged dimethylglyoxime crystal wasthe matrix hydr_oge_n molecui‘é_. “The feasibility
studied by electron spin resonan@&SsR spectroscopd.Hy- of the study ofln_-5|tu photolysis stems from the fact that
drogen atom exchange by tunneling in a maIonaldehydénOleCUIG"S in solidp-H, happen to be free from the cage

crystal was also studied using microwave spectroséopy.eﬁeCt’ which allows us to study photolytically produced

More recently, acis—trans isomerization of formic acid in fragmemglleé(_:?e as radicals originating from the parent
rare gas matrices was studied in connection with the matrix

molecule?
effect on the tunneling process in the isomerizafion. In a previous paper we have observed Fourier transform
As for bimolecular reactions, the reaction ¢H

infrared (FTIR) spectra of the CPradical trapped in solid
+CH3;0OH— CH,+ CH,OH was studied extensively using p-Hy

crystal’ The decrease in the absorption intensity of
ESR spectroscopif Another example of the bimolecular re- CD; and the increase in the intensity of glDwere observed
action by tunneling was reported between hydrogen atom

Qver a span of about one week at 5 K. As a result of that
and molecule$® We ourselves have been studying the reac-StUdy' it was found that Cpreqcts with surrounding hydro-
tion between methyl radicals and the parahydrogen molecul@&" molecules through tunneling as follows:

Lnreig‘y:l)?rahydrogen crystalp¢H,) at cryogenic temperat- CD3+ Hys CDH+ H.
In the present work we extend our previous studies bySince the activation energy of the above reaction has been
estimated to be 11-14 kcal/mok6500—7000 K)272 the

dpresent address: Institut fuer Experimentalphysik, Fachbereich Physil%,)CCL”'r_ence of the above_ reactlon&_K must be ascr_lbed
Freie Universitaet Berlin, Arnimallee 14, D-14195 Berlin, Germany. exclusively to pure tunneling. Assuming that the reaction can
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be expressed by a pseudo first-order rate law, the tunneling
rate constant was determined to be (4®5)x10°% s71.°

In the same experiment no appreciable spectral change w#®)
observed for the Ck{p-H, system under the same condi-
tions. This difference between the two systems was ex-
plained in terms of the enthalpic difference including the
zero-point energies of the reactants and products. The reac-
tion between the methyl radical and hydrogen molecule is
nearly thermoneutral since the zero-point dissociation ener-
gies of H, (Dy=4.4781eV¥® and CH, (D,=4.406 eV)°

are very close. Consequently, the small difference in zero-
point vibrational energies between the £Pp-H, and
CH,;/p-H, reaction systems would cause the drastic changé3)
in the tunneling rate.

In the present work we have improved the spectroscopic
resolution from 0.25cm' for the previous work to
0.1-0.01 cm® and compared all the four isotopomeric sys-
tems. As a result, a systematic difference in the rate constant
of the tunneling reaction was revealed. In order to find fur-
ther clues for the quantum level dependence of the tunneling
reaction, a preliminary test on the effect of the monitoring IR
beam on the reaction rate was also attempted.

Il. EXPERIMENT

Solid parahydrogen used as the matrix was prepared by
the same technique described in our previous patférhe
methyl radicals, CH, CDH,, CD,H, and CDLO, were
produced throughin-situ photolysis of the corresponding
methyl iodides CHI, CDH,l (>98 atom%D), CDHI
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this mode of measurement. The results of the measure-
ment are listed in the second row of Tables Il and IlI.

To test the suspicion mentioned in the measuren®nt
above, spectral recording was carried out with several IR
filters inserted between the light sources and the sample.
Depending upon the spectral bands of our interest, sev-
eral filters were selected as summarized in the third,
fourth, and fifth rows of Tables Il and Ill. To be more
specific, IR filters passing either ranges of
785-1390 cm® or 2170-3905 cm' were used for
CDsl, a filter of 2170—3905 cm! for CD,HI, and a
filter of 1330—2240 cm? for CDH,l, respectively.

