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Nuclear spin selection rule in the photochemical reaction
of CH; in solid parahydrogen
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Photolysis of a methyl radical GHn solid parahydrogen produces a methane moleculg \@aithe
reaction between an intermediate singlet methylé@el, and a parahydrogen molecule, H
Conservation of nuclear spin during the reaction has been investigated by the intensity distribution
of the rotation-vibration spectrum of methane produced by the reaction. It was found that the
population of each nuclear spin state of methane just after the reaction was different from that of the
statistical ratio, which indicates that a nuclear spin selection rule does exist in the reaction. However,
the observed population was significantly different from the theoretically predicted ratio. The
discrepancy between the experiment and the theory may indicate a breakdown of the nuclear spin
conservation during the reaction, if the reaction mechanism in solid parahydrogen is the same as in
the gas phase. @002 American Institute of Physic§DOI: 10.1063/1.1480003

I. INTRODUCTION We have investigated the nuclear spin modification in
consecutive reactions of

Because of the weak nuclear magnetic interactions, the
total nuclear spin angular momentunis well conserved in CHy+hv—CH,+H @)
most physical processes such as radiative transttiand  and
collisions? One well-known case is the para-H,) and CHy+ p-Hy— CH )
ortho (0-H,) modifications of hydrogen moleculdsThe _ g 2 N o _

p-H,(1 =0) ando-H,(1 =1) can be treated as different mol- in so_l|d parahydroge_n at liquid He tgmperature. Solid hydro—
ecules because the conversion between them is almost fd¥en is an ideal matrix for the quantitative study of chemical
bidden in the absence of a paramagnetic catalyst. reactions because ¢f) weak intermolecular interaction be-

It has been observed that the memory of nuclear spin i&Ve€n hydrogeg_rlgO'eCU'e@> no “cage effect” for photoly-
conserved even in chemical processes, where particle reatis In the solid," ™% (3) fully quzzl)?é;zzgd rotational motion of
rangements occur. Under the assumption of the rigorous cofnolecules embedded in the s 7,21and (4) narrow spec-
servation, Quack has derived selection rules on the nucledf! linewidth of optical tran_smoné.' By virtue of the free
spin modifications during chemical reactidhhe selection rotat!on O,f th? molecu.k_es involved in the above reactions,
rules play an important role in various fields, especially inrotauon-wbratlon transitions of the molecules gave us quan-

interstellar chemistr-® Observation of the abundance of titative m_formatlon on the nuclear sp|n.mod|f|cat|.on during
the reactions. The observed nuclear spin population after the

each nuclear spin state of a molecule provides a key to un-~ . . .
) . . reactions is compared with the theory to discuss the conser-
derstand the formation of the molecule in the interstellar . . . .
space vation of the nuclear spin during the reactions.
Despite the importance of the selection rules in various
fields, few experimental studies have been reported so far on

the quantitative analysis of the nuclear spin modification durll- EXPERIMENTS

ing chemical reactions. Nuclear spin polarization after a e methyl radical Ckl was produced byn situ UV
p-H, addition reaction has been observed using nUC|9315hotonsis of methyl iodide CH embedded in solid
magnetic resonand&IMR) spectroscopy’~**Selective gen-  parahydroged® Method of the sample preparation was the
eration of o-H, by the photodissociation of ortho,BO  same as described in previous papéré:2Briefly, parahy-
(Refs. 13, 14is one evidence of the conservation. Recently,qrogen gas containing<0.01% orthohydrogen was mixed
a quantitative experiment on the nuclear spin selection rulgyith the methyl iodide 0.001%) at room temperature and
in the reactions of bi+H,—Hj; +H has been performed by the mixed gas was introduced in a copper optical cell kept at
Uy, Cordonnier, and Ok&'® They reported that the ortho— 8.0 K to grow a crystal. A 20 W low pressure mercury lamp
para ratio of H after the reaction in a plasma can be ex-with a cutoff filter Toshiba UV-25 was used for the selective
plained with the theoretically predicted ratio under the asphotolysis of CHI at 253.7 nm to produce GH A half-day
sumption of the rigorous conservation. irradiation of the 253.7 nm photons led to the photodissocia-
tion of most of the iodides into the radical. The methyl radi-

3Author to whom correspondence should be addressed. Electronic maif@l ChHs thuss produced is completely stable in solid
momose@kuchem.kyoto-u.ac.jp parahydroger’
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. IV. NUCLEAR SPIN POPULATION OF CH 4
CH

