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180-Selective infrared multiple photon decomposition of diisopropyl ether has been studied in detail using
samples witi80 at oxygen atomic fractions of 0.20% (natural abundance ratio), 4.5%, and 17.3%. The 1022
cm! band due to thé?C—%0—12C antisymmetric stretching vibration was found to shift toward a low-
energy side by 24 cm for 2C—%0—12C. The®O-selectivities and yields of the main products containing
oxygen, acetaldehyde, and 2-propanol were examined as functions of experimental parameters. The irradiation
of a few Torr (1 Torr= 1 mmHg = 133.322 Pa) of diisopropyl ether with TEA (transversely excited
atmospheric) C@laser lines in the vicinity of 950 cmi resulted in considerably high enrichment®D in

the products. The fluence at focus was more or less &a cm?. Acetaldehyde and 2-propanol containing

180 at about 20% were obtained from natural ether, and those containing more than 70% were obtained from
17.3%'0-enriched ether. The observed results can be explained in term of the mechanism involving radical
and molecular decomposition channels.

Introduction sively hard. Therefore, we planned on the usé®¥-enriched

. . diisopropyl ether for more certain data on isotope separation as
Infrared multiple photon decomposition (IRMPD) of ethers well as the IRMPD mechanism. In addition, we consider that

has been extensively studied fqr est.abhshme'nt of.decomposmon,[he efficient and high enrichment 810 most probably requires
mechanisms or patterns of aliphatic and alicyclic compounds

containing a G-O—C bond~2 as well as elucidation of retroene the two-stage laser process similarly to the caséif =24
reaction mechanism of ethyl vinyl eth&t®11 It is favorable Generally speaking, the energy expenditure per one isotopic

to IRMPD studies that ethers have the intense infrared absorption?r;[g:z t;)nt()jerﬁgpeedz;g &réeés:ﬁgﬁ nlfesrirgz%tgraiiiﬁ)a;i?(;nnglﬁrieﬂztfs
band in the tunable wavelength region (9000 cnT?) of a . 9 gher.

TEA (transversely excited atmospheric) Claser Therefore, the first stage preforms the laser enrichmefiif
Naturall y pr ts of th .t ble isot from natural abundance to a moderate concentration. The
'thathura g ogcurrlng ?Xygglggﬂig E%Q 7?;;(?38?0'52%8%3 following second stage accomplishes high enrichment using the

\+V;1e int?agsgrl])air:jcii reatflft)ars a}ourid 1&0&8 as:cr.ibed. t(.) the. sample containing the isotope at the moderate concentration.

- X . L Taking these requirements into consideration, we prepared
antisymmetric stretching vibration of the-«©—C bond and g qui ! ' ! we prep

. . . diisopropyl ether enriched witfO and carried out the detailed
expected to have a Iarge. oxygen |sotope shift, although the Shlftexamination of the IRMPD o#%0-enriched samples, together
has TOt be_er:jwell(;establlshefd n explenrrk]]ent.r(])n ttf;e otf]ler hémd’with natural ether. The results obtained with enriched samples
gk%wﬁz?gr;r}sgfoepelsflfweitz ge'fvsggrzathits:rc?xyg; %%%g;: to provide useful information of the laser enrichment at the second

. i . " stage.
The fact is suggestive of the large shift of the band around 1000
cm*_l. Previously, we have ob_t_ained very high selectivity on Experimental Section
180 in the IRMPD of natural diisopropy! ether under selected , ) B
irradiation conditiong4 The main products containing oxygen, Preparation. *%0-Enriched diisopropyl ether was prepared
which were 2-propanol and acetaldehyde, had considerably hightSing sodium metal, isopropyl iodide, af¥D-enriched water
atomic fractions of80. However, such high enrichment¥D on the basis of a series of following reactions: Nai,'*0 —
in the products is only attainable in extremely low conversion N&“®OH + Y/oHy; Nat®OH + i-CgHyl — i-CsH'%OH + Nal;
of diisopropyl ether, because the reactant naturally contains onlyi-CaH7%0H + Na o i-CgH71%0Na + */2Hj; i-CsH7'°*ONa +
0.200% of total oxygen a$O. This low conversion makes the  1-CsH7l = (i-CsHo)z ®0 + Nal. The water used here contained
determination of isotope compositions of the products exces- --© at about 25%. Several byproducts such asiHe, and

