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PREFACE

The matrixisolation method has been actively developedin

thelast　30　years・　Nowadaysl it has become to be one of a

Standard technique widely usedin the field of spectroscopY・　By

use of this method′　manY tranSient species and unstable m01ecuies

have beeninvestigated withinterest mainlYin the m01ecular

StruCtureS．　＝n these studies．the matrix is used as an inert

media in which the trapped species is hoped to be is01ated

energeticallY from other m01ecules●　Low temperature efficientlY

prevent thermal decomposition and isomerization of the trapped

SPeCies．　On the other hand．it has become to be of interest in

thelastlO YearS that use oflow temperature matrix as a field

Of chemical reactions・　For this approachl reaCtive materials are

used as matrix m01ecules as well as nonreactive compounds．　Many

investigations have been reported，SOme Of which were found to be

SPeCific reactionsin the cryogenic matrix●　Thusr low tempera－

ture matrix could be∵uSed either for preventing and for promoting

Chemical reactions．

Here′　aPplication of these two different characters of

matrix to study chemical reactions will beinvestigated．　Oneis

that matrixis used as a reaction field and also a reagent for

reaction with guest m01ecules：Studies on the charge transfer

band excited photochemical reaction of unsaturated organic

moleculesin cryogenic oxYgen matricesis the theme・　The other

StudY is that matrices are used as inert s0lvents in which

reactionintermediates are trapped：the direct spectroscopIC

detection of HSOx radicals has been studeed・
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CHAPTER　工

CHApTER　工

THE　比ATR工Ⅹ　工SOLATtON TECHNIQUE

1．工ntroductory Survey

The matrix is01ation technique is a useful method for the

Preparation and observation of small m01ecules，atOmS′　and free

radicals．・Zt has been developed in order toinvestigate

PrOPerties of unstable m01ecule and transient species in some

Chemical reaction．　Aninterested chemical speciesis trapped and

is01atedin chemicallyinert s01id or matrix tYPICally of a rare

gas at cryogenic temperature，below about　20K．　This idea is

based on an expectation that the chemical species act as

energeticallY is01ated m01ecule as in gas phase when it is

is01atedin aninert material，and on an estimation that any

Chemical reaction with an activation energy greater than a few

kJ／m0l should efficientlY be prevent at crYOgenic temperature．

＝n the middle of1950■S，the piOneering work in the field

were performedl by G・C・Pimentel and his coworkers・N31b

radical，and also smallm01ecules such as H201c and CH30Hld were

isolatedin matrices ofinert gases at temperature around　20K by

usingliquid hydrogen as the refrigerant・　TheY meaSuredinfrared

SPeCtra Of these chemical species with relativelY higher res01u－

tion thanin s01utions or organic matrices・　At about the same

time，the sYStematization of the matrixis01ation technique was

made by Z・Norman and G●Porter2（and after that S・N●Foner3

applied the inert gas matrix is01ation method for the electron

SPin reSOnanCe SPeCtrOSCOPY．
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CHAPTER　工

Matrix is01ation has now become to be one of the standard

technique whichis widely used4in the field of spectroscopy：UV－

VZS，1R，Raman，Mossbauer，photoelectron，ESR′　NMR，and any other

SpeCtrOSCOPY．　Many transient species，free radicals，ions．and

unstable molecules which are very important to studY Chemical

reactions have beeninvestigated1－5　by use of this method・

Chemical species to be studied are not only transient species but

also stable m01ecules′　metal atoms andits coagulates．m01ecular

COmPlexes′　and clusters，etC．

1n most of these studies′　the maininterestis in the

StruCture Of the trapped species or the guest molecules．while

SOme photochemical reactions are used for preparation of radicals

Or unStable m01ecules．　Combination of the discharge flow method

and the matrix technique should giVe SOme important information

Of reactions if a intact reaction mixture could be frizzed to

＝n thelastlO yearsl many Studies have rbeen made6－9　With

interests of chemical reactions ofitselfin crYOgenic matrices・

There are two types of studies according to degree ofinteraction

between a guest and matrix m01ecules．　One of the most

Charatteristic phenomenon with negligibleinteractionis the

singlelR photon photochemical reaction71Whichincludes

COnformationalisomerization of some organic molecules，　and

addition reaction caused by vibrational excitation．　工Rinduced

reaction in matrixis also found in the structural changing Of

c00rdinationin aninorganic m01ecular complex8・The energy

barrier which is negligible at r00m temPerature increases its
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importance at cryogenic temperature・　On the other handJ SeVeral

Studies are reportedin the stronginteraction systems・　tn such

a case，reaCtive material，02，CO′　etC・′　are uSed as matrix

material・For examplet215－dimethylfuran9in oxygen matrix forms

an endoperoxide by excitation within8000－17300cm－1Correspon－

ding to direct excitati。n t。Singlet states（1△g and3∑；）

excitaion of oxygen m01ecules．

Studies on chemical reactions bY uSe Of the low temperature

matrix methodis aninteresting subject．　There are two main

themein this dissertation．　Oneis the studY On the reactionin

StrOnginteraction system of crYOgenic matrices．　The photo－

Chemical reaction of alkenes，areneS，and ketene derivatives in

CrYOgenic oxYgen matrix will be discussed in CHAPTER ZV．　The

reaction found to be specificin the oxYgen matrix．　tn advance

Of the studY On the reactiont the charge transfer interaction

between organic m01ecules and oxYgen Will be revealedin CHAPTER

H1・　The other themeis of theinvestigation of some reaction

intermediate・The structure of HOSO2　Will be disclosed bY the

direct spectroscopIC detection using the matrixisolation method′

assignment Of whose spectrum is supported by the ab initio

Calculationin CHAPTER V・　These radicals are ofimportancein

the oxidation of SO2tO H2SO4in the atmosphere・

3



CHAPTER　＝

2．班atrix Effect

（a）Chemical Speciesin Low Temperature Matrix

Low temperature matricesis an environment for the guest

m01ecule closely resemble asin vacuum atlow temperature except

limitation in the movement in the matrix lattice if the

interaction between guest and matrix m01ecules is negligible・

This is true in almost cases′　eSPeCiallyin the matrix of rare

gas，but the environmentis never the same asin vacuum．　Zn

analYZing of spectroscopIC datal COnSideration about the

Perturbation of matrix m01ecules to interested chemical species

is veryimportant・　Strong or weak or negligibleinteraction

Should exist between a guest and the matrix′　and also a guest and

another guest．　Theinteraction specificin matrixisinclusively

Called the matrix effect．　The effect will foundin spectroscopIC

difference form measuredin gas orliquid phase．　One who use the

low temperature matrix method should consider about the matrix

The environment of a trapped species4c mainlY depends on

PreParation conditions materials of the matrix．　tt could be

regard that the guest m01ecule has nearlY nO Orientation in

almost cases．　The solution cage，nOt unique uSually．has a few

Or SeVeral different tYPeS Of sitesl then matrix．Spectra often

COntain fine structure due to absorptions from the different

Sites．　When matrices are soft enough for small guest molecules

to diffuse．dimers and aggregates complicate the interpretation

Of spectra．　When relativelylow M／R ratio（rati0　0f matrix to

guest，i．e．radical or reactant）is applied，gueSt－gueSt inte－
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ractions between nearest neighborsl and even next－neareSt neigh－

bors，muSt be considered for a finer interpretation of spectral

detail．

Even rare gas（Rg）matrices are not alwaysinert（‖inertH

means non－Perturbation to guest m01ecules，in this stage）．

especiallY heavY Oneis used and the measurementis based on

electronic transition．　Emission and excitation spectra of OH

radica110in Ne matrixis similar those ofin vacuumT that shows

free rotation of OH with almost no perturbation．　However，

BruslO′11et al．reported spectroscopic propertY Of OH（Al∑）′

mixing of valence and charge transfer statelRg＋oH－】in Arl Krt

and Xe matrices．　Broad bands without rotational structure was

Observedin spectra．　The　0－0　bands in Ne matrix at　307　nm very

CIose to that in vacuum（307　nm）shifts to　340．363，and　440　nm

in Arl Krl and Xel reSpeCtively．G00dman and Brusll concluded

that OHin these matrices makes alinear m01ecule Rg－HOl and the

mixing of OH（A3∑）with the CT statelRg＋HO－］enhances the

Strength of Rg一〇H bonding．　Degree of the mixing is depends on

the difference of these two energYlevels・　Whenionization

POtential of rare gasI Whichis thelower the heavierl Of Rgis

lower than Ar the CT level is down to near the OH level．　This is

SuggeStive observation for measurement and photochemistrY Of

matricesin the UV－VZS regiOn．

（b）Hatrix EffectsinlR spectra

Matrix effectininfrared absorption spectrum is important

because the spectrumis usually measured for tracing of any

5
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reaction occur in the matrix．　工ndeed′it is one of the most

usual spectroscopiC meaSurement for matrix samples since the

SPeCtra giVe manY information for m01ecular structure and also

environment of trapped species．　The matrix effect result in

Shift or splitting of bands of trapped species in ZR absorption

SPeCtra．　When the interaction between matrix molecule and a

trapped speciesis negligible，the spectrum will show alittle or

negligible shift meaning that the vibronic energY tranSfer from

the species to the lattice of the matrix is slower then the

intram01ecular relaxation．　On the other hand，if theinteraction

is strong，Obvious shift，multiple bands．and band broadening

Will be found．which makes the interpretation of the spectrum

complicate．Several effects are well known4b as f01lows．

（i）Vibrational shift：in matrices．asin anY COndensed phase，

the band center is shifted formits gas phase value，

normallY t0lower frequencY．　This is a kind ofls0lventI

Shift．

（ii）Muitiple trapping sites：in a matrix a m01ecule may be

trapped in tw0　0r mOre distinct sites′　eaCh of which will

giVe rise to a different vibrational shift，and thus several

bands will appearin the spectrum．

（iii）Rotational motion：at the cryogenic temperatures，few

rotationallevels will be populated but nevertheless several

absorptions could result from this effect．　Rotation has

been observed for a number of small m01ecules and radicals．

Znversion（NH3）and nuclear spin conversion（H20　and CH4）

COmplicate the rotational spectra of certain m01ecules in
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matrices．