To further test the possible effect of exposing the sample
to the monitoring beam, the measurement 3 was also
made, where the light sources were turned off except for
the period of spectral scanning which took about 1 or 2
hours for both the mid-IRwith a glowbar sourceand

the near-IRwith a tungsten lamjp During the remaining

22 to 23 hours of the day, the sample was kept in com-
plete darkness. This measurement regime was repeated
every day for about one week. Since the effect of this
turning off the light sources turned out to be negligible,
the measuremer{8) was made only for the C{lY p-H,
system as shown in the last row of Tables Il and IIl.

The temperature of the crystal was maintained at 5

+0.1 K throughout the duration of the experiment.

llI. RESULTS AND DISCUSSION

(>98 atom%D), and CR (>99 atom %D), which were A, Observed spectra

premixed with thep-H, gas containing less than 0.05% of
orthohydrogert® The admixture was introduced into a cop-
per optical cell kept at about 8.2 K to grow a transparent
mixed crystal. The size of the optical cell was 3.0 cm in

Figures 1-4 show the results of the systems of

CDsl/p-H,, CDyHI/p-H,, CDH,l/p-H,, and CHl/p-H,
recorded using the measureméhk stated in Sec. Il.

In these figures trac@) shows spectra as deposited at 5

length and 1.7 cm in diameter. Baias used for the win- d< trace(ll) after a four-hour UV irradiation, and trad#l)

dows of the optical cell and the cryostat. A low pressure 2 the same as trac@l) after one week. In each figure spectra
W Hg lamp emitting both 253.7 nm and 184.9 nm photons s S week. lgure Sp

was employed for photolysis of the iodides. A 4-hour Iongdue to methane (CfH,CD;H,,CDH;,CH,) are shown at

UV irradiation gave sufficient concentrations of the methylthe bottom for the convenience of comparison with the spec-
radicals. tra of products seen ifll) and(lll). The symbols I, R, and M

A Bruker IFS 120HR FTIR spectrometer was usedstand for methyl iodide, methyl radical, and methane, respec-

throughout the experiment. To cover both the mid-IR andtively' The observed_frequencies of_the vibrational funda-
near-IR spectral regions two types of the light sources werEnental band§ of 'the lodides, the rgdlcals, and the methar!es
employed: for the mid-IR regior(10-2 um) a glowbar '€ summarized in Table | along with the values observed in

32 ; e

source was used, while for the near-IR regi@+1 um) a the gas p?fgé or the values ob_talned by aal-initio

tungsten lamp was used. A KBr beam splitter and a quuidEalculatlon. In the table, frequencies at the center of the

nitrogen cooled HgCATEMCT) detector were used in com- and are adopted as the frequency of the band origin in solid

mon to the measurements of the two spectral regions p-H,. The details of the results of each system is discussed
After the UV irradiation, the following three different below.

measurements were performed in order to examine any pos-

sible effect of the light source on the samples: 1. CDsf

: : . Trace (I) of Fig. 1 shows thev, and v, fundamental
1) The IR t d with tical filter be- .
(1) The IR spectra were measured with no optical filter be nds of CQ)I peaking at 947 and 2298 cm. These are

tween the light sources and the sample. Since the sam .
9 P pc ose to the reference values in the gas pfiageace (1)

was exposed for a long period to the monitoring IR beam
covering a range of 700 ¢, which was a limit of shows the spectra due to the perdeuterated methyl raéigal

transmission of the BgFwindows, through 7500 ci, and the residual iodide,
a limit of the KBr beam splitter, it was suspected that the
light sources might have some effect on the sample in

253.7 nm+-184.9 nm

CD;l CDs+1. (1)

_
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FIG. 1. Infrared absorption spectra of glDn solid p-H,. (I) As deposited at 5 K(ll) Same agl) after a 240 min UV irradiation(lll) Same agll) after
one week. The spectra at the bottom is €0n solid p-H, at 4.8 K. The symbols, I, R, and M stand for the methyl iodide ¢}Dmethyl radical (CR),
and methane (C§MH), respectively. Spectrd)—(lll) are displayed in the same scale.