(CHj3).CO were formed in the series of reactions. However, the

* To whom correspondence should be addressed. Tel: 81-6-6879-8496.  O-€nriched diisopropyl ether finally obtained was isolated from
Fax: 81-6-6879-8499. E-mail: majima@sanken.osaka-u.ac.jp. other byproducts in preparative gas chromatography. The oxygen
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Figure 1. Infrared absorption spectra for natural at¥®-enriched (c) difference, i.e.1%0 diisopropyl ether

diisopropyl ether in the wavelength region between 700 and 1506 cm
180 atomic fractions, 0.20% for natural ether (a) and 17.3% for . . . . )
enriched ether (b); pressures, in a vicinity of 7.0 Torr; path length, 6 been reported of the antisymmetrie-O—C stretching vibration
cm. Spectrum b for enriched ether has been shifted upward in parallel of 160- and80-bearing 2,4,6-triphenylanis#t:26
to avoid the overlap. IRMPD. The main products of the IRMPD of diisopropyl
ether have been found to be propylene, isobutane, acetaldehyde,
acetone, and 2-propanol, while minor ones were ethane and
propane. We did not analyze methane quantitatively in each
run, although it was detected in the present gas chromatography.
he peak of propane appeared almost at the same retention time
as propylene in GC, but the main signalna’e = 44 for propane
was not observed to a meaningful extent in the corresponding
mass spectrogram. For example, relative amounts of products
in the IRMPD of natural diisopropyl! ether were ethane (0.071),
propylene (1.0), propaneQ.05), isobutane (0.26), acetaldehyde
(0.26), acetone (0.19), and 2-propanol (1.0). The material

Pyrex tube equipped with NaCl windows at both ends (length, ga}?,r:ialmggg fO g and H ';5 |nhreasonable accordance with
65 cm; total volume, 220 cfh The beam from a Lumonics T e or ||sppropy ether. _ _

model 103 TEA CQ laser was first truncated with a circular ~ The selectivity or enrichment factor &0 is defined asus

iris (diameter, 2.0 cm) and focused into a center of the irradiation = {(**0/:%0) in photolysis produgt{ (%0/'°0) in natural ortfO-

cell by use of the lens with a focal length of 80 cm. The pulse €nriched ethgr We determine*¢O/:°0) in acetaldehyde from
energy was adjusted adequately within the region o5 J signal heights atwe = 44 and 46 and the same ratio in
cm2 by inserting several sheets30) of polyethylene films ~ 2-propanol from those atve = 45 and 47. However, the
into the beam path. The products and their isotope compositionsselectivity of*’O in the IRMPD has not been examined in the
have been determined using a gas chromatograph mass sped¥esent experiment because the possible occurrencéCof
trometer system. The column of Gaskuropack (3 m in length) enrichment is expected to disturb the accurate and meaningful

isotope fractions of diisopropyl ether in the first preparation
were estimated to b&0 = 95.3%,170 ~ 0.2%, and!®0 =
4.5% from signal intensities at/e = 45, 46, and 47 for @450
in mass spectral measurements. Some corrections were mad
for 1212C3H,180™ and1213C,H51%0™ because of their appreciable
contributions to signals atve = 45 and 46. Therefore, the
fractions of!’O are approximate values. In the second prepara-
tion the fractions werd® = 82%, 170 < 0.7%, and'®0 =
17.3%.

Laser Irradiation. Apparatus and procedures are the same
as described previoush24The irradiation cell was a cylindrical

was used in the temperature range of 4160 °C. determination ofy7. We are concerned here witfO selectivi-
ties aug(RCHO) and a;5(R'OH) and yields Y(RCHO) and
Results and Discussion Y(R'OH) for acetaldehyde (RCHO) and 2-propanol@Ri) as

functions of several experimental parameters such as pulse

absorption spectra for natural ar80-enriched diisopropyl number, pressure, laser Tluence, and laser W_avenumber. The
ethersr,) wherepthe latter contait¥® at 17.3%170 at aboutp 0$<Vyo symbolsy(RCHO) andy(R'OH) stand for the yields of both

or less, and®O at 82.0%. The pressures of both ethers were in products per one laser Pulse.