（iv）Aggregation：eVen Where the interaction between two solute

m01eculesis smallr a group of tw0　0r mOre S01ute m01ecules

Will giVe rise to a frequencY Slightly different from that

Of the isolated monomer．　1n the case of hYdrogen－binding

materials，the shift may be verylarge．

（Ⅴ）Splitting of degenerate frequencies，Or the appearance of

infraredinactive bands：the matrix cage may perturb the

S01ute s01ute m01ecules sufficientlY t01ift the degeneracy

Of twolevels．0r tOinduce　＝R inactive bands．for example

the O＝O stretching frequencY Of O2・　AIso thelow

temperature，and the is01ation of monomeric s01ute

m01ecules′　Often cause near－degenerate bands to be res01ved●

3・Photochemical Reactionsin Low Temperature Matrices

（a）Reactions in Reactive Hatrices

Rare gas matrices are not always inert（．，inertH means non

reactive or no effect for chemical reaction，in this stage）also

in the case・　Strong interactions related to some chemical

reactions have been foundin electronicallY eXCited states of a

guest m01eculein rare gas heavier than argon when the excited

energy grater than7eVlin vacuum UV（VUV）region．Tylor12　and

his coworkers studied emission spectra of RgO form with atomic

O（lD′ls）formed from VUV excitation of N20′CO2，02，and OCSin

rare gas matrices・　When the atomic O forms through the

harp00ning reaction mechanisml Whichis a charge transfer from

the exciton of Rg to the guest m01eculel the guest will

7
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Photolytically decompose with non－reSOnant and higher exciton

energy than that of thermodynamical dissociation of the guest

molecule・The emission fromKrO of CO2in Kr matrix12d with the

excitation thresh01d aboutlO eV was explained with this

mechanism．

Among many studies on reactions in reactive matrix reported

in recent years．0ne Of the mostimportantin the relation of our

studiesis that by Frei and Pimente19　0n the reaction of　215－

dimethylfuran（DMF），methYlfuran（MF）and furanin O2／Ar

matrices・The direct excitati。n。f O2（1△g and3∑；・Ⅴ’：O andl

for each）and also（02）2（1△g，1△g）statesin nearinfrared

regiOninduced formation of endoperoxides・The DMF＋02reaCtion

is a single photon process with unit quantum Yield for all

Vibroniclevel・Quantum yields for MF＋02（1△g，Vl＝0）and

furan＋02（1△g，Vl＝0）was found to be－0・6and O・4′andlatter

reaction rate showed an1802isotope effect O・78±0・15，Which

theY COnClude thatitisin terms of quantum mechanical tunneling

On thelowest singlet hYPer－Surface●

＝n matrices of oxygen，StrOng Charge transfer interactions

COuld be found as the decrease of ionization potential of the

Oguest．　Photo－eXCitation to these electronic states could f01low

new specific chemical reaction channels．

（bI　工R　工nduced Reactionin Hatrices

ZR（Single photon）induce reactionin matrices，Whichitself

is veryimportant and one of the most characteristic phenomenon

ininert matricesI Should be considered when any　＝R spectrum of
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matrix sample is measured since the probe ZR beam might cause

pimentel et al．reported7b cis－tranS photo－isomerization of

HONOin N2　matrix′　Whichis the firstinvestigation that single

lR photon could proceed chemical reaction．　This reactioninduced

bYirradiation at　3650　－　3200　cm－1regiOn COrreSPOnding to the

absorption band of OH stretching（St．）mode of HONO，and proceeds

Whichever cis to tans and trans to cis with faster rate of the

former than of thelatter・F01lowing thisI Shirk et al・13found

the mode selectivity in the reaction：isomerization of cis to

trans excited at cis－Vl and　2V2　0f HONOis　200　andlO times

faster than that of trans to cis at trans－Vl mOde・Here vl and

V2are OH st・and N＝O st・mOdes of HONO，these are at　3407／3552

and3236／3345cm－1for the cis／trans forms，reSpeCtively．TheY

COnClude that energY randomization among vibroniclevelsin the

m01eculeis slowI and energy transfer of the cis formis faster

than trans formin that from the vl and the V2mOdes t05V6mOde

（twist）above the energY barrier of theisomerization．

Hauge et al・14found ethene and acetYlene could trappedin

F2／Ar matrices without thermal reaction，and ZR（2500－10000cm

l）irradiationinducedreactionsof thesecompoundswithF2・The

PrOducts from ethene with F2　Werel′2－gauChe－CH2FCH2F，tranS－

CH2FCH2F，CH2CHF，and HF・After that，Frei and Pimente19，15

Studied the reaction of ethene and F2in N2matrices using CO2，

CO′　F－Centeredlasers．　Obvious mode selectivitY WaS nOt foundin

this systeml and the quantum yield of the reaction efficientlY

increases as excitation energy increases・　No randomization of

9
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Vibronic energy could occur in suchlow energy area，and the

Vibration could relax through a cascading mechanism with frequent

energy transfer to the matrix lattice the molecule．　　They

COnCluded that the energy dependenceis because of the cascading

relaxation：highlY VibrationallY eXCited molecule could pass many

Vibrationalleveis each of which have some probability to react．

As discussed in section　2．（b）．＝R spectrum often shows

multiple band of a guest corresponding to multiple sites．

p01iakoff16reported a site selective reactioninduced bYIR

irradiation・　Fe（CO）4in a specific sitein Ar matrices reacted

with CO selectively byirradiation at1973・7cm－1from COlaser・

Resulted absorption spectrum after thelaserirradiation showed a

，一holeH with O・3cm－1widthin the CO band of Fe（CO）4indicating

the selective reaction．　The spectrum also depicts the formation

Of Fe（CO）5and retention of Fe（CO）4in other sites・

Single photonlR photochemistryinlow temperature matrices

isinteresting still apart from the caution for tracing chemical

reaction bY ZR spectroscopY・　The excellent selectivitY COuld

make manY Chemical and phYSical applications．

10
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CHAPTER　工工

EXPERZMENTAL APPARATUS AND　班ETHOD

1．Cryostat

（a）Refrigeration

Zn a low temperature matrix experimentt temperature of an

objective sample must be heldlow enough to keep the material

rigid and the vapor pressure negligible・　For examplein the case

Of argon matrix desirable temperature is below　20K・　Cryostat

used for this kind of experimentis one can h01d the sample

temperature between　4　to about15　K at the10WeSt temPerature

depend on the type of refrigeration method．

Several kind of crYOStat have been usedl for crYOgenic

experiments．　From the view of refrigeration method，three ma〕Or

tYpeS Of cryostat are used nowadaYS．　The double Dewar crYOStat

is a apparatus to use withliquid helium or hYdrogen・　Zn19601s

the use ofliquid helium t0　0btainlow temperature became

PreValent in lab01atories．　The spread of the matrixis01ation

technique owed to that liquid helium became easY tO uSe．　This

Classical apparatus has simple structure and has been used for a

long time・　The temperature of the samplein the crYOStat depend

On the boiling point of refrigerantliquid・　＝t can c00l samples

down t0　4K whenliquid heliumis used atl atm．　BY eVaCuating

liquid heliumJ temPerature nearl K maY be realized・　This

equiPment itself is a cheapest between the three types but it

COnSumeS SeVerallitters ofliquid helium for every c001ing，and

thatis normally bulkY，difficult to handle，and not so easY tO
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COntr01temperature．

Other one is the Joule－Thomson open cycle co01ing system．

This sYStem has a simple structure and consists of no mechani－

Cally moving part・　T0　0Perate the sYStem COntinuous refrigerant

gas flowis needed′　but temperature of crYOStat Can be easily

COntr01led within　4－300　K simply bY regulating the gas flow・

HcrYO－Tip一一（Air Products and Chemicals Znc．）is commercially

available one of this tYPe．

Another oneis the closedl00P SyStem based on the Stirling

refrigeration cycle．　Thisis more useful system than double

Dewar and Joule－Thomson tYPe．　The cryostat used in this study

COnSists of this tYPe Of refrigerator．　The cycle works bY

reversal sequence of four stages of the Stirling cycle，Whichis

One Of heat engineS．　Fig．2．1（a）Shows a conceptual schematic

diagram of the Stirling refrigerator．　Five sections consist of

the sYStem：COmpreSSion space，C00ler，regeneratOr，freezer，and

expansion space．　The refrigeration cycle works by reversal

SequenCe Of four successive thermodynamical stages in the

Stirling cYCle．　These stages are t00k place，aS follows，bY

Change of a v01ume in the engine running out－Of－Phase operation

Of two pistons．

（i）The fluid gas near at r00m temPeratureis compressed by

upper movement of the right piston．　＝n this stage，the left

Pistonis at the upper side．　The the fluid passes through the

C001er to dissIPate the heat of the compression．　The fluid then

goes through the regenerator and finally the freezer．　The fluid

is cooled by exchanging Of heatin the regenerator down near to
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refrigeration temperature・　This process is corresponds to

Changing of state（2）to（1）in the p－V diagram of the Stirling

CYCle as shownin Fig．2．1．（b）．

（ii）The fluidis expandedinto the expansion space whichis

enlarged bY downward movement of theleft piston while the right

Pistonis standing at the upper side that has f01lowed bY its

upward movement・　Further c001ing of the fluid gas will occurin

this stage．　Fig．2．1（a）Shows a situation that this adiabatic

expansionin the expansion space having been exceeded・　This

process corresponds to（1）to（4）in the p－V diagram．

（iii）As the right piston moves to thelower side．the total

VOlume of the sYStemis maximized．　Temperature and pressure of

the fluidin the compression space decrease．　This corresponds to

（4）to（3）in the p－V diagram．

（iv）As theleft piston moves upward again while the right

Pistonis at thelower sidet the fluid back to the compression

SPaCe・　When the fluid passes through the freezer，it adsorbs

heat of the sYStem thatis being c00led・　The fluid then flows

through the regenerator whereit get back the heat storedin the

present heat exchange．　FinallY，the fluid return back into the

COmpreSSion space and the cycle re－Start．　This process

COrreSPOnd to（3）to（2）in the p－V diagram．

Zn practice，the right piston．the right cylinder，the

COmpreSSion space，and the c001er can replaced bY a Closed cYCle

COmPreSSOr SuPPlying and returning of the fluid．and a valve

SyStem・　Theleft pistonl CYlinderr and the expansion space also

Can rePlace by a displacer in a cylinder・　This cylinder also
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COntains a freezer and a regenerator・　The displacerin the unit

moves reciprOCally bY PreSSure difference of the fluid form and

to the compressor．　tn ordinal sYStem，the displacer，regenera－

torl and the valve system are combinedinto a unit ca11ed Hcold

head一一．　The c01d headis connected to a compressor with a pair of

flexible gasiines made from stainless steel・　One of theselines

is supplyingl and the other is returningr Which make a closed

SYStem・　These flexible gaslines efficientlYis01ate the

Vibration of the compressor．　The compressor has an adsorber to

removeimpurityin the refrigerant fluid′　for which helium gasis

used for ordinal purpose．　The valve system is driven by an

electric motor with a cam on the c01d head．　The flow of gas

introducedinto the c01d head is contr011ed the valve sYStem tO

ensure the Stirling c001ing cycle．

＝n our cryostat，a COmmerCial closed cYCle refrigerator，

CTエーCryogenics Mode1－21，is used for refrigeration．　This has

been originallY designated for cryo pump system．　The c01d head

Of this refrigerator has two set of　－dispiacer－regeneratOr unit，

SOit is called two stage closed cYCle refrigerator．　At the

first c01d stage，helium gasis pre－C00led nearliquid N2

temperature．　Then，at the second stage the gasis c001ed further

to keep the top of the c01d head，On Which a sample h01der is

mounted．below15　Kin ordinal sYStem．　工n our sYStem temPerature

Of a matrix sample can be held at10－11K with no heat load．　Zf

lW of heat is loaded at the second c01d stage，the temperature

increases bY　6－7K・　The helium gasin the second stage passes to

the first c01d stage again to exchange the heat and return to the
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COmPreSSOr through the returning flexible gasline．
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Fig．2．1．（a）Schematic diagram of the Stirling refrige－

rator．　The refrigeration cYCle works by reversal

SequenCe Of four successive thermodynamical stages in

the Stirling cycle．（b）The p－V diagram of the

Stirling cycle．　The arrow depicts the direction for

refrigeration sequence．
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（b）Detail of the CrYOStat Used