The v; and v, bands of CQ) were observed at 2379 cth  reaction® (cf. bottom of Fig. 2:
and 1034 cm? respectively. Contrary to the previous paper

where thev; band of CQ was heavily overlapped with the 184.9 nm
absorption band of CQ the spectrum in tracél) of Fig. 1 CD;—— CD,+D,
shows an uncontaminated, band of C} because the re- (2

sidual air in the spectrometer was evacuated in the present CD,+H,— CD,H,.

experiment. Structures of the; and v, bands are attributed

to the molecular rotation and to the crystal field splitting asTrace (Il ) of Fig. 1 recorded after one week demonstrates

in the case of the previous wotk3* sharp peaks at 2990, 2248, 1035, and 1002%nall of
Although almost unrecognizable in tradé) of Fig. 1, a  them being attributable to Gl as is supported by the nice

very weak absorption due to GH, was observed at matching with the authentic spectrum shown at the bottom of

2973 cm L. This methane was produced via the following Fig. 1.

\‘________J“\// /_,aw\ _))\ (1) before

e e S e

‘LLU___J..LI._ M N CD,Hy

3100 3050 3000 2300 2250 2200 2180 1050 1030 vem

FIG. 2. Infrared absorption spectra of gfll in solid p-H,. (1) As deposited at 5 K(lI) Same agl) after a 240 min UV irradiation(lll) Same agll) after
one week. The spectra at the bottom is,EDin solid p-H, at 4.8 K. The symbols, I, R, and M stand for the methyl iodide §BD, methyl radical (CQH),
and methane (CfM,), respectively. Spectrd)—(lll ) are displayed in the same scale.
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FIG. 3. Infrared absorption spectra of CBIHn solid p-H,. (1) As deposited at 5 K(ll) Same agl) after a 240 min UV irradiation(lll) Same agll) after
one week. The spectra at the bottom is GDhisolid p-H, at 4.8 K. The symbols, |, R, and M stand for the methyl iodide (GDPHmethyl radical (CDH),
and methane (CD4J, respectively. Spectrd)—(lll) are displayed in the same scale.

2. CD,HI about 3010, 2973, 2265, 2231, and 1031 énare associ-

The 3027 cmi® band in tracdl) of Fig. 2 assigned to the ated withve, vy, v4+vg, vg, andv, of CD;H,, respec-
v, absorption of CBHI/p-H, is in good agreement with the tively.
gas phase spectruth.The absorption bands around 3121,
2228, and 1035 cmt in trace(ll) are close to those of the
CD,H radical observed in the gas phase. They also compar%‘ CDH,!
favorably with the results of thab initio calculation for the In trace(l) of Fig. 3 thev,, v,, andvs bands of CDHI
radicaf® and can be assigned to the, v5, andv; bands of  are observed at 2997, 2237, and 1402 ¢rwhich are close
CD,H, respectively. Comparison of tra¢él ) with the spec-  to those in the gas phad&The bands at around 3071, 2285,
trum at the bottom of Fig. 2 clearly indicates that the peaks aaind 1393 cm? in trace(ll) can be assigned to the;, v,,

h |
(1) before L
R

(1) after U

Q’L M (Ill) a week
e . sk

3200 3150 3100 3050 3000 2950 1400 1350 1300 1250 J/iem™!

FIG. 4. Infrared absorption spectra of glHn solid p-H,. (1) As deposited at 5 K(Il) Same agl) after 240 min UV irradiation(lll ) Same agll) after one
week. The spectra at the bottom is £l solid p-H, at 4.8 K. The symbols, I, R, and M stand for the methyl iodide ¢fHmethyl radical (CH), and
methane (CH)), respectively. Spectrd)—(lll) are displayed in the same scale.
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TABLE I. The observed and calculated wave numbers of the vibrational absorption bands of deuterated methyl iodides, methyl radicals, and saditianes in

p-H,. The units are in cm®. Labels in the parentheses represent the character of the vibrational modes.