13\>1 Methane CH has three different nuclear spin modifica-
~ CH, tions, that is,|=2(A), |=1(F), and1=0(E) states. Be-
B\< cause of the symmetry requirement of the total-wave-
— function of CH,, each nuclear spin state couples with
particular rotational states. The J=0 rotational state of
193 nm CH, couples with thel=2 nuclear spin state, thd=1
'CH, + pH, couples with thd =1 state, thel=2 couples with both the
l I =1 andl =0 states, and so on. Thus, the population of each
CH, 7/ | nuclear spin state can be determined from the intensities of
CH, rotationally resolved infrared absorption spectra.
253.7 nm \ﬁ As we discussed in previous papé$g! the conversion
among the three nuclear spin states of ,Gbkes place in
\ CH;l | / solid parahydrogen. The temporal change of the infrared ab-
sorption of the rovibrational transition revealed that the con-

o i version from thel =1 state to the =2 nuclear spin state
FIG. 1. Schematic diagram of the reactions relevant to the present system. . . . .
Methane is only produced after the second UV irradiation at 193Ref.  @ssociated with the rotational relaxationbf 1—J=0 oc-

23). curred in a time scale of a few days, while the conversion
from thel =0 state to thé =1 nuclear spin state was too fast
to observe. Temporal changes of the mole fractif of the

ter th J - ol radical. th dical | =2 nuclear spin state were well fitted with the function,
After the production of the methyl radical, the radica

was excited to it8(?A}) staté* by 193 nm UV pulses from c(t)=[c(0)~cle) Jexp —kt) +c(=), 3

an ArF excimer lasef6 mJ/pulse, 30 Hz A 20 min irradia- wherec(0) andc(x) are the mole fraction at=0 andt

tion of the UV pulses was enough to destroy most of the=2, respectively, and is the conversion rate. The conver-

radical. Along with the destruction of the radical, the forma-sion rate depends on the temperature of the crystal. The rate

tion of methane Chlwas observed. at 4.6 K was found to b&=2.8x10"3 min~1.%’
Infrared absorption spectra of GH CH;, and CH, be- In the present reaction system, the initial nuclear spin
fore and after the UV irradiations were observed using gopulation of CH just after the reaction can be obtained

FTIR spectromete(Bruker IFS120HR with a resolution of ~ from the value oc(0) in Eq.(3). Since the population in the

0.1 cm . A KBr beamsplitter and a liquid Ncooled MCT  1=0 nuclear spin state is negligible, the values(®) and
detector were used for the spectroscopy. All the measurd-1—c(0)) correspond to the population of the- 2 state and
ments were done at 4.6 K. the =1 state, respectively. Note that the population in the

I =1 nuclear spin state we observed should be considered as
the sum of the population of the=1 andl =0 nuclear spin
states after the reaction, since all the 2, | =0 state had
Ill. REACTION SCHEME rela>;<za;j to thel=1, | =1 state within our experimental time
scaler
Figure 1 shows the schematic diagram of the methane Figure 2 shows the, infrared absorption of CHpro-
forma_ltion reaction_ in solip-H,. Detailed analyses of the duced by the 193 nm UV irradiation. Paria) in Fig. 2 is the
reaction scheme 2|3n the present system have peen made dPectrum observed just after the UV irradiation for 20 min,
previous pgpgr%‘?" The UV light at 253.7 nm dissociates e panel(b) is the spectrum observed 1000 min after the
the methyl |.od|de ip-H, crystgl to produce a methyl radical UV irradiation. It is clearly seen that intensities in the tran-
and an iodine atom. The radical thus produced is stable iQjtion from theJ=1 state greatly decreased after 1000 min,
solid parahydrogen. Then, the UV light at 193 nm excites thypile the intensity of theR(0) transition increased. The ini-
radical to its electronic exciteB state, in which the predis- tial mole fraction c(0) can be determined by the least-
sociation into a singlet methylene and a hydrogen atom ocsquares fitting of the temporal change of the intensities of
curs. The methylene thus produced quickly reacts with &ach rotational branches by the use of Bj.
nearby hydrogen molecule to produce a methane. Another A plot of the mole fractiorc(t) of methane produced by
possibility for the production of Cii that is, the abstraction the photolysis is shown in Fig. 3. The time when the second
of a hydrogen atom from a hydrogen molecule by the radical)v irradiation at 193 nm started was taken as the origin of
in the excitedB state could be completely ruled out by a time, that is,t=0. From the least-squares fitting, the initial
parallel study of the photolysis of GD?® If the abstraction mole fraction of thel=2 state was obtained to be(0)
reaction took place, the formation of GB should be ex- =0.19+0.01 with the rate constant ofk=3.9
pected in the system of GD However, the production of x10 3 min~!. The rate constant was consistent with that
only CD,H,, but no trace of CBH was observed as a result observed in pure CHp-H, system reported previousiy.
of the UV irradiation of C3. Thus, it is concluded that the Thus, although the iodine atoms and the methyl radicals
methane in the present system is produced only by the reaevere present in the sampi&their effect on the nuclear spin
tion of CH,+H,— CH,. conversion process of GHs negligible.