Fig●2．2　shows a cross section of our crYOStat・　A sample

Plate h01der made of a copper block has a base as a heat buffer，

CJis mounted on the second stagel CS210f the c01d head of the

Closed cYCle refrigerator（CTLCrYOgenics Mode1－21）．　A sample

Plate，P，made of sapphire for UV－Ⅴ工S or of CsZ for　＝R

measurement having　2　mm thickensis screwed on the sample plate

h01der together with a copper backup plate′．　The sample plateis

POSitioned at the angles of　45　degree toward both directions of

the probe beam and the irradiating light for phot01ysis．　The

geometryisillustratedin Fig．2．3，Which shows a typiCal set－uP

for an experiment of photochemical reactionin matrices．　Zndium

metal sheet is used at each contact surface in order to ensure

g00d heat conductivitY．

The sample temperatureis monitored by a silicon diode

SenSOr，D，On the edge of the sample plate holder．　The diodeis

Wired to a digital thermometer module．DIGエーK Model D＝－8　0f

Lakeshore　＝nc・　The base of the sample plate holder was fitted

With a resistance heater to contr01the temperature of the sample

plate window betweenlO t0100　K within　＋1K accuracy．　The power

to the heateris govern bY the tripping alarm signal from the

thermometer module・　The wiring of the diode and the heater are

COiled round the c01d head rod（C01d finger）to avoid thermal

leakage form higher temperature part to the sample plate・　These

Wiring areled out from the vessel thorough a hermetic shielded

COnneCtOr．

There are tw01ines of stainless tubing tointroduce sample
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gas mixturesinto the cryostat and jetted from the nozzles．N，tO

deposit on the sample plate．　The nozzles are located10－15　mm

OVer the sample plate．　The other end of the tubing are connected

to a sample gas feeding systems thorough a feed－thorough on a

VaCuum flange．　A sample gas mixture preparedin a graceless gas

handlingline are storedin a glass bulb．　The gas mixture flows

through a diaphragm metering valve to control the rate and passes

One Of the stainless tubingin the cryostat．　The gas mixtureis

then jetted from the nozzle and deposited on the sample plate．

The other stainless tubingis also connected another set of a gas

handlingline．．

All cryogenic parts of the system areinstalledin a vacuum

VeSSel made of cylindrical stainless steel with102　mminner

diameter and　265　mm long，Which is composed of three parts：a

Cylindrical bodY，a COnneCting flange，and a head cYlinder with

five window ports．　The vacuumis shielded by Viton（COPOIYmer Of

VinYliden fluoride and－hexafluoropropYlene）0－rings．　One pair of

the ports at opposite position are fitted with KBr windows

through whichlR spectra of a matrix sample on the sample plate

Surface are measured．　Another pair of the port is fitted with

quartz plates for UV一VZS measurement or irradiation from out

Side．　The head cYlinder can rotate around the sample plate

CaPable to pass the probe beam through whichever pair of the

Windows．　The port on the top（left endin Fig．2．2）of the head

Cylinderis a view port fitted with a PYreX Window．

The crYOStat Chamberis maintained at～10－6torr before each

C001ing cycle．　＝n each scheme，an eVaCuation port of the
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CryOStat Chamberis closed belowlOOKl and deposition and

irradiation of the sample were made at10－11K without evacuation

in order to avoid back diffusion of contaminants otherwise noted．

（C）Optional Apparatus for the Cryostat

Zn some experiments optional apparatus are fitted on the

head cylinder．As shownin Fig．2．41an electrodeless discharge

resonancelamp for photoIYSis of H202isinstalled on the

CrYOStat．　This optional set have been used for the detection of

HOSO2　radical，Which will be discussedin CHAPTER V・　Zn this

CaSe，PYreX plate of the view portis replaced with a metal plate

With a feed－thorough glass tubing tointroduce H202／Ar gas

mixture・　An a11－glass depositionline with a PTFE nozzleis

installed in order to minimize the decomposition of hYdrogen－

PerOXide．　This glass－PTFElineis also used to deposit some

Other unstable samples・　For examplel t0　0btainlR spectrum of

tetramethY1－1′2－dioxetanein an oxYgen matrix the glass－PTFE

deposition line was used as will be discussed in CHAPTER　＝V．　in

this case the authentic dioxetane was vaporized at　255－260　K from

a sample tube connected about　40　cm before the PTFE nozzle，and

the vapor was sweptinto the cryostat with oxygen gas flow・

Fig．2．5　shows another optional set for a matrix experiment

COmbined with a discharge flow sYStem・　The flow tube is made

from Pyrex except quartz tubing for discharge area・　The inner

and outer tube have　8／10　and　22／25　mmin ZD／OD．　A mixture of

radical sourcein Aris microwave（2．45　GHz）discharged though a

CaVitY・　Reactant gasis added downstreaml and a part of the
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reaction mixtureis deposited on the sample plate surface through

a pinh01e of ca．0．3　mmin diameter．　Resident gas mixtureis

then pumped out bY a meChanical vacuum pump with aliquid N2

CO01ed c01d trap・　Transient species formedin the discharge flow

Will be trappedin the matrix・　This sYStem WaS uSed to study the

reaction of the H－atOm and SO2aS Will be discussedin CHAPTER V・
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Fig．2．3．　Cross section of the head of the crYOStat．

View from the right side of Fig．2．2．

24



CHApTER　工工

SO2JAr　→

Fig．2．4　An electrodeless dischargelampis mounted on
the head cYlinder perpendicular to the probe beam over

the sample plate for the phot01YSis．　The third inlet

tubing（glass－PTFE）tointroduce sample gas containing

H2020r Other reactive reagentis alsoi11ustrated・
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H2／Ar

SO2／Ar

Fig．2．5　An optional set for a matrix experiment

COmbined with a discharge flow system．　The flow tube

is made from－PYreX eXCePt quartZ tubing for discharge
area．　Theinner and outer tube have　8／10　and　22／25　mm

in　工D／OD．　Reaction mixtureis deposited on the sample

Plate surface through a pinh01e of ca．0．3　mmin
diameter at the bottom of the flow tube．
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2．Fourier Transform　工nfrared Spectroscopy（FT一工R7

（a）Advantages of the FT－ZR

The Fourier transforminfrared spectroscopY has several

important advantages over ordinal dispersion spectroscopy2，3・A

muchlarger beam diameter may be used than the grating spectro一

meter（throughput advantage or Jacquinot’s advantage）although

the beam diameter must be stepped down as res01ution gets higher・

Concurrent measurement of the detector signal all over the

SPeCtrum rage（multiplex advantage or Fellgett－s advantage）．

Above two advantages make the signal－tO－nOise ratio（S／N）higher

for spectra obtained under－COndition of the same measurement

time・　Furtherr bY the concurrent nature of the spectrum shows

One tO get an aVerage SPeCtrum in the measuring time when data

are c011ected during photochemical reaction of matrix sample．

High S／N ratiois helpfui to detect verY Small amount of

transient species and unstable species formedin the matrices・

This also makes easier to measure spectra at higher resolution・

To monitor of proceeding of reactionst　0・25　cm－l or higher

res01ution can be used practically・

StraY light does not affect the detector since all

informationis modulated to audio frequencies・　As the sampleis

Placed after the beamsplitter and is subject t0　0nlY audio

frequenciesl anY emission of infrared radiation bY the sample

Will not be detected bY the audio frequencY detector・Rapid scan

Speeds（about O．5　sec／scan）allow an interferometer sYStem tO

monitor samples undergoing rapid change・　Use of He－Nelaser

provides frequency accuracY better than O．01cm－1（laser
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reference advantage or Connes advantage）．

（bI Principle of the FT一工R

A system of FT－tR requires an lR sourcel an Michelson

interferometer，an ZR detector，mirror optics．spectrometer body，

an analog－tO－digital converter（ADC），and a computer．　Fig．2．6．

Shows a simplified schematic diagram of the spectrometer．　The

Michelsoninterferometer is the mostimportant device in the

SPeCtrOmeter・This consists of a fixed mirror（MF）and a movable

mirror（MM）and a beam splitter（BS）・　A part of the　＝R source

radiationis reflected bY BS，gOeS tO MF．and back through BS to

the detector．　The resident of the radiation is transmitted by

the BS，gOeS tO MM and back to BS，Where a portion ofitis

reflected and al so reaches the detector．　The rati0　0f

reflected／transmittedintensity of the radiationisl／1inideal

CaSe・When the distance betweerl MF and BS，and that between MM

and BS of theinterferometer are of equal length，the two beams

interfere constructivelY・Zf MMis displacedin either direction

bY thel／4　distance of a specific wavelength of a component of

the radiation fromlR source，the two beams of the specificlight

interfere fully destructively since the path between BS and MM

（also MF）is twice of the distance・　The differencein the

OPtical pathin the distances between BS－MM and BS－MFin the

interferometer is called　‖retardationTl．　The maximum retardation

Of thelRinterferometer tYPICallY2－30cm・　As MM mOVeS′　Signal

from the detector should show cosine wave form if the radiation

is monochromatic・　Zn such caset the signalintensity of the
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detectorl（Ⅹ）is given as

工（Ⅹ）＝　B（V）cos（2TXV） （2－1）．

Where xis the reterdationin centimeters and B（V）represents the

intensity of the source as a function of frequency vin cm－1・As

thelR sourceis polychromatic，the detector will respond the sum

Of all the cosine waves of the components of the radiation：

工（Ⅹ）＝ B（V）cos（2TTXV）dv
－00

（2－2）．

This signal will be essentiallY COnStant OVer mOSt POSitions of

the movable mirrorif the sourceis perfectlY P01YChromatic and

nothing absorbs the radiationin the spectrometer and the

responsibility of the detectoris flat for all frequencY regiOn．

However，When the position of MMis at the zero retardation

point，all the cosine wave should bein phase and the detector

Will glVe StrOng Signals called center burst・　Equation　2－2is

One－half of a cosine Fourier transform pair・　The otheris

B（V）＝ 工（Ⅹ）cos（2TXV）dx
－00

（2－3）．

These two equations define the relationship between the

interferogram and the spectrum●　　The transformation of the

interferograminto a spectrumis done by a computer bY the fast

Fourier transformation（FFT）algorithm which was proposed bY

C001Y and Tukey4・Atl cm－1res01ution and for8192cm－10f band

Widthr16384　data points are used for the calculation・　Equations

（2－2）and（2－3）mean a completeinterferogram must haveinfinite
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length．　＝n practice，theinterferogram cannot be infinite．　1f