a vicinity of 7 Torr (1 Torr= 1 mmHg= 133.322 Pa), and the IRMPD of Natural Diisopropyl Ether. The IRMPD of
optical path length was 6 cm in the measurements. The peakshatural diisopropyl ether under selected irradiation conditions
of intense infrared absorption bands in natural diisopropyl ethers results in considerably high enrichment'8D in acetaldehyde

are located at 800, 910, 1020, 1170, 1330, 1380, and 147& cm and 2-propanol. Figure 3 shows dependences of selectivities
On the other hand, a clear shoulder can be observed at a lowef1s(RCHO) andais(R'OH) and yieldsY(RCHO) andY(R'OH)
wavelength side of the 1020 cthband in the enriched ether, 0N number of laser pulses, where the wavenumber of laser is
although there is no other noticeable difference between both 954.55 cmi?, the pressure of diisopropyl ether is 5.5 Torr, and
spectra. Figure 2 presents the enlarged spectra with regard téhe laser fluence is in a vicinityf® J cnm?. Selectivities for

the horizontal axis in the region of 9722060 cnT. Neglecting acetaldehyde and 2-propanol appear to be almost constant below
the absorption due td-CsH7)-170 and taking the net amounts 2500 pulses. The diminishing concentration'# seems not

of (i-CsH7)21%0 of both ethers into consideration, the subtraction to affect the selectivities appreciably at this pressure after 2500
method in essence gives the spectrum for pisfeski;),'80, as pulses. The yields of both products increase linearly with
also shown in the same figure. The peak wavenumbers are 1024ncreasing pulse number up to 1500 pulses and appear to level
cm1 for (i-CsH7),1%0 and 988 cm?! for (i-CsH7),180. The off beyond. Figure 4 presents laser fluence dependenagsg-of
isotope shift of about 24 cm agrees well with the value of 24  (RCHO), oug(R'OH), y(RCHO), andy(R'OH) in the range of
cm~1 calculated from the simplest diatomic oscillator model of 8—12 J cnt?2, where irradiation conditions are described in the
12C—-160 or 12C—180. The same isotope shift of 24 cfhhas figure captions. As observed generally for isotope-selective

Infrared Spectroscopy. Figure 1 presents the infrared
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Figure 3. Dependences of selectivitiess(RCHO) andog(R'OH) on
pulse number (a) and dependences of yiei(RCHO) andY(R'OH)

on pulse number (b) in the IRMPD of natural diisopropyl ethér;
2-propanol ROH; @, acetaldehyde RCHO; pressure, 5.5 Torr; laser
wavenumber, 954.55 cry fluence, approximatgl8 J cnt2.

[Diisopropyl ether] / Torr

Figure 5. Dependences af;g(RCHO) andug(R'OH) on pressure (a)
and dependences {RCHO) andy(R'OH) on pressure (b) in the
IRMPD of natural diisopropyl ether: laser wavenumber, 954.55'¢cm
fluence, approximatgl8 J cnm2.
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Figure 4. Dependences ai;g(RCHO) andous(R'OH) on fluence (a)
and dependences g{RCHO) andy(R'OH) on fluence (b) in the
IRMPD of natural diisopropy! ether: pressure, 5.5 Torr; laser wave-
number, 954.55 cnt.
pressure, fluence, optical cross section, and collisional cross

IRMPD, selectivities decrease and yields increase with increas-section affect the rates. BoftfRCHO) andy(R'OH) decrease
ing fluence in both products. rapidly, pass minima, and increase, as the pressure of diisopropyl

The dependences ofig(RCHO) anda;g(R'OH) on pressure ether is increased up to 8 Torr, as shown in Figure 5b. The
have maxima at about 5 Torr, as shown in Figure 5a. The initial rapid decreases of both yields with an increase in pressure
relation between isotope selectivity and reactant pressure isbelow 5 Torr must be due to collisional deactivation of excited
complicated, depending on the intrinsic feature of the reactant molecules by surrounding nonresonant molecules. On the other
itself. For example, th&*C selectivity in the IRMPD of CHCIF hand, we consider that the thermal decomposition probably
increases with an increase in pressure, unless the pressure isccurs at higher pressures than 6 Torr. As a result, selectivities
over 80 Torrt924 Contrarily, the isotope selectivity o#Si decrease and yields increase. The laser line dependenegs of
decreases rapidly with increasing pressure in the IRMPD of (RCHO), a15(R'OH), y(RCHO), andy(R'OH) are shown in
Si;Fe.2” The difference in excitation and deactivation rates Figure 6. The maxima in selectivity appear to be located in the
between isotopic molecules under various conditions decidesregion of 956-970 cnt! where intense lines are not available
the selectivity in IRMPD, but a number of parameters such as in a CG laser. In contrast, both yields seem to increase below
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940 cnt! or above 970 cm!; such increases are due to
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TABLE 1: Results Obtained with the IRMPD 2 of