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Reaction of CH, in solid parahydrogen 10741

TABLE |. (a) Ratio of the nuclear spin isomers 4&H, produced by the

V3 R(O photolysis of CH. (b) Ratio of the nuclear spin isomers of Cldfter the
©) reaction of'CH,+ H,— CH,.
R(1) QB @ cH — iCH,  +H

I (1=0): (1=1)
1/2 1 : 1
3/2 0 : 1

(@

(b) 1CH2 + H2 — CH4

[ [ (1I=2) : (I=1) : 1=0)
0 0 0 0 : 1
1 0 0 1:0
0 1 0 1:0
1 1 5 3 1

(b

I T T T T 1
3050 3040 3030 3020 3010 3000

4 V. DISCUSSION
wavenumbers (cm )
The initial population of the nuclear spin state df (
FIG. 2. Infrared absorption spectra of tig vibrational transition of Chi =_2).:.(| = 1):(|_=0)=0'2:0'8:0'0 Just _aﬁer the reaction Is
produced by the UV irradiation. Traca) is the spectrum observed just after Significantly different from the equilibrium population at the
the UV irradiation at 193 nm. Trad®) is the spectrum observed 1000 min high  temperature  limit of 1(=2):(1=1):(1=0)
after the UV iradiation. =0.31:0.56:0.13%%° or the population of K=2):(l
=1):(1=0)=0.31:0.69:0.00 after the fast relaxation from
. ) . ... theJ=2,1=0 state to theJ=1, |=1 state. If there is no
In Fig. 3, the period of the 193 nm UV irradiation is gglection rule on the nuclear spin modification during the
drawn by a broken curve. Exactly speaking, the temporathemical reaction, the initial population must be that of the
change of the mole fractioa(t) during the irradiation does high temperature limit because of the excess energy of the
not obey the function in Eq(3), since methane molecules rgactions in reaction&l) and (2). The significant difference
were prngced'contlnuouslly QUr|ng the irradiation. Howev_erbetween the observed population and the population of the
the irradiation time of 20 min is short enqtégh_cclrppared Withhigh temperature limit indicates that a selection rule on the
the nuclear spin conversion rate ok40 “ min™". If we  pclear spin modification does exist in the present reaction
take into account the correction, the mole fraction of the ¢\ ctem.
=2 state at the timé=0 must be greater than that deter- ~ Tne methyl radical, with the ground electronic state with
mined without the correction, but the difference is eSt'matedsymmetryzA” has two nuclear spin modifications, that is
to be 5% at most. Therefore, it is safely concluded that thg — 3/> andi=1/2 states. Thd=0 K=0 lowest rotational
population of each nuclear spin state of Lldst after the o] couples with thé =3/2 nuclear spin state, while the
consecutive reactiond) and(2) was (=2):(1=1):(1=0)  —1 k=1 state couples with the=1/2 stat® The methy
=0.2:0.8:0.0 with the uncertainty of 5%. radical in the present system is rotating almost freely in solid
parahydrogen. The infrared absorption of Lldhows a

doublet!”*® which indicates that the radical occupies only
0T the J=0, K=0 state in solid parahydrogen at 4.6 K. We
§ 0k i therefore concluded that the radical occupied the nuclear spin
g state ofl = 3/2 before the 193 nm UV irradiation.
S 059 The nuclear spin selection rule in the photodissociation
5 04 reaction of the radical is shown in Tabléa). The [=1/2
= 03 CHs radical produces both thie=0 and| =1 nuclear spin
g T, states of CH, while thel =3/2 radical results in only the
g 02 =1 state of CH. Since the methyl radical in the present
5 T~ ¢(0)=0.19 :
g 0l system _occu_plt_ad thie=3/2 state only, théCH, producgd by
2 o0 . ‘ ‘ the UV irradiation should occupy only tHe=1 state, if the
s 0 100 200 300 400 nuclear spin selection rule is rigorous.