FFTis made for a truncatedinterferogram，a SpeCific peakin the

resulted spectrum appears with sidelobes．　The apodizationis a

technique tO SuPpreSS the side lobes to multipIY the

interferogram bY a function before FFT calculation・　Several

functions are known for apodization：triangular，COSine，

trapezoidal，Happ－Genzel（Humming），and boxcar（unapodizing）．　Any

apodization decrease res01ution．　The use of Happ－Genzel apodi－

Zation function has been found to be desirable for most spectral

WOrk，eXCePt When the maximuminstrument res01utionis required．

This apodization functionis giVen by

工一（Ⅹ）＝（0・54＋0・46cos（TTX／2Xmax日工（Ⅹ）　　（2－4）

Where　工I（Ⅹ）is the apodizedinterferogram，and xmaxis the

maximum reterdation in cm．

（C）Nicolet　7199　Fで一工R

Fig．2．7　shows the optica11ayout of Nic01et　7199　FT－＝R with

the cryostat．　The tR beam orlginateS at the source S whichis a

Water C001ed Globar source used for mid ZR operation．　The ZR

beam from the sourceis focused bY Spherical mirror Ml upon the

aperture wheel A．　There are three aperture on the wheel these

diameter of　6・312・3　andl・1mm・　Zn the tYPICal casel the

aperture of　2．3　mm diameteris used．　After the apertures．the ZR

beamis c011imated at　2日　diameter spherical mirror M2　and brought

to the beamsplitter BS coated bY Ge on KBr substrate．　The

C011imated radiation is partiallY reflected and partially

transmitted by the beamsplitter．　The reflected beamis reflected
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from the flat fixed mirror M4　while the transmitted beam is

reflected from flat movable mirror M5　mounted on the movable

mirror assembly．　The assembly which rides on dual air bearings．

is driven by alinearinduction motor with alarge magnetic field

Strength contr011ed bY a digital designated serv0100P・

Essentially onlY the movable mirror is in motion during an

experiment．　＝t should be noted that the FT－＝Ris basically free

from many mechanical problems by elimination of cams．

SynChronized choppers，SerVO－driven combs．slit programs，gear

Shiftst etc・aS uSedin the grating spectrometer・　This makes the

reliability of the FT－tR higher than dispersion spectrometer・

The beams are recombined at the beamsplitter．　Thus BS and the

mirrors M4　and M5　Compose a Michelsoninterferometer resulting a

modulated　工R beam・　Velocity of the mirror M5　movementis chosen

as the modulation frequencies to be in audio range．　The

C011imated and modulated beam is reflected at flat mirror M6　and

M7into the sample compartment．　The beamis focused at off－aXis

Parab01ic mirror M8　and passing thorough the cryostatr and then

C011imated again at off－aXis parab01ic mirror M9　and reflected at

flat mirrors MlO and Mll・　Finallyt the beamis focused on the

MCT detector D by off－aXis parab01ic mirror M12．　Mirrors M13　and

M141and a small beam splitter for whitelight WBS constitute a

Smallinterferometer・　M14is mounted on the same moving mirror

assembly as M5・　Visiblelight form a whitelight source WSis

modulated bY the sma11interferometer．　Then the modulated white

lightis detected by a silicon diode detector WD■　Signal from WD

Will cause a center burst bY eVery PaSSing of M14　to the zero
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retardation point．　Thus the zero retardation can easily be

known．　An He－Nelaser Lis located on the interferometer body．

The beam from Lis reflected by a small prism P and passes to the

maininterferometer coaxiallY tO the　工R beam to a diode detector

LD．　Signal from LD has a cosine form according to the traveling

Of M5．　By counting of the waves beginning at the zero

retardation point，absolute retardation can be known．

The analog signals（1R signals）from D is filtered

electronicallY and converted to digital form bY15－bit ADC

triggered by the modulatedlaser signal．　Then the digital data

transferred to a host mini－COmPuter Nicolet1180　which is a　20－

bit word machine with　40k word of RAM and a hard disc drive（5MB

X　2　planes）．

The functions of Nic01et　7199　FT－lR sYStemis listedin

Table　工エー工．
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TABLE　工工一工：THE FUNCT工ONS OF N工COLET　7199　FT一工R SYSTEM

＝nterferometer

Maximum Scan Length

（half of retardations）

Mirror VelocitY

Maximum Res01ution

Aperture

Available Measurement Area

Wave Numbers AccuracY

ADC

Host Computer

Maximum Sampling Rate

Michelson type

（dual air bearing）

16．59　cm

5．5　－　31．3　mm／sec（40　steps）

0．06cm－1（unapodized）

1．14′　2．31′　6．35　mm

730了2描3慧1嵩≡i三三三1，
better than O．01cm－1

15　bitlOOk Hz

Nic01et1180

（20　bit／W x　40kW RA的）

100k H21（On RAM，depending on

the ADC abilitY）

30k Hz（with disk acquisition）
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Fig．2・6．Simplified diagram of the optical system of a

Fourier transforminfrared spectrometer．
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3．UV－Ⅴ工S Spectrometer and Data Processor

A double beam UV－VZS spectrophotometer，H工TACHZ　220A，and a

PerSOnal computer（PC）．PC－9801VM2　were used to measure UV－Ⅴ＝S

SpeCtra Of matrix samples and to analyze the measured spectra・

The functions of the spectrophotometer arelistedin Table H－ZZ・

Thelight from a source selected automaticallY between a D2

（大王　350　nm）and a tungsten（入　〉　350　nm）lampis monochromated by

a grating and a suitable optical filter and a slit・　Then the

beamis chopped and separatedinto a probe and a reference beam

by a rotating sector mirror．　The probe beam passes thorough a

matrix sample on the sapphire sample plate of the cryostatin the

Sample compartment of the spectrophotometer・　Finallyl the sample

beam focused into a photomultiplier together with the reference

beam．　The signal from the photomultiplier is amplified and

digitizedin the spectrometer sYStem．　The digital data are

transported bit－SeriallY and asYnChronousIY tO the PC thorough a

COmmunication interface based on RS－232C standard．　Contr0l

Slgnals for and status informations from the spectrometer are

also communicating with the PC．　A program for contr010f the

SPeCtrOPhotometer，meaSurement Of spectra，tranSPOrt，　StOrage，

display，Subtraction，and plotting of spectral data for the

PreSent Study have been writtenin N88－BASZC（NEC）language．
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TABLE　工エー工工：TEE f－UNCで工ONS OF H工でACH工　220A

Available Measurement Area

Wave Length AccuracY

Wave Length ReproducibilitY

StraY Light

Signal AccuracY

Baseline Stability

Available Band Pass

Light Source

190　－　900　nm

＋0．3　nm

＋0．1　nm

lower than O．02％

＋0．004　Abs．

l。Wer than4Ⅹ10－4Abs．／h

O．1′　0．2′　0．5′1，2．4　nm

tungsten and D21amp

37



CHAPTER Z工

4．Method●

（aI Preparation of Hatrices

Matrix samples are usually prepared bY deposition of a

mixture of matrix gas and guest m01ecule on a low temperature

target at10－15K．Ztis recognizedl that the target temperature

Should be chosen below O．3Tm K，Where Tm is the matrix melting

POintl in order to keep the diffusion of the c01d host remains

negligible．The M／R ratiois between102and105as guest－gueSt

interactions could be negligible．　The required sample amount

depends on the oscillator strength of the optical transition of

aninterest．　For allowed electronic transitions，Only micro一m01e

quantities of guests are necessary．　For infrared or forbidden

Visible transitions，a milli一m01e or more might be necessarY．

Any material which can be vapori21e Without decomposition can be

embeddedin a matrix bY deposition of the gas mixture．　Some

Chemical species can be sYnthesized in situ bY diffusion

COntr011ed chemical reaction．　Another species are prepared by

Phot01ysis of vaporized reagent・　The concentration ofimpurities

depends on the origin and preparation method of the sample．　Zn

the case of chemically or phot01YticallY PrePared guests，the

impurities might actually outnumber the desired product by a

large factor．

TYpiCal matrix materials are the rare gases′　H2，SF6，

lighter hydrocarbons′　and nitrogen・SF6Can be deposited at77K・

N2　yields clearlY tranSParent S01id′　making it especially

Suitable for thick matrices・　The rare gases are optically

transparent from the ultravi01et・　SF6，CH4　and other matrices
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have infrared absorption which reduce their usefulness for　工R

WOrk・More reactive materials′　for example，02，CO′　and CO2　are

also used in some case．　The useful temperature range is from

1．5K to about O．6Tm．　Above this temperature，the vapor pressure

Of the matrix leads to vacuum breakdown，diffusion becomes

Significant，and phase separation can occur．

Zn our photochemical experimentst typiCallyl about1mm010f

a gas mixture of organic compound and O2（M／R一＝between250／1t0

1000／1；Mis O2）has been deposited at10－11K on the CsZ target

With a flow rate aboutl mm01／h・　For the detection of HSOx

radicals，gaS mixtures of SO2in Ar（M／R＝　250／1；Mis Ar）and

that of H202in Ar（M／R＝1／250also）have been deposited on the

CsZ plate atllK．　＝n all case matrices formed just after

depositions have been c010rless and clear．　0Xygen matrices for

UV－Ⅴ＝S measurement were prepared bY Hpulse deposition methodH・

The detail will be discussed in CHAPTER iZ．

（bI V－Ⅴ工S Spectral Measurement of Organic Molecules　工SOlatedin

Oxygen班atrices

The UV－VZS spectrum of a matrix sample was measured through

the quartz window with the UV一VtS spectrophotometer communicating

With the data processing system．　The spectral range measured was

200－900　nm with resolution of　2　nm●　A spectrum of pure s01id

OXygen PrePared under the same condition was also measured as a

reference・　The apparent optical densities of the pure oxygen

reference werel・7111●0610●60　and O．27　at　200r　220′　250　and　300

nm，reSPeCtively・　Besides the Herzberg band absorption of O2
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（く270nm）5，Surface scattering contributes to the optical density

ParticularlY in the shorter wavelength regiOn．　Difference

SPeCtra Were Obtained by numerical subtractions of the pure

OXygen reference from those of the matrix samples．　The resultant

SPeCtra are thought to be reliable in the range between　230　t0

900　nm．　Fig．2．8　Shows an example of spectra set of before and

after subtracted spectra and a oxYgen reference．　2，3－dimethY1－2－

butene in oxYgen matrix shows spectrum（a），and pure oxYgen

reference is（bI．　Spectrum（C）is the subtracted（b）from（a）

ShowslnetI absorption band．
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Fig．2．8．　UV－VZS absorption spectra of before and after

Subtracted spectra and a oxygen reference．（a）2，3－dimethY1－

2－butenein oxYgen matrix shows spectrum（M／R　＝1／250　at

lOK），（b）pure oxygen reference，and（C）is the subtracted
（b）from（a）．
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tCI Photochemical Experiments

For the photochemical experiments，a　500－W high pressure

mercurY arClamp was used as alight source．　A water cell（15　cm

inlength）With a pair of Supurasil quartz windows and an

interference band pass filter combined with a suitable cut filter

were used to remove the infrared radiation and to is01ate an

appropriate wavelength regiOn for excitation．1f necessarY，tO

COrreCt relative decay rate constant of a sample under each

irradiation condition，the irradiance for each specific

excitation wavelength was measured bY a thermopile．

Aboutl mm01of O2With organic compound（M／R：between

250／1t01000／1）was deposited on the Cs＝　plate at　10－11K with a

flow rate ofl mm01／h for each photochemical run．　ZR absorption

SPeCtra Were meaSured before and after eachirradiation bY FT－tR

（Nicolet，7199　sYStem）under the condition of　0．5－1cm－10f

res01ution with aliquid N2　C00led HgCdTe detector；the spectrum

range studied was　4000－700cm－1（tYPe A）or4000－600cm－1（tYPe

B）depend on the character of the detector used．　Type Ais a

highly sensitive detector，but available bandwidth is narrower．

The sensitivitY SteePly drops below800　cm－1●　Type B has more

Wide bandwidth than type A，but the peak responsibilityis lower

than tYPe A．　These were used depending on the interested

SPeCtral regiOnS．

The irradiation time was chosen so that the decrement of

reactants should not exceedl／3　0f initial amount．　Product

SpeCtra Were Obtained bY Partial subtraction of the reactant

SPeCtra from those of reaction mixtures afterirradiation at the
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SPeCified excitation wavelengths・　Wavy base－line caused by

OPticalinterference were corrected numerically．
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CHApTER　工工工