CHl CD;l CDH,l CD,HI

(Ca) p-H, gas p-Ha gas (CY p-H, gas p-H, gas
vy (ag) 2979 2970 2151 2155 vy (a') 2237 2241 2189 2194
v, (ay) 1249 1252 947 951 v, (a") 1171 1172 1016 1018
vy (a5) 533 501 vy (a') 518 508
vy (€) 3059 3060 2298 2298 vy (@) 2997 3002 3027 3030
vs () 1433 1436 1047 1049 vs (a') 1402 1415 1170 1170
v (€) 886 882 656 s (a') 710 754

v, (a") 3055 3057 2341 2336

vg (") 1234 1240 1280 1287

vy (") 866 862 659
CH, CD, CDH, CD,H

(D3p) p-H, gas calc’ p-H, gas calc’ (Cyy) p-H, calc’ p-H, calc’®
vy (a7) 3004 2925 2158 2070 vy (a1) 2985 3121 3035
v, (a) 606 620 458 460 v, (ay) 2285 2210 2135
vy (€) 3171 3161 3080 2379 2381 2300 w3 (ay) 1393 1365 1035 1015
v, (€) 1402 (13964 1370 1034 (1029¢ 1015 v, (by) 570 520

vs (by) 3071 3080 2228 2295
ve (by) 1179 1145 1281 1255
CH, CDzH CDH, CD,H,

(Ta) p-H, gas (Csy) p-H; gas p-Hz gas (Ca) p-H, gas
vy (a7) 2917 vy (a7) 2990 2993 2972 2973 vy (a7) 2973 2976
v, (€) 1534 v, (ay) 2140 2142 2198 2200 v, (a,) 2202
v3 () 3017.3 3019 v3 (a) 1002 1003 1304 1300 v3 (a) 1436
v, (f5) 1303.6 1306 v, (€) 2248 2263 3015 3017 v, (a) 1031 1033

vs (€) 1290 1291 1472 1471 vs (ay) 1329
v (€) 1035 1036 1155 1155 v (by) 3010 3013
v7 (by) 1090 1090
vg (D) 2231 2234
vg (by) 1234 1234

®Reference 31.
PReference 32.
‘Reference 33.
dNe matrix measurement.

and v3 bands of the CDH radical, respectively, from the B. Spectral change

comparison with the calculatioii.Reference to the spectrum A common feature throughout Figs. 1-3 is that the ab-

at the bottom of Fig. 3 supports the assignment of the bandsorption of the radicals observed in trade diminished, to

at about 3015, 2198, and 1304 chin trace(lll) to thev,,  be replaced by the absorption of the appropriate methane,

v,, andvs bands of CDH, respectively. shown in tracglll). From this result the following reaction
scheme is immediately derived in accordance with our pre-
vious study’

4. CHj k

R+H,—RH+H

Figure 4 for the prototypical system is shown for the 3

sake of the completeness of all the isotopomeric systems. (R=CD;, CDH, CDHy). ©

The result in Fig. 4 is in complete agreement with the resulin sharp contrast to Figs. 1-3, the pure isotope system shown

of our previous work:?® In brief, the conversion from the in Fig. 4 showed almost no measurable change in one week.

CHj; radical (R) to methangM) was almost negligible dur- This result indicates that the tunneling reaction betweeg CH

ing the one week standiri@f. (Il) and(Ill) in Fig. 4]. The radical and parahydrogen does not occur or is too slow to

decrease in the intensity of R was counterbalanced by thdetect by our experiment,

increase in the intensity of the methyl iodide. This result

suggests that only some of the radicals recombined with the

geminately produced iodine atom. Details of the recombina-

tion are also discussed below.