Table Kb) lists the nuclear spin selection rule in the re-
action of1CH,+ H,— CH,, where we assumed that the re-
FIG. 3. Temporal behavior of the mole fraction of the 0 methane. Solid ~ action is the insertion reaction as in the gas pHase.our
circles represent the observed data while the solid line stands for the thegystem more than 99.99% hydrogen molecules occupied the

retical curve of Eq/(3). The time when the second UV irradiation started | — . _ . )
was taken as the origin of time. The mole fraction at the tim® is shown I=0 state, while Only the =1 smglet methylene was pro

by an open circle, which was obtained by the extrapolation of the curve tgluced by the photolysi_s. Thus, t_he nuclear spin state relevant
t=0. to the present system is exclusively

time (min)
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TABLE Il. (a) Ratio of the nuclear spin isomers of gigroduced by the insertion reaction, while the reaction between a triplet meth-
?bStraCt'o? Creac?to” t‘;f Cﬁkt'?_’CfHé* H'H (b)cﬁa“o of the nuclear spin  yjane 3CH, and a hydrogen molecule,Hs the abstraction
'somers of CH after the reaction of G H—CH, reaction>23 Thus, if part of the singlet methylend€H,
@ CH, + H, — CH, + H relax to the triplet state before the reaction with,Hhe |

| I (1=3/2) : (1=1/2) =2 CH, is produced by the stepwise reaction in reactfon
However, since the relaxation rate from the singl@H, to

2 8 2 1 the triplet3CH, is two orders of magnitude slower than the

0 1 0 : 1 rate of the insertion reactiot};** it seems unlikely that the

1 1 2 1 triplet methylene was formed in solid parahydrogen. More-
(b) CHy, + H - CH, over, it is important to note that no infrared absorption cor-

I [ (1I=2) : (I=1) : (1=0) responding t®CH, (Ref. 35 was observed at any stage of

312 12 5 - 3 - 0 the present system. .

12 12 0 : 3 : 1 Nevertheless, because of the proximity between @it

H, in the solid, the possibility of the stepwise reaction in
reaction(5) cannot be completely ruled out. The experimen-
tal result is definitive and it is clear that the nuclear spin
1 . . _ selection rule is violated in the present system, if the reaction
CHo(1=1)+H,(1=0)~CH,(1=1). @ echanism is the same as in IE'zhe gas ;))/hase. Further studies
If the nuclear spin selection rule during the chemicalare necessary for more quantitative understanding of the
reactions is rigorous, only the=1 nuclear spin state of GH nuclear spin selection rule during chemical reactions.
should be produced in the above reaction system, that is, the
initial population of CH after the reactions should bé ( \/ concLUSION
=2):(1=1):(1=0)=0.0:1.0:0.0. However, we observed
the significant population in the=2 state of CH just after The population of thé=2 nuclear spin state of GHust
the reaction. One may think that the production of tke2 ~ after the consecutive reactions of ¢Hhv—CH,+H,
state is due to the nuclear spin conversion in the solid aftefHz+P-H,—CH, was found to be 0.2. The population is
the reactions. However, we can rule out the poss|b|||ty’ besma“er than that of the hlgh temperature limit of 0.3, which
cause it needs more thal h to produce 20% of thd =2 indicates that there exists a selection rule of nuclear spin
methane by the nuclear spin conversion fromitkel meth- during the reactions. However, the observed population is
ane at 4.6 K. Thus, the=2 nuclear spin state must be pro- significantly different from the theoretically predicted popu-
duced during the reactions. lation of 0.0. The discrepancy between the theory and the
The significant population in the= 2 nuclear spin state €Xxperiment may be due to a breakdown of the nuclear spin
just after the reaction needs to be explained. One possibfPnservation during the chemical reactions. Studies on deu-
explanation for this is that the nuclear spin selection rule igérated system are presently underway in order to understand
partially violated in the present reaction system. Another exihe reason for the unexpected population ofltke2 nuclear
planation is that the reaction mechanism in solid parahydroSPin state of methane after the reactions.
gen is different from that in the gas phase. In the following,
we shall discuss the latter possibility in detail. ACKNOWLEDGMENT
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