UV－VZS ABSORPTZON SPECTRA OF CONTACT CHARGE TRANSFER BANDS OF

SELECTED UNSATURATED ORGANZC　班0Ⅰ．ECULES

工N CRYOGEN工C OXYGEN MATR工CES

1．　工NTRODUCT工0N

The ultravi01et and visible absorption spectra caused bY the

interaction of organic m01ecules with O2　have been well known

since the studY Of Tsubomura and Mullikenl・The phenomena has

been establishes as charge transfer（CT）interaction．　When the

ground state of donor－aCCePtOris a contact pear，Whoseinterac－

tion energy is negligible，it is more restrictivelY Called as

COntaCt Charge transfer（CCT）interaction・Theinteraction of O2

molecule with simple alkenes have well been known as CCT：these

have been foundin systems of　2－methY1－2－butene and　2t3－dimethY1－

2－butenein the oxygen－Saturatedliquid2　and propene12－methyl－

PrOPene，t－2－butene．2－methy1－2－butene，and　2，3－dimethy1－2－butene

in the vapor phase3at70atm of O2・CCT absorption also found

inmanYOtherorganic s0lvent saturatedwithO21′4・

However，the vertical energY Of these CCT transition of

COntaCt Pairs have not been known since the maxima of the CCT

tend t0　0Verlap the absorption of original transition of the

large ma］OritY Of s01vent m01ecules free from CCT interaction．

When a organic m01eculeisis01atedin oxygen matrix′　almost of

guest畠will be surrounded and perturbed by O2m01ecules′then the

maximum of CCT band could be shown．

＝n this chapter，CCT interaction of a series of simple
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alkene，areneS and ketenes in s01id oxygen atlOK will be

discussed with measurements of the absorption maxima in UV－Ⅴ工S

regiOn．　The character of electronically excited states of these

unsaturated organic compoundsin crYOgenic oxYgen matrix will be

investigated．

2．Theoretical Aspects of the Contact Charge Transfer（CCT）

工nteraction

Considering the charge transferinteraction，the energY Of

Vertical transition，EcT，Obtained from the energy of absorption

maxima can be expressed as

EcT：ZP（D）－Cl・C2／（ZP（D）－Cl）′　　　　　　　（3－1）

when the second一〇rder perturbation theorY5is applied・Here

ZP（D）is theionization potential of the donor，and Cl and C2are

approximately constant for a series of donor with the same

acceptor．　A series of donors are benzene and its derivatives

Which have different numbers of methYI substituentsJ for an

example・The value of Cl aPPrOXimatelY the sum of the electron

affinitY Of the acceptor，EA（A），and the electro static energy

between the m01eculesin the CT state（EE）・C2　reflects the

interaction between theionic state and non－COnfigurations．　When

the O2is the electron acceptor and some hydrocarbonis the donor

（D）′　the ground state D－02Pairis a very weak complex or only a

COntaCt Pair・　＝n such a case，C2　thought to be negligible・　Zf

the Coulombic attraction energyis almost same over a series of

D′　EcT Should correlate to ZP（D）with a slope near unitY Since

the electron affinitY Of O2is constant（EA（02）＝　0・440±0・008
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ev6）・＝n such a caser eq．（3－1）can be simplified as

EcTぎtP（D）－EA（A）－EE
（3－2）．

3．　Experimental

Optical transparency of matrices areimportant t0　0btain UV－

VZS spectra with higher S／N rati0．　The ordinal slow deposition

method produces a matrix with low transmittance due t0　0Ptical

SCattering especiallYin the UV regiOn．　This tendencYis not so

Seriousin the Ar matrix，butis a problemin the oxygen matrix．

To minimize the optical scattering，the pulsed deposition method

similar to those used by Perutz and Turner7′and Rest at al・8was

employed．　Ten portions of a sample／OXYgen gaS mixture（M／R　＝

250／1for olefins，ketenes，benzene and methYI substituted

benzenes，1000／1for styrene and naphthalene）in a few cm3v01ume

10aded from a　4－1iter glass bulb at pressure of　80－100　torr were

deposited successivelY On the sapphire plate atlOK・　The total

amount of the mixture deposited was ca．0．25　mmol．　Each

deposition took　30　seconds with a　90　seconds interval．　No

temperatureincrease was observed during the deposition．　Spectra

Were meaSuredin the rage of　200－900　nm with resolution of　2　nm．

Gas samples，ethene，prOPene，methYIpropene，C－2－butene，t－

2－butene，CO and CO2（all from Takachiho′　reSearCh grade），Were

used after degassing．　Liquid reagents，2－methy1－2－butene（Wako）．

2，3－dimethy1－2－butene（Aldrich），benzene，t01uene，P－XYlene，

mesitylene and styrene（Wako）were，degassed and purified bY trap

to trap distillation in vacuum．　Naphthalene and durene（Wako）

Were Purified by sublimationin vacuum．　Ketene，methylketene and
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dimethYlketene were synthesized from these dimer（ketene and

dimethYlketene）or　2－butanone（methylketene）bY PyrOlysis as

discussedin the experimental sectionin CHAPTER ZV．　0Xygen and

argon（Nippon Sanso）Were passed thorough a spiral glass tube at

liquid nitrogen temperature］uSt before use．　All these reagents

and gases were of research grade puritY．
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4・　CCT Absorptionin CrYOgenic OxYgen Hatrices

（a）Simple Alkenes

Fig・3・1depictsIlnetH absorption spectra of the simple

alkenesin the oxygen matrix（M／R＝　250／1）when O．25±0．01mmol of

each sample was deposited●　The spectra were obtained bY

Subtracting the reference spectrum of pure oxYgen tO remOVe the

C。ntribution。f Herzberg band（A3∑こ十Ⅹ3∑盲）absorption of oxYgen

m01ecule（く270nm）9and also surface scattering of oxYgen matrix．

Fig・3・1demonstrates the CCT bands of the alkene－02　pairsin

S01id oxYgen aS Will be discussedlater．　The absorption maxima

are clearly seen at　218　nm（OPtical densitY，0．16）for propene，

243　nm（0．14）for　2－methYlpropene，234　nm（0．20）for CB，235　nm

（0．24）for t－2－butene，263　nm（0．17）for　2－methy1－2－butene and

287　nm（0．36）for　2，3－dimethy1－2－butene．　＝n the case of　2，3－

dimethy1－2－butene，long tail extending into the V＝S regiOn tO

about　550　nm was observed．

The oscillatorY StruCtureSinlong wavelength part as shown

in Fig．3．1are artifact of the optical fringe caused bY

interference．　The thickness of the matrix can be estimated from

theintervals of the fringe・　The average thickness of matrices

thus estimatedis　5．61＋0．06　um．　Assuming that the sample plate

Of　2・O cm diameter is covered evenlYl the amount of sample

actually deposited on the plate is estimated to be O．078　mmol

from the thickness and the density of solid oxYgen（d＝1．426　at

21K），Which can be compared with the total amount of deposition

Of O・25　mm01・　Thusl the deposition efficiencyis calculated to

be　31％・　The concentration of alkenein s01id O2　Can be
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Calculated to be O．178　mol／l from the M／R ratio and the density．

Then，the m01ar absorption coefficients（E）of the CCT bands at

their absorption maxima can be estimated from the thickness of

the matrix and the concentration of alkenein s01id oxYgen uSing

the absorbance giVenin Fig・3・1：prOPene11・5Ⅹ103；CB11・8Ⅹ103；

t－2－butenet　2・2Ⅹ103；2qmethY1－2－butene11・5Ⅹ103；and　2r3－

dimethy1－2－butene13・3Ⅹ1031m01－1cm－1′reSpeCtivelY・

Therefore′　When we plot EcT（in eV）against　＝P（D）（in eV）

for the series of alkenes studied．the correlationis expected to

belinear with a slope of unityif eq．（3－2）could be applYed．

＝n such condition，the upper state is a charge transfer state

With a potential characterized bY a Pure COulombic attraction・

Fig．3．2　demonstrates the linear correlation between the

experimental values of EcT and theliterature values of ZP（D）

（givenin Table HZ－＝）with a slope of O．96！0．11．　Thus，the CCT

Character of the observed bands in the present study has been

established and the upper states are found to be purely coulombic

ion pair states．

The main features of the CCT bands of　2，3－dimethy1－2－butene

in the oxygen－Saturatedliquid2are similar to those obtainedin

the present studY but along tail of absorption extending to　〉500

nm was observedin s01id oxygen・Zn the vapor phase spectra3r

OnlY along wavelength edge of the oxYgen enhanced absorption has

been observed．　They were assigned to the T　十N transition for

PrOpene12－methYlpropene and t－2－butenet and to the CCT absorp－

tion for　2－methy1－2－butene and　2r3－dimethy1－2－butene・

The CCT absorption spectra for some arenes in oxygen
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matrices have been reported by Rest et al・8　1n their experi

ments，Singlet－triplet absorption bands of benzene and t01uene

have been observed overlapping tO the’ccT bands・　On the

contrarYl nO OXygen－enhanced singlet－triplet absorption3，10

accompanylng a Vibrational structure was clearly observedin the

range of　280－350　nm for either alkene（2－methY1－2－butene or　2，3－

dimethy1－2－butene）under our experimental conditions．　This

result agrees well with the previous datal′11that the oxygen－

enhanced singlet－triplet absorption bands have much sma11er

transition moment than those of the CCT bands．

Table Z11－Z giVeS the estimated values of Coulombic attrac－

tion energy（EE）calculated from eq・（3－2）using the values of

lP（D）and EcT Citedin the table・Further，the energy df

formation of an electric dipole pair from two elementary charges

is giVen bY Birks＿et al．12as′

△W虚EE＝
14．41

RDA

（3－4）

Where RDAis the charge separationin A・RDA Values thus

Calculated from the　△W values are also giVenin Table HZ一＝・

Using the van der Waals radii of oxygen atom（1．40A）and carbon－

Carbon double bond plane（1．70A），the separation between the

dipole pair may be estimated to be　3・10r　4・5A when the O2

m01eculelies parallel or perpendicular to the planel

respectively・　The observed value of　4・1±　0・2AT being nearlY

independent of the number of methYI substituentsl lies between

these values′　SuggeSting that the O2m01eculelies on the tilt to

the double bond planein the ground state・　Thelong－WaVelength
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tail of the CCT band for　2，3－dimethy1－2－butene might be due to

the　2，3－dimethY1－2－butene－02　Pairin which O21ies parallel to

the double bond plane．　For such a CCT pair with a different

geometric configuration，the upper state potential surface would

also be different．
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Table工工エー工●　Parameters for the CCT pair of the alkene－02SYStem

alkene ZP（D）′eva EcT／evb　△W／evC RDA／AC

ethene

prOPene

2－methYlpropene

C－2－butene

t－2－butene

2－methY1－2－butene

10．51

9．73

9．23

9．13

9．13

8．67

2，3－dimethY1－2－butene　　　8．30

5．68　　　　3．61

5．11　　　　3．68

5．30　　　　3．39

5．28　　　　3．41

4．71　　　　3．52

4．32　　　　3．54

3．99

3．92

4．25

4．23

4．09

4．07

a．Data from reference13）．　Values determined bY a Photoioni－

21ation technique are adopted．　Associated errors are typl－

Cally　±0．02　eV．

b・Determined from the absorption maxima of the CCT bands

Shown in Fig．3．1．　Associated errors are typICallY‡0．07

C・Associated errors for　△W and RDA are eStimated to be　＋0・1
eV and　＋0．12　A．
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VAVELENGTH（nTTl）