CHz+H,+ CH,+H. (4)

Figures 5 and 6 demonstrate the temporal change in the
intensity of the absorption band of various methyl radicals
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FIG. 5. The temporal change of GBnd COyH in solid p-H, at 5 K after ~ FIG. 6. The temporal changes of @ and CQH, (the upper two panels

UV irradiation. Upper left, the sample was exposed to the monitoring IRand the changes of CDHand CDH, (the lower two panels Upper left, the
beam throughout the experiment with no IR filter being inserted. Lower left,SaMple was exposed to the monitoring IR beam throughout the experiment
same as above with a filter passing 785—1390 EnUpper right, same as with no filters being inserted. Upper right, same as the left except that a filter
the lower left except that a filter passing 21703905 Emas used. Lower ~ Passing 2170—3905 cm was used. Lower left, the sample was exposed to
right, same as the upper left, but during the idle period of the optical meathe monitoring IR beam throughout the experiment with no IR filters being
surement the light source was turned off. inserted. Lower right, same as the left except that a filter passing

1330-2240 cm? was used.

and the corresponding methanes produced by the irradiatiohias adopted for later discussion. However, the result of both
of CD,l, CD,HI, and CDHl systems. The changes obtained methods is explained herein. In the first analysis it was as-
using different filters or the masureme) stated in Sec. II sumed that the temporal changes of the radicals and the
are compared in Figs. 5 and 6 for later discussion. Probablinethanes were entirely due to the reactions in(8g.In this
because the baseline determination was not very reliable ovgase the sum of the numbers of disappearing radicals and
ing to the long-term fluctuation of the background signal, theappearing methanes should remain constant as expressed in
absorption intensities obtained by the direct integration ofEQ. (5), wherelg andly, represent the integrated intensities
the observed band turned out to deviate quite significantly. I@nd Ag and Ay, stand for the absorption coefficients of the
order to reduce the deviation, the absorption intensity wagadicals and methanes, respectively,
obtained by assuming a Lorentzian line shape to which the
recorded spectral bands were least-squares fitted. In each
panel the upper half shows the temporal changes of the me-
thyl radicals and the counterpart methanes in arbitrary unitsThe unknown parametersg and Ay, were determined by
the latter change being multiplied by an arbitrary constant sdéeast-squares fitting. The result of the fittings, however, to-
as to make the decay of the radicals and the increase of thally disproved the constancy of the above equation over the
methanes look as if they were mirror images. entire time of all observations.

In order to interpret the results shown in the upper part  As a succeeding trial, it was presumed that some of the
of each panel of Figs. 5 and 6 we have attempted the followradicals were formed and decayed independently of the
ing two analyses. Eventually, the second method of analysisounterbalancing reactiof3). This presumption is based on

Ry M const. (5)
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TABLE II. First-order rate constants for the rapidly decaying component of — 4 | atom
the CD;, CD,H, and CDH radicals. The numbers in the table represent the
first-order rate constank] in units of 10 ® s™. The decay corresponds to

the area shown in gray exceeding the broken horizontal lines in Fig. 5.
Because the temporal change of this component was rapid and weak the
precision of the rate constants in Table Il is inferior to that in Table Ill. The
second through sixth rows correspond to the three sets of conditions used in
the experimentssee text in Sec. )l -

CD;, CD,H CDH, .

No IR filter 18+11 16+ 20 15+12

Filter (2170—3905 cm?) 49+26 21+41 -
Filter (1330—2240 cm?) 17+57

Filter (785—1390 cm?) 66+ 25

Dark 3021

the graphical features seen in the lower part of each panel]
which show the summation of the intensities of the methanes
in black area and the radicals in gray. It is seen that the level
of the summation becomes quickly horizontalithin less
than 2<10° s) as shown in broken lines and that in the early _|
stage a rapidly decaying component of the radical exists. It
was found that the rapidly decaying component roughly fits
an exponential curve, for which the exponents are summa-_|
rized in Table Il. The variance of the exponents is admittedly 1 ' I ' I ' I " tls
large. All we can say is that a small fraction of the methyl  © 2 4 6
radicals is subjected to a fast decay process, perhaps a re-
combination with the counterpart iodine atom produced fromgig. 7. The temporal changes of the absorption of | atom (7638 mand
the parent iodide through photolysis. CD;,l (947.3 cnmiY) in solid p-H,. The solid lines represent least-squares
The fact that a horizontal line is attained by subtractingﬁmng of thg observeq relative _intensities to a single exponential function.
the above rapidly decaying component suggests that the mal'® determined rate is shown in each panel.
jor component of the radical is associated with the reaction