increasing absorption of laser photons by a molecule, because *O-Enriched Diisopropyl Ether at Atomic Fraction of 4.5%

diisopropy! ether has infrared bands at 910 and 1022 or 998 pressure fluence pulse

cm L,

The initial step of the IRMPD leading to the formation of
acetaldehyde or 2-propanol may be the scission of one-@®C
bonds in a parent molecule to form isopropoxyl radical and
isopropyl radical:

(CHZ),CHOCH(CHy), + nhw — (CH,),CHO + (CH,),CH
@)

Qg Y(RCHO) Qg Y(R'OH)

(Torr)  (Jcn? number (RCHO) (nmol) (ROH)® (nmol)
0.9 10.0 1000 16 81 14 265
0.9 8.4 2000 17 60 14 209
0.9 7.3 2000 16 42 15 227
0.5 6.4 2000 17 11 14 75

alaser line, 10P(8) at 954.55 cr ® Values of 14, 15, 16, and 17
in o correspond t8%0 atomic fractions of about 40%, 41%, 43%, and
45% in acetaldehyde or 2-propanol.

The multiple photon process is, of course, isotope-selective. Theyanching ratio increases in favor of the higher energy radical
C—0 bond has the lowest bond dissociation energy of about y4qycing channel as the laser fluence is increased. Similarly,

315 kJ mof? in diisopropyl ether as compared to otherC
(about 350 kJ moit) and CG-H (about 400 kJ mait) bonds.

the molecular decomposition of diisopropy! ether probably
occurs at lower fluences, but the other channel, i.e;OC

The (CH).CHO radical produced here may abstract a hydrogen gcjssjon, becomes predominant with increasing fluence. The

atom from diisopropy! ether to form 2-propanol. The abstraction
reaction

(CH,),CHO + (CH;),CHOCH(CH,), —
(CH,),CHOH + (CH,),COCH(CH,), (2)

is exothermic, since the bond dissociation energy of theHO
bond of 2-propanol is about 428 kJ méland that of the
H—C(CH;),OCH(CHs), bond may be almost the same as that
of the H-C(CHg)s bond, i.e., 387 kJ mol.

When the fragment (CHLCHO in reaction 1 has enough

internal energy to undergo further decomposition, acetaldehyde

is produced in the following decomposition reaction:

(CH;),CHO— CH,CHO + CH, 3)

However, the reaction requires, at least, 29 kJ thain the
basis of AH{(CHz) = 142 kJ mot?, AH{CH;CHO) = —166

kJ mol?, and AH;((CH3),CHO) = —53 kJ motl. A part

acetaldehyde may result from the secondary IRMPD ofdjgH
CHO during each laser pulse:

(CH,),CHO + mhv — CH,CHO + CH, (4)
Daly and Stimsof? have demonstrated that propylene and
2-propanol (76-90%) and propane and acetone{3M%) are
the major products in the thermal decomposition of diisopropy!
ether at 423-487°C. Only a trace quantity of acetaldehyde is
produced. The scission of the-© bond is also the initial step

preexponential factor of reaction 1 may be much larger than
that of reaction 5, although there is a large difference in
activation energy between these unimolecular decomposition
reactions.

The formation of methane, ethane, propane, propylene in part,
and isobutane may be due to various reactions of methyl and
isopropyl radicals such as abstraction, combination, and dis-
proportionation. We did not observe significant enrichment of
180 in acetone. Therefore, acetone is probably formed in the
decomposition of excited (CHCOCH(CH), radicals:

(CH,),COCH(CH;), — (CH,),CO+ (CH,),CH  (6)
The (CH),COCH(CH), radicals originate from the hydrogen
abstraction due to the fragment (@CHO or CH from
nonresonant (CglCH®OCH(CHs),. Subsequently, the resulting
radicals may be excited collisionally or through multiple photon
absorption prior to decomposition.