Fig・3●1・UV－VZS absorption spectra of alkene－02　SyStemS

（M／R　＝　250／1）atlOK，Obtained by subtracting a pure oxYgen

reference from original spectra．
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Fig．3．2．　The correlation of the energy of absorption maxima

OftheCCTspectraofthealken完32S諾芸S。謁言丁禁書eionization potential of alkenes．
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（bI Simple Arenes

The CCT absorption spectra of arene－02　pairs has attracted

muchinterest since Evans4a reported oxygen－enhanced absorption

SpeCtra Of oxygen－Saturatedliquid benzene．toluene，Styrene．and

SeVeral other arenes in1953，although the reported absorption

maxima werelater ascribed to aninstrumental err？r4b′14・　Zn

1960－s several studiesll′14－16　Were reported on the CCT

absorption spectra of arene－02　SyStemin theliquid phase・　＝n

all these studies，however，OnlY enhanced absorptions overlapping

thelong wavelength tails of the first singlet symmetry－forbidden

bands were genera11Y Observed，and no well－reS0lved absorption

maximum was revealed・OnlY for benzenet Lim and Kowalski14

presented the spectrum of the CCT absorptioninliquid phase as a

difference spectrum between with and without pressurized oxygen，

Which showed the absorption maximum at around　220　nm．　Birks and

coworkers171ater reported the absorption maximum for the

benzene－02　Charge transfer bandin the vapor phase at　219　nm・

More recentlYI Rest et al●8　studied the absorption bands of

benzene，t01uene，Styrene andindenein the crYOgenic s01id phase

atlow mixing ratios（betweenlO／1t01／60）．　They presented the

difference spectra between those obtainedin the　02　and Ar

mixture as the CCT bands with O2・The absorption maximum of

benzene－02（M／R＝1／1）sYStem repOrted was235nm・

Absorption Spectra．　Fig．3．3　shows the observed UV absorp－

tion spectra of（1）benzene，（2）t01uene and（3）p－XYlene in

the oxygen matrices（M／R　＝　250／1）comparing with those in the

argon matrices（M／R＝　250／1）．　The spectrain the oxYgen matrices
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Were Obtained bY Subtracting the reference spectrum of pure

OXygen．　The vertical scale of the spectra in both matrices are

the same for each compound．　Fig．3．4　presents similar comparison

Of the spectra for（1）Styrene and（2）naphthalenein oxYgen and

argon matrixes（M／R　＝1000／1）．　The UV absorption spectra of

benzene，tOluene，P－Xylene，m早Sitylene and durenein oxygen

matrices（M／R　＝　250／1）are depictedin Fig．3．5illustrating the

SPeCtral shift and change of the spectral shape of the absorption

bands as the number of methyl substituentsincreases．

The absorption coefficients（E）of these bands at their

absorption maxima can be estimated by same manner as applyed to

alkene－02meaSurement・From the absorbance′　the thickness of the

matrix（5．6　um）and the concentration of arenes in s01id oxYgen

（180　mm01／l for M／R　＝　250／1．45　mm01／l for M／R　＝1000／日．　The

absorption maxima and the estimated absorption coefficients（in

parentheses）are as f01lows：238nm（5．4Ⅹ103）for benzene，247nm

（3・4Ⅹ103）for t01uenet　255nm（3．0Ⅹ103）for p－Xylener　263nm

（2・8Ⅹ103）for mesitYlene′　266　nm（2．8Ⅹ103）for durene，238　nm

（2・4Ⅹ104）for stYrener arOund260nm（8Ⅹ103，VerY broad）for

naphthalene．

Figs．3．3－5　Show that all these absorption bands have along

tail forlonger wavelength side●　Except the spectrum of benzene

in the oxygen matrix which has a single peak．each spectrum of

methYI substituted benzenes consists of two absorption bands．

The spectrum of styrene has one strong peak at　238　nm with a very

long tail to about　330　nm・　Naphthalene has verY broad absorption

around　230　to　350　nm．
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As seen in Fig．3．5，the UV absorption spectra of the

methyl substituted benzenes seem to consist of two absorption

bands．　The second band at10nger WaVelength part is

indiscernible for benzene andis apparent as a small shoulder for

t01uene．　With theincrease of the number of methYI substituents′

theintensity of the second（longer wavelength）band becomes

COmParable to the main band．　Fig．3．6　depicts the plots of the

Vertical transition energy corresponding to these absorption

maxima of the main（Shorter wavelength）band against ZP（D）for a

Series of methYI substituted benzenes（Closed circles）comparing

With that for alkenes（OPen Circles）studied previousIY．　Zt

Should be noted that the piot for benzene lies on the slope for

the series of the shorter wavelength component of the methYI

Substituted benzenes shows that this band of benzene constitute

the main series．　As seenin Fig．3．6，the correlation of the

Vertical transition energy against ZP（D）for the methYI

Substituted benzenesis linear，Which represents the transitions

are essentially of the CT character．　However，the slopeis O．46＋

0．13，Whichis far from unitY．　Thisisin contrast with the case

Of alkenes whose slope is nearlY unity（0．96±0．11）as expected

from equation（3－2）．　This means that the CT states of the methYI

Substituted benzenes are not characterized as pure coulombic

attraction but valenceinteraction should also be particIPating．

Hereit should be noticed that theintrinsic Sl　＋　So

transition of the arenesliesin the close energy range to that

Of the CCT bandsin oxYgen matrix and theintensitY Of the former

bandsis never negligible as shownin Fig．3．3．Theintensity of
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theintrinsic band observedin the argon matrixincreases as the

number of substituted methYl groups increases．So as the

intensity of the second band．　Another evidence which should be

noted is that the vibrational structure of the band observed in

the argon matrix disappearsin the oxYgen matrix．　This suggests

the existence of strong perturbation to the first excited state

Of these compounds bY SurrOunding O2m01ecule（S）・Since the

energYlevel of the CT state and the first excited state of the

electron donor m01ecule are close and thereis stronginteraction

between them，these two could be mixed to splitinto tw01evels．

Which should be a cause of the appearance of the two absorption

band for each compound．　Considering a relative intensity and

excitation energy for the two bands．the main series should

retain more of the nature of the original CCT bands，and the

SeCOnd series should be recognized as perturbed Sl←So bands・

＝tisinteresting to note that the spectrum of benzene retains a

Vague Vibrational structure of thelB2uヰlAlg bands′Which

Should reflect the fact the mixing of the CCT andlBlu Stateis

less significant．　This is also consistent with the fact the

＝P（D）pIot of benzene（Fig．3．6）falls on the line for alkenes

Whose excited stateis known to be purelyionic●

For stYrene，Fig．3．4　Show that the spectral intensity in

the argon matrixis comparable with thatin oxygen・　The spectrum

for styrenein the argon matrix shows a strong absorption band

around　230－260　nm and weak one around　270－290　nm both showing

Vibrational structures．　The former is due to TT＋Tr＊　transition of

the olefinic part con］ugated with the aromatic systeml and the
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latteris a benzenoid band．　The disappearance of the vibrational

StruCture and the enhancement of the absorption at the longer

WaVelength regiOn in the oxygen matrix shows the presence of a

CCT band and the strong perturbation by the CT state to these

intrinsic transitions．　AIso for naphthalene，the bands can be

interpreted as they consist of the CCT and the perturbed

Rest et al．8typically measured a spectrum of al／1mixture

Of arene／OXygen，Which maY be characterized as a mixed crystal

rather than a matrixis01ated arene－02Pair・By subtracting the

SPeCtra Of the arenein argon and of pure oxygen from that of the

mixture of arene／oxYgen，they reported the difference spectrum as

a CCT band．　tgnoring small difference of the band shape，these

SPeCtra for benzene and t01uene agreed well with those observed

in the present studY．　Reported absorption maxima at　235　and　246

nm agreed well with our values of　238　and　247　nm．respectivelY．

TheY also applied the same treatment for stYrene and reported the

difference spectrum showing two distinct absorption maxima at

228　and　268　nm．both assigning to the CCT bands．　However，

judging from the strong perturbation and the comparableintensity

between theintrinsic and CCT bands of styrene shownin Fig．3．4，

Subtraction of the spectrum in argon from that in s01id oxYgen

Should not be］uStified t0　0btain the CCT spectrum．　Thus．their

l’ccT spectrum一一　must have suffered substantial distortion and the

reported one of unusual band shape with a sharp edge should be an

artifact．　This is also the case for indene whose intrinsic

absorption bands have comparableintensitY tO the CCT bands．　Zt
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is generallY COnCluded that the complete separation of the pure

CCT band from the intrinsic band is impossible for most of

The CCT absorption maximum of theliquid14and vapor17phase

benzene pressurized by O2　has been reported to be at around　220

nm′Whereas the maximumin the O2matrixis at238nm as shownin

lain Fig・3・3・　Since the energy of the absorption maximum for

benzenein the present studyisinline with all other methYl－

Substituted benzenes as depictedin Fig・3・3rit may be concluded

that previousIY rePOrted values would have suffered from error

attributable to subtraction of large absorption by unperturbed

benzene．
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Fig．3．3　UV absorption spectra of benzene and methYI

Substituted benzenes with M／R　＝　250／l atllK；（1）benzene，

（a）in argon matrix and（b）in oxYgen matrix；（2）t01uene，

（a）in argon matrix and（b）in oxYgen matrix；（3）XYlene，

（a）in argon matrix and（b）in oxYgen matrix．　Spectra

measuredin oxygen matrix are obtained bY Subtraction of a

Pure OXYgen reference．
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Fig・3・4－　UV absorption spectra of styrene and naphthalene

With M／R：1000／1atllK；（1）styrene・（a）in argop matrix
and（b）in oxYgen matrix；（2）naphthalene，（a）in argOn

matrix and（b）in oxygen matrix．　Spectra measuredin oxygen

matrix are obtained by subtraction of a pure oxygen
reference．
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Fig・3・5．　UV absorption spectra of benzene and methYI

Substituted benzenes in oxygen matrix with M／R　＝　250／1at

llK for（a）benzene．（b）t01uene，（C）XYlene，（d）mesitylene
and（e）durene．
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Fig・3・6・　Correlation of the energY Of absorption rnaxima of

the CCT spectra against theionization potential．（a）alkYl

benzene－02SyStem（●）′（b）alkene－02SyStem（○）・
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（C）Ketenes