(3), which requires that the sum of the radical and the meththe geminately produced radicals and iodine atoms close to

ane produced therefrom remains constant over the entirgach other and were subjected to the following recombina-
time of all observations. In the next section this major reactjgn:

tion (3) will be discussed after the examination of the gemi-

nate recombination between the radical and the iodine atom. RtI—RI

(R: CD3, CDZH, CDH2, CH3) (6)
C. Reaction rate While there is no information on the distance between
1. Recombination between methyl! radical the reacting partners in the reacti®®), they may well be
and iodine atom close enough to recombine at the low temperature of 5 K.

In order to substantiate the assumption of the additionaf N radicals far apart from the iodine atom are considered to
reaction of the radical with the counterpart iodine atom weP® Subjected to the tunneling reaction with the surrounding
have surveyed the near infrared region of the photdyze@ydrogen molecules, which will be discussed in the next sec-
sample. In that region the magnetic dipole allowed transitiorf'o"-
of the iodine atom?P 4, 2Pg,, is known to exhibit a char-
acteristic peak at 7638 cm.?® The peak was detected easily 2- Reaction between methyl radical
and showed a temporal change, as illustrated for thgl CD &1d surrounding hydrogen
system in the upper panel of Fig. 7. Concomitantly, one of  As repeatedly stated, one of the salient features of the
the absorption lines of CJp observed at 947.3 cnt in- p-H, matrix is that it allowsn-situ photolysis because of the
creased as shown in the lower panel of Fig. 7. The rates afegligibly small cage effect>® In the present systems too
the decay and the increase was found to be in agreement withe major process must be the photolytic separation of the
each other within their standard deviations. Similar comparapair of the radicals and the counterpart iodine atom. The
tive measurements were done for all the iodide systems witsubsequent major process is obviously the tunneling reaction
no IR filter being set in between the sample and the monibetween the radicals and the surrounding hydrogen mol-
toring IR beam. The observed decay rate of the iodine atonecules in the reactiofB).
1.0-1.1x10 ° s~ ! was found to be comparable with the Although the reaction{3) is a bimolecular reaction, the
rate of the rapid decay of the radicals as listed in Table Ilreaction in the present system should be treated as those of a
These results suggest that some of the photolyzed iodides lafhimolecular reaction, because the reaction rate in the
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TABLE IlI. First-order rate constants for the increase in the intensity of the As for the CDyl system, we also tried to see any possible
three methanes shown graphically in Figs. 5 and 6. The numbers in the tab@ﬁect of the week—long IR beam which might affect the re-

represent the first-order rate constaky {n units of 10 ¢ s™*. The second ti th h th itati fth fi to their vib
through sixth rows correspond to the three sets of conditions used in thgction throug € eéxcrtation 0 € reactions 1o their vibra-

experimentgsee text in Sec. ) tional excited states by using different filters or the measure-
ment(3) stated in Sec. Il. Temporal changes of the intensity
CD;  CDH CDH, of CD; and CQH are drawn in Fig. 5 for different condi-

No IR filter 3.245) 1.3473) 0.974) tions used in the experiments. It turned out that the effects of
Filter (2170-3905 cm') 3.473) 2.002) the IR light source on the rate constant of QRere roughly
Filter (1330—2240 cm’) 0.954) within 10% as is seen in Table Il
Filter (785—1390 cm?) 3.464)
Dark 3.01)

D. Discussion

First, we discuss the effect of the monitoring IR beam of
the spectrometer on the reaction rate. A disadvantage of us-
Hing an FTIR spectrometer for the observation of the tunnel-

all the radicals were surrounded by 12 tolecules with the ing reaction is that the sample is exposed to the light source

equal distance of- 3.8 A at all times. Therefore, the number of the spectrometer during scans. Since the tunneling rate

of methanes at timé, that iSNyemankt), must be described must. depend on the quantum _number of thg vibration—
by the following equation, wherll, .q.{>) stands for the rotation states of reactants, excitation by the light source,
number at an infinitely long period: although very weak, may change the overall reaction rate.