IRMPD of ®0-Enriched Diisopropyl Ether. We have used
diisopropyl ether enriched witHO at atomic fractions of 4.5%
and 17.3%. We could not change experimental parameters so
widely because of limited quantities of the enriched samples
prepared here. Pressures have been mostly adjusted to 1 Torr
or less than 1 Torr. Table 1 tabulates the results for the IRMPD
of 4.5%180 ether, together with experimental conditions used.
The selectivities did not differ appreciably among the runs.
Acetaldehyde and 2-propanol were found to conté&ihat 40-

45%.

in the thermal decomposition. They suggested that a radical The results for another enriched eth#iQ( = 17.3%) are
chain reaction is the source of propane and acetone, butsShown in Figure 7 as a function of pulse number. Roughly
propylene and 2-propanol are produced in either a radical-chainSPeaking,a:g(RCHO) does not change significantly, bufe-
or a molecular process. The facts that propane is a minor (R'OH) tends to increase with increasing pulse number. The
product, acetone is not enriched wifi®, and the'é0 selectivi-  infrared absorption spectrum BCsH7'°OH has the intense band
ties of acetaldehyde and 2-propanol are significantly high With a peak at 953 ¢, while CHCH'®O shows the absorption
indicate that a chain reaction does not occur to a meaningful Maximum at 1113 cm due to the C-C stretching vibration.
extent in the present IRMPD. Considering large quantities of The band of the latter is too far to be resonating with the laser
2-propanol and propylene among products, we propose thepulses in the present irradiation. On the other hand, the selective
following molecular and isotope-selective decomposition process IRMPD of i-CsH7*%0H is likely to occur at 954.55 cnt for
in addition to reactions 44 in the IRMPD: the 10P(8) line and possibly increasag(R'OH) with increasing
number of pulses. The yields of acetaldehyde and 2-propanol

are apparently saturated with increasing number of pulses. This
fact suggests that the optical absorption of laser pulse radiation
due to an accumulating product, which may ib€;H7°0OH
reduces the IRMPD of the parent diisopropyl ether.

The maxima ofyg's appear to be in the region between 940
and 950 cm?, although the selectivities for both products
distribute rather broadly over laser wavenumber, as shown in
Figure 8a. On the other hand, the yields of both products seem

(CH;),CHOCH(CH;), + Ihv — (CH,),CHOH + C;H; (5)

The decomposition of diisopropyl ether into 2-propanol and
propylene is endothermic by 67 kJ mbland energetically
preferable to the scission of the-© bond (313 kJ mott).
The IRMPD of ethyl vinyl ether egHsOC,H3 has been found
to occur through two decomposition channelsHEOC,H3 —
CH3CHO + C2H4 and CgHsOCzHg i CHchO + C2H5.11 The
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concentration of®0 in ether is generally observed for laser
isotope separation such as deuterium &by IRMPD. The
present study has demonstrated that 2-propanol contaifing
over 17% can be directly obtained with the IRMPD of natural
diisopropy! ether. The 2-propanol is converted to diisopropyl
ether in chemical transformation. The further enrichmertof
over 70% is accomplished in the IRMPD of diisopropy! ether
containing®0O over 17%.

Conclusions

Diisopropyl ether enriched witHO was prepared for isotope-
selective IRMPD experiments. The atomic fractiond%¥ were
4.5% and 17.3%. The peak at 1022 ¢rfor natural diisopropy!
ether {80 = 0.2%) shifts to 998 cm' in 180-bearing molecules.
The ethers containinfO at 0.2% (natural), 4.5%, and 17.3%
were irradiated with TEA C@laser lines in the fluence range
of 6-12 J cm2 Pressures were below several Torr. The
observed products can be explained in terms of the mechanism
including the following radical and molecular decomposition
channels: (Ch);CHOCH(CH), — (CHj3).CHO + (CHs;),CH
and (CH;)2CHOCH(CH;)2 - (CH3)2CHOH + CsHg. Acetal-
dehyde and 2-propanol were considerably enriched With
under irradiation conditions used here. Maxima in selectivities
appeared to be in the region between 950 and 970! dor
natural diisopropyl ether and, although broad, in the region
between 940 and 950 crhfor the enriched one (17.3%). We
successfully obtained 2-propanol containi¥@® beyond 20%
in the IRMPD of natural diisopropyl ether and 2-propanol
containing®0 at 70% in the IRMPD of 17.3%°%0-enriched
diisopropy! ether. The present results give confidence in high
enrichment ofl80 by the two-stage laser process. Therefore,
this process has the potential to provide the practical technique
for mass production of marketabl8O-enriched compounds
having 80 atom concentrations of more than 90%.
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