Fig．3．7　shows absorption spectra of ketene a（m）．methYl－

ketene b（m）and dimethylketene c（m）in oxygen matrices（M／R　＝

250／1，0．25‡0．01mm01deposited）after subtraction of the pure

OXYgen Standard．　The absorption maxima are seen at　く220　nm

（optical densitY　〉　0．15）for ketene，242　nm（0．14）for methyl－

ketene，292　nm（0．12）for dimethylketene．　The oscillatory

StruCtureSinlong wavelength part shownin c（m）is artifact as

in the spectrum of　2，3－dimethy1－2－butene．　The m01ar absorption

COefficients（∈）of the CCT bands at their absorption maxima can

be estimated from the thickness of the matrix and the concent－

ration of ketene to appIY the same manner as discussedin section

4・（a）：∈　＞1・4Ⅹ103　for ketenet1．4Ⅹ103　for methYlketene and

l・1Ⅹ103　for dimethylketene・These values of absorption coeffi－

Cients arein the same range asin the case of alkene－02SYStem・

The correlation of the energy of absorption maxima of the spectra

Of these ketene－02　SyStemS against theseionization poten－

tia113，18（OPen Circles and a ellipsoid）plotted over the slope

（0・96±0・11）of the alkene－02SyStemS（Closed circles）in Fig・3・8・

The e11ipsoid denotes the uncertaintY in the CT energY for

ketene，absorption maximum in whose spectrum is unknown．　The

Plots for ketenes are verY Close to the slope for alkenes●

Thereforer in the series of ketenesJ the upper state of the

transitionis a charge transfer state with a potential characte－

rized bY a Pure COulombic attraction as foundin the alkene－02

SyStem．

These ketenes show absorption of forbidden n＋TT＊　transition
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at　326，357　and　370　nm in gas phase for ketene（Fig．3．7a（g日，

methylketene（Fig．3．7b（g日　and dimethylketene（Fig．3．7C（g日，

respectively．　Zntensity of these forbidden bands are aroundlO

in E・　Existence ofintrinsic bands atlonger wavelength partis

a difference from the case of alkenes・　OnlY a Small part of the

CT bands of ketenes and methYlketene are overlapped with that of

the n＋TT＊　band while thelonger part of the CT band of dimethyl－

ketene arelargelY OVerlapped with the n＋Tr＊　band．　tn the

Photochemical experiment，the difference can be revealed between

the CT excited photochemical reaction and n＋Tr＊　excitedJ in the

CaSe Of methylketene．
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Fig・3・7・　UV absorption spectra of ketene and methYI

Substituted ketenes：a ketene，（g）in gas phase and（m）in

OXygen matrix；b methYlketene，（g）in gas phase and（m）in

OXygen matrix；C dimethylketene，（g）in gas phase and（m）in

OXYgen matrix．　Spectra measured in oxYgen matrix are

Obtained bY Subtraction of a pure oxYgen reference．All

matrix conditions are M／R　＝　250／1atlOK．Gas phase spectra

Were meaSured at aboutlO torr at r00m temPeraturein alO
Cm gaS Cell．
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Fig・3・8・　The correlation of the energy of absorption maxima

；三n霊監S冨…言霊霊崇だ………ミミ㌘2．詳言e誓言r三号諾慧吉h≡
ellipsoid）・The slope O・96＋0・02is of the alkene－02　SYStemS

（Closed circle）．
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5．Conclusion

The UV－VZS absorption spectra of alkene－02　Pairsin s01id

OXYgen atlOK was studied．　The contact charge transfer（CCT）

bands separated weil from the intrinsic absorption bands of

is01ated alkenes were recorded with the maxima at　218，243，234，

235，263　and　287　nm for propene，2－methylpropene，C－2－butene，t－

2－butene′　2－methy1－2－butene and　2，3－dimethY1－2－butene．respec－

tively・　The vertical transition energY COrrelatedlinearlY With

theionization potential of the alkenes．．

The UV absorption spectra and photochemical properties of

benzenel t01uenel p－Xylene′　meSitylenel durenel Styrene and

naphthalenein s01id oxygen atllK were also studied．　The well－

res0lved contact charge transfer（CCT）absorption spectra have

been observed．　ParticIPation of valence interaction to the CT

State has been discussed based on the evidence that the spectra

Of the methYI substituted benzenes consist of two absorption

bands，and a vibrational structure of the intrinsic bands

disappear・　The vertical transition energy of the main CCT band

against theionization potential correlatelinearly with the

Slope of O・46＋0・13t which are far from unitY．

＝n the series of ketenes，the plot of CT energy against

theselP verY Close that of alkenes・　The upper state of the

transitionis a charge transfer state with a potential characte－

rized by a pure coulombic attraction as foundin the alkene－02

SyStem．
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CHApTER　工V

CT EX工STED PHOTOCHEH工CAL REACT工ONS OF SELECTED

UNSATURATED ORGANZC MOLECULES IN THE CRYOGENZC OXYGEN hATR工CES

1．Zntroduction

Photochemistry in reactive low temperature matrices is of

particular interest from the point that new reaction channels

which are not observedin the conventional gas and liquid phase

COuld be found●　Reactions in the oxygen matrix are attractive

examplesJ and have beeninvestigated bY E・K・C・Lee and his co－

workers for formaldehyde11a glyoxa11b and sulfur containing

compounds11c and by Bandow and Akimot02　for ketene・　A photo－

Chemical reaction induced bY direct excitation of the singlet

oxygen bands has been reported by Frei and Pimente13　0n the

dimethYlfuranin O2／Ar matrix・

The photochemical reaction of some organic compound in an

OXygen matrix could proceed via cT state bY eXCitation at UV一VZS

regiOn Since the guest m01ecule with the O2　m01ecule shows CCT

absorption band whose transition energY andintensitY are depend

On theionization potential of the guest as discussedin CHAPTER

ZZZ．　＝n this chapter，at first，the novel phot00XYgenation

reaction of simple alkenes in solid oxygen excited at the CCT

band bY UV－VZSlightis presented．

One of the alkenes，2，3－dimethY1－2－butene found to be react

With O2　bYirradiation of visiblelight（i520土20　nm）in oxygen

matrix・　This compoundis characterized bylowionization

POtential（Z．P．＝　8．40　eV）among simple alkenes．　The CCT band
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With O2isliein thelongest wavelength regiOnin the simple

alkenes．　The product is very specific and much different from

that known for conventional singlet oxygen reactions．　The

Characteristics of the CCT photochemistrY Of other alkenes．

ethene，PrOPene，2－methYIpropene，C－2－butene．t－2－butene，and　2－

methy1－2－butene，in crYOgenic oxygen matrices also will be

discussed．

Along with the study of alkenes．CT excited photochemistry

Of a series of arenes in s01id oxYgen has also been studied．

Benzene．t01uene，P－XYlene，meSitylene，durene，Styrene and

naphthalene were selected as electron donor m01ecules．　Further

more，photochemistry of methYI substituted ketenes．methYlketene

and dimethYlketene．in crYOgenic oxygen matrices are also

studied・Discussion will be made with previous2investigation on

the reaction of ketene－02SYStem・

Zt would beinteresting here to compare the results of this

WOrk with those of the photochemistry of alkene－02　and arene－02

SYStemSin gas andliquid phase，and als0　0n Surfaces．

2．Experimental

（a）Simple Alkenes

The outline of photochemical experiment have been discussed

in the CHAPTER H・　The　500－W high pressure mercury arclampl the

Water Cell，a Selected interference band pass filter together

With a cut filter were used as a light source．　The maximum

transmission wavelength and the band width at half maximum of the

filter，and theirradiance at the center of the sample plate are
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as follows：〉620　nm（an interference10ng PaSS filter combined

With Corning　0－52，irradiance not measured），579‡11．5　nm（14．7

mw／cm2）．＞500nm（aninterferencelong pass filter combined with

corning0－52，irradiance not measured）．434±16nm（14．5mW／cm2），

406‡18nm（9．1mW／cm2），364‡20nm（6．4mW／cm2），333±19．5nm（0．90

mw／cm2），322±12nm（1．3mW／cm2），310±15．5nm（5．2mW／cm2），297±

17・5nm（3．8mW／cm2），254‡17nm（0．54mW／cm2），〉220　nm（Corning

9－54′irradiance not measured）．

About O・8mm0l of an alkene／02（1602for all alkenes

studied′1802andl：1mixtureof1602－18020nly for2，3－dimethy1－

2－butene）mixture（M／R　＝　250／1）was deposited on the Csl plate at

lOK with a f10W rate Ofl mmol／h for each photochemical run．　tR

absorption spectra were measured before and after each

irradiation bY the FT－ZR under the condition of O．5　cm－10f

res01ution with a HgCdTe detector（4000－700cm－1）．

An ZR absorption spectrum of tetramethY1－1，2－dioxetanein an

OXYgen matrix was obtained as a reference．　The glass／PTFEline

（See SeCtion　2．1．3in CHAPTER lZ）was usedin order to minimize

the decomposition of the dioxetane．　Authentic dioxetane was

VapOrized at　255－260　K from a sample tube connected about　40　cm

before the PTFE nozzle・　The vapor was swept into the crYOStat

thorough theline with oxYgen gaS flow・

Relative integrated absorption coefficients of c－2－butenel

t－2－butene，CH3CHO′　CO′　CO2，and O3　Were determined by the

SPeCtra Of standard mixtures′　C－2－butene／CH3CHO／CO／CO（5／5／5／1）′

03／CO／CO2（5／5／2），and c－2－butene／t－2－butene（1／1）in s01id

OXygen（M／R＝　250／1）for the purpose of determining the yields of
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productsin the（C－2－buteneト02　SyStem・　Frequency range of the

bands used for the quantitative analYSis were1387・4－1382・8cm－1

（C－2－butene），1382．8－1376．0　cm－1（t－2－butene），1780－1715　cm－1

｛CH3CH0）′2350－2335cm－1（CO2），2150－2130cm－1（CO）and1046－1030

cm－1（03）・

Gaseous reagents．　ethene，　prOPene，　2－methylpropene，　C－2－

butene，t－2－butene′　CO and CO2（all from Takachiho′　reSearCh

grade）were used after degassing．　Tw01iquid alkenes，2－methY1－

2－butene（Wako）and　2，3－dimethY1－2－butene（Aldrich）Were degassed

and purified bY traP tO traP distillation・1802（Pro Chem，99

atom％）was used without further purification．　Thel：1mixture of

1602and1802WaS PrePared by simpIY mixing the two gases・

Authentic sample of tetramethy1－1．2－dioxetane was sYnthesized bY

the method of KopeckeY．4　Degassed acetaldehYde（WakoJ　80％　aq．

S01ution）in a sample tube c00led at about　270K was distilled

trap－tO－trap repeatedly t0　0btain water－free acetaldehyde．

（bI Simple Arenes

The method of photochemical experiment similar to that of

the alkene－02　SyStemS・About O・8－1・0　mm0l of an arene－02

mixture（M／R　＝　250／1for benzene and methYI substituted benzenes；

1000／1for stYrene and naphthalene）was deposited on the sample

Plate（CsZ）at lOK with a f10W rate Ofl mm01／h for each

Photochemical run．tR absorption spectra were measured before and

after eachirradiation bY FT－1R with a HgCdTe detector（4000－600

cm－1）with res01ution ofl cm－1．

An experiment using Ph13cH3（α－13clabeled t01uene）in an
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OXygen matrix was also done to reveal the reactivitY Of the