Fortunately, as shown in Table lll, the effect of the light
Nmethankt) = Nmethané®)[ 1 —exp( —Kkt)]. (7) source on the rate of the Gzand CDH systems was found
, . to be negligibly small. Thus, the average of the rates shown
It could be said that the concentration dependence of Hin Tapie 111 can be considered to be the tunneling rate con-
molecules on the rate of the standard bimolecular reactio@iant of the ground vibrational state of g@nd CDH,
(3) is renormalized in the “pseudo”-first-order rate ConStantnamely, (3.20.3)x10°° s ¢ for the system of CP and
k in Eq. (7). However, the crucial difference between stan-(o‘%t 0.05)x 10~% s for the system of CDH.. Note that
dard “gas phase” bimolecular reactions and the reaction in, o tunneling rate of CPdetermined here (3:310 % s°%)
the present system is that the interaction time between the gjightly smaller than that we determined in the previous
radical and .Ij fpr.the reaction Is infinitely Ipng in the present paper (4.% 10 s71).° The reason for the difference was
system, while it is very short in standafdigh-temperatule  yhat the rate we determined in the previous paper was actu-
gas phase reactions. The longer interaction time is characteé"y the convolution of the tunneling process and the fast
istic of reactions at very low temperatur&sThe first-order decay process due to the geminate recombination in the re-
rate constantk d'eterm?ned by the least-squares fitting of theaction (6) that we could not resolve in the previous work.
increase of the intensity of methane to Ed). for each sys- On the other hand, a significant increase in the tunneling
tem are listed in Table II. o rate of COH was observed when the IR beam was filtered
The rate constank can be determined independently , except for the region of 2170—3905 tinas shown in
from the slowly decaying components of the radical. Therapie 11 The increase of the tunneling rate of &Dwith

decay of the number of the radical at time that IS yhe |R filter may indicate that the tunneling rate of the back-
N, adicalt), should be described by the following equation: ward reaction

present system does not depend on the concentration ;of

Nradical t) = Nradical 0) €xp( — k1), 8 CD,H+H,—CD,H,+H, 9

where N, .4ica(0) stands for the number of radicalstat0. is accelerated by the excitation of the IR light of
Note thatN,agical0) = Nmethank®), if the reverse of the reac- 3900-7500 cmi'. However, it remains totally unexplained
tion (3) is negligible. The ratek determined from the fitting at the moment. The problem awaits further studies. In any
of the slowly decaying components of the radical to BB). case, it is safe to assume that the tunneling rate constant of
were comparable with those determined from the increase dhe ground vibrational state of GH is 2.0x10 ° s 1.
the intensity of methane within the standard deviations. As for CH;, we did not observe any appreciable change
Since the intensity of the radicals consists of both rapidlyof the spectrum of Cklnor CH, even one week after the
and slowly decaying components, the uncertainty of the rateadical was produced except for the fast decay component of
of the decay of the radical is larger than that of the increas¢he radical attributable to the geminate recombination reac-
of methane. Thus, we adopted the values determined by Eg¢jon in the reaction(6). Since the sensitivity of our measure-
(7) for the following analysis of the reactiai3). ments was better than a few percent in absorption, we con-
As the second row of Table Ill shows, the rate constantluded that the change of the signal was at most 5% after one
obtained by monitoring the absorption spectra without usingveek. The reaction rate that yields a 5% signal change is
any IR filter diminished as the degree of the deuteration ircalculated to be & 10 8 s™1. This must be the upper limit
the radicals decreases. This tendency of the decrease in tbéthe tunneling rate constant of the system of;CH
rate constant with the decrease of the degree of the deutera- One of the important findings of the present study is that
tion was also noticed in the experiments using the IR filtergdhe tunneling rate depends drastically on the degree of deu-
as is seen in the third through fifth rows of Table III. teration of the radicals. In our previous paper the difference
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E E surfaces. Precise calculation of the potential energy surface
E, E E, - 4 is necessary for further discussion.
E, E, X
E/ 4 IV. CONCLUSION
A 7875 8420 9480 . . .
6778 7325 6274 8880 The significant conclusions of the present work can be
7659 summarized as follows:

Y 4 Y 2! v (1) All the deuterated methyl radicals reacted withH,

A 4 A A

molecules 85 K by tunneling to produce methanes. The
CD, CD.H CDH, CH, first order rate constants of the tunneling reaction were
o determined to be 3:810°%s7!, 2.0x10°%s7 !, and
FIG. 8. The thermicities of R H,—RH+H for R=CDj; through CH. In

76 71 .
each system, the left bars show energies of the reactant (tih and 1.0x ]..O s for the CD3’ CD?H’,CDHZ rajdlcals’ re-
without (bottom the zero-point vibrational energies, and the right bars show  Spectively. Conversely, the tunneling reaction between a
those of the product. The numbers for the vertical lines represent the sum of  CHj radical and the hydrogen molecule did not proceed
the zero-point vibrational energies of the reactafdtial) and products within a week’s time. The upper limit of the rate constant

(final). The units are in cm'. In order to make the values consistent, cal- f the tunneling r tion H. W timated to b
culated vibrational frequencies were used for all the methyl radi¢zds. 0 e tunneling reaction Ci+H, was estimated to be

33), while vibrational frequencies observed in the gas phase were used for 8x10 %8s L.
all the methane moleculd®Ref. 3] and the hydrogen molecul®ef. 29. (2) The effect of the monitoring IR beam upon the above
The differencesﬁE:Ef*Ei are 881, 949, 1005, and 1060 Cllnfor the reactlon was not Slgnlflcant except for Q.El

CD;, CD,H, CDH,, and CH systems, respectively. The horizontal bars at . . . R
the bottom common to the four systems represent the energy levels of th@) Most of the radical and its companion iodine atom were

potential minima for the initia(reactants and the final(product$ states. far separated upon the UV photolysis in sopdH,.

The upper horizontal bars show the levels with the zero-point energies in-  However, some of the geminate pairs lie close enough to
C'“de‘_’;he f'gﬁre_'s T?Vég _S“ﬁh ;hatt;he :Ir?al' S_i_atle ‘t""tth fthetﬁerngo'”t be subject to a rapid recombination to the parent iodide.
energies(upper horizontal baris higher than the initial state for the . 5 1

system, while the final states are lower than the initial states for all other The first order rate .ConStant oP&L0 > 5™ was abOUt.
systems. one order of magnitude larger than the other reaction

involving the surrounding hydrogen molecule.

. - . . For deeper understanding of the tunneling effect on
in the reactivity between CDand CH in the reaction(3) chemical reactions, further experimental studies are indis-

was asgrlbed to _the difference in the enthalpy mc!udmg thepensable. Detailed experiments on the frequency dependence
zero-point energies of the reactants and produétsimilar

) . . .of excitation light on the tunneling rate will be necessary to
discussion may be applied to all the deuterated systems. F'%'Iarify the quantum level dependence of the tunneling reac-

ure 8. demonst_rates the therm|C|_ty mcludmg the zero-pm_nhon. On the other hand, temperature dependence on the tun-
vibration energies for all the four isotopomeric systems. It is ling rate has not yet been studied yet, but it should be. This

seen that as methyl radicals become heavier, the value 9'}‘9 o . ) :
; o ' ependence will give us important information on the effect
SE=E;—E; decreases. Thus, if the criterion of the occur- P g P

rence of the reaction depends u or endothermicit of the fluctuation of environments on the tunneling process.
. =P Pexo: or MICY  solid parahydrogen will provide a useful matrix for such
of the reaction as tentatively suggested in the previous paper, .
ST o studies.

the demarcation line to divide the occurrence and nonoccur-

rence of the reaction seems to be between gRhd CH
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