Substituent methyl group．

Benzene，tOluene．p－Xylene，meSitylene and styrene（all from

Wako）Were degassed and purified by trap－tO－traP distillationin

vacuum・Ph13cH30f〉99％isotopic puritY（Merck）was also

degassed and purifiedin the same manner．　Naphthalene and durene

（Wako）Were purified bY Sublimationin vacuum．　All these

reagents and gases were of research grade purity．

tC）班ethYI Substituted Retenes

The method of photochemical experiment similar to that of

the alkene－02　and arene－02　SyStemS・About O・8mmol of a sample

mixture（M／R　＝　250／1）was deposited on the CsZ plate at lOK with

a flow rate ofl mmol／h for each photochemical run．　Matrix

oxYgen WaS1602for both ketenes′　and onlY for dimethYl ketene

1802andl‥1mixture of1602－1802also・ZR absorption spectra

Were meaSured before and after eachirradiation by the FT－ZR with

a HgCdTe detector（4000－700cm－1）with res01ution of O．5cm－1．

Dimethylketene was prepared5bY Pyr0lYSis of dimethYlketene

dimer（TokYO Kasei）at about　550　Centigradein a reactor c01umn，

Which was held vertically and continuous drY N2　Stream flowed up

to down in．　The reaction occurred on surface of small quartz

tubes（aboutlO mminlength，6／4　mmin OD／＝D）packedin the

quartz column bodY（24／20　mm OD／工D）．　Total length of the

reaction area was about10　cm．　Powder of dimethylketene dimer

WaS SuCCeSSively dropped on the top of the reaction area，and

dimethYlketene thus formed was carried by the N2　Stream Out Of
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the reactor，and passed a c01d trapin a dryiCe－aCetOne bath to

remove remaining dimer，and finally，traPPedin a small flask at

liquid N2temPerature・MethYlketene was also prepared5by

PYrOIYSis of　2－butanone（Wako）with the same manner．　Ketene′

Which was used in CHAPTER1日，WaS also prepare with the same

manner from the dimer．　Each ketene sYnthesized was then degassed

and purifiedin vacuum and quickly storedin a Pyrex tube with a

graceless valve atliquid N2　temPerature・Just before use，eaCh

reagent was vaporized after degassing again and measured in a

glass bulb at r00m temperature．

3●　Results

（a）Simple Alkenes

Excitation of the alkene－02　SyStemS Within the absorption

bands shownin Fig．3．1induced photochemical reactionin all the

CaSeS Studied・　Thelong－WaVelength thresh01ds of the reactions

as expressed bY the central wavelengths of optical filters are

Shownin Table tV－Z and are found to coincide approximately with

the absorption thresh01d within the range of the bandwidth of the

interference filters．　Table ZV－Z also shows the relative

phot01ytic rates of alkenes at　254　and　297　nm normalized to the

Photon flux．

Figs．4．1－4　show the ZR spectra sets of reactants and

PrOducts for ethene and propene；C－2－butene and t－2－butene；2－

methYIpropene and　2－methY1－2－butene；and　213－dimethY1－2－butenel

respectively・　The product spectra were obtaiIled by partial

Subtraction of the reactant spectra from those of reaction

78



CHAPTER　工Ⅴ

mixtures afterirradiation at the specified excitation wave－

lengths．　For these experiments irradiation time was contr01led

to cause typICally　30％　decrease of reactants・　A standard

SPeCtrum Of tetramethy1－1．2－dioxetane is also shown in Fig．4・4

（d）．

Reaction products observedin theirradiation of simple

alkenes in oxygen matrices are summarized in Table lV－1・

Phot01YSis of ethenein s01id oxygen occurred at　〉220　nm and

formed CO2，CO′　HO2　and O3　aS Shownin Fig・4・1（b）・Trace peaks

at1740．1and1734．9cm－1should be due to formaldehyde（1740・0

cm－1）6　and performic acid（1735．0　cm－1）6，reSPeCtivelY．　Other

than these productsr Peaks at1779．611138・3and als0872・9cm－1

are discernible but remain unidentified．　Trace of these peaks

and O3　Were Observed after thelongirradiation at　254　nm but

none of CO2，CO and HO2WaS PrOduced at this wavelength・＝n the

CaSe Of propene（Fig．4．1（dH，Small amount of formaldehYde and

acetaldehYde were observed in addition to the same fragmentarY

PrOducts observed for ethene．

Cis－tranSisomerization was the ma］Or reaCtion pathway for

C－2－butene and t－2－butene as seenin Fig・4・2・　＝t should be noted

in Fig・3・1that c－2－butene and t－2－butene gave substantially

different spectra；the band for t－2－butene extend t010nger

WaVelength than that for c－2－butene giVinglower threshold energy

toinduce photochemistry（See Table ZV一工）．　Theirradiation of t－

2－butenein s01id O2　at　333　nm glVeS SOlelY C－2－butene as a

PrOduct while the irradiation of c－2－butene at　322　nm giVeS a

trace amount of CH3CHO′CO2and O3in addition to t－2－butene as a
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ma〕Or PrOduct・All the fragmentary products′　CH3CHO′　CO2，CO and

O3Were detected for the pr010ngedirradiation of both t－2－butene

and c－2－butene at　297　and　254　nm，although their Yields remain

low as compared to theisomerization．　TablelV－Z＝　cites the

PrOduct distributions of reaction mixtures in the（C－2－butene）－

02SYStem after theirradiation・The percentage values are based

On the relative integrated absorption coefficients of the

reactant and products determined for standard mixtures．　Although

the product Yield against the decrease of c－2－butene seems verY

lowin Table ZV－＝＝，it has been found that the thermal annealing

Of c－2－butene and t－2－butene at　～25K for　3－5　minutes changes

their band shape and decreases theintegrated absorbance of their

bands by　20－30％．　Since the similar change of the band shapes was

Observed when they were irradiated within the CCT band，their

integrated absorbanceis also expected to decrease asin the case

Of thermal annealing．　This causes the apparent low percentage

Value of the abundances of both c－2－butene and t－2－butene in

Table ZV－＝1　since the values in the table are referenced to the

relative integrated absorbance of the un－annealed samples．　Zf

the corrections due to such effect are taken into account，both

abundances of c－2－butene and t－2－butene after the irradiation

Shouldincrease to giVe muCh higher yield of t－2－butene and thus

toimprove the material balance．　The change of the spectral band

Shape and the apparent decrease of absorbance were not observed

Whenirradiated outside the regiOn Of the CCT bands．　As

expected′　the yield of CH3CHO and other fragmentary products

increased to much higher value after the pr010nged irradiation
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（see Fig．4．2（b）and（C日．　tt can be noticedin Fig．4．2（b）and

（C）that the CO2yield relative to CH3CHO alsoincreases as the

irradiation timeincreases suggesting the formation of CO2　Via

the secondary phot01ysis of CH3CHO・

＝n the case of　2－methylpropene and2－methY1－2－butene，CH3CHO

and HCHO′　and（CH3）2CO and CH3CHO were observed′　reSPeCtivelY，aS

major products as well as other common fragmentarY PrOducts（See

Fig．4．3）．　Zt should also be noted that the substantial changein

the spectral band shape of the reactant occurred after the

irradiation as evidenced by the partially negative residue of

most reactant bands in the product spectra．　This feature is

especiallY marked for　2－methYIpropene as can be seenin Fig・4・3

（b）・Although CO2is formed even atlow conversion both for　2－

methYIpropene and　2－methY1－2－butenet its Yield relative to

CarbonYI compounds increases as the irradiation time increases

SuggeSting that secondarY Phot00Xygenation of the carbonyl

PrOducts contributes to the CO2　formation asin the case of c－2－

butene．

Figs．4．4（b）and（C）show the product spectra of the（2，3－

dimethY1－2－buteneト02SyStem after theirradiation at　＞500nm and

297　nm′　reSPeCtively・　The product spectra show characteristic　＝R

bands at　3050－2800（m），1465．6（m），1377．1（S）．1367．9（vs）．

1191．2（S），1173．1（m）′1155．1（S），1132．0（m）．1110．3（S）．917．9

（W）′　896・6（W）′　751．9（m）′　and　630．1（m）cm－1′　Whichis

tentatively identified as tetramethY1－1．2，3，4－tetraOXane（TMT），

as will be discussedin section　4．4．2．　TMT was the s01e product

for the excitation at）500　and　406　nm．　No reaction occurred for
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the excitation at579and　〉620nm・Acetone，CO2，CO and O3Start

to appear at　364　nm but remain as minor products even at　297　nm

as shown in Fig．4．4（C）．　The product distribution changed

drastically at　254　nm；the above fragment compounds become ma〕Or

PrOducts and TMTis seen only as a minor product．　Apparently，

SeCOndarY Photolysis of TMT also contributed to the formation of

acetone．　As seen from the comparison of the product spectra with

Fig．4．4（d），tetramethY1－1．2－dioxetane was not formed at all as a

PrOduct．

Fig．4．5　demonstrates the relative quantum Yield of　2，3－

dimethy1－2－butene phot01ysis as a function of exciting wavelength

COmPared with the absorption spectrum．　The relative quantum

Yield was obtained from the rate of decrease of　2，3－dimethy1－2－

butene divided by the photon flux and the absorbance value at

each wavelength．　As shownin Fig．4．5，the relative quantum Yield

increases drastically at　く400　nm and reaches an approximatelY

COnStant Value below　334　nm．
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CHAPTER ZV

Table　工Ⅴ一工工．Distributions（％）of Reactant and Products after

諾…慧慧a‡圭0㍍：㌔霊よぎ霊芸：1慧農粁nReferencedto

＝rradiation Reactant and Products

WaVelength／nm time／min cisa transa CH3CHO O3　　CO2　CO

180　　　　　54　　　13

15　　　　　70　　　12

10　　　　　77　　　　6

30　　　　　48　　　11

traceb trace trace NDC

O．5　　　1．0　　　0．1　　ND

O．2　　　0．2　　　trace ND

1．1　　1．6　　　0．2　　trace

a．Decrease of theintegrated absorption coefficients of the

bands of c－　and t－2－butene due to photochemical annealing

has not been corrected giVing underestimated values for

these compounds．
b．Lower than O．1％．

C．Not detected．

84



CHAPTER　工Ⅴ

山
U
Z
＜
皿
∝
O
S
皿
く

l l

く8）8†non o　 C O 2

－1

くM PrOdu cts

l l l －一丁 ‾－‾－ －「－ ■　　＿■■●■■■■■■●●■■■－■一■■一・一一■－－

0 3

く＞2 2 0　nm ）
CO

H O 2　　　　　 H O 2
l　　　　 l

一 ′ヽ－ 、 ＿■－ヽ ■

l　　　　　　　　　　　　　　　　　　 l

l　　　　　　　　 l　　　　　　　　　 ■　　　　　　　　　　 －　　　　　　　　　　　　　　　　　　　 1

l l

くC）prOP en Q

C O 空

くd）p rodu c†さ

く2 5 4 n m ） c o

l I 一 ， l l　＿＿＿1 － ＿－＿」 ⊥

H C 苛 C H O　 H 。2　 H O F O 3

l　　　　　　　　　　　　　　　　　　l l　　　　　　　　 l　　　　　　　　　　 － ＿－ ⊥ －＿－＿　 1　　　　　　　　 1

3200　2800　2400　2000　1800　1600　1400　1200　1000　　800

WAVENUMBER／cm－1

鵠！12品13号S詣デ豊蒜霊…m監毘憲霊e，‡㌫註霊誌…
慧ri…r需諾ifn2詰／：デ2ミn3mぷrtt誉㌫崇。霊m崇fe：…a諾ig孟
PrOducts after theirradiation at　254　nm for190　min．

85



CHAPTER lV

山
U
Z
＜
皿
∝
O
S
皿
く

t （。）。＿2 二bu†… ■

l　 C O Z　▲▲

I　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　l

（b）p「O ducIs

く2 9 7 nm ．12 0 m 的）　　 C O

C H SC H O ．ト 2 －bu len隻　 。： 「ト …こ†…

（C）p「Oduc †S

く2 9 7 n恥 15 m 的）　C O 2　1

　 ［　 †－2－

C崇 琵 ・二二』 bu二
1　　　　　　　　　　　　　　　　　　 1

l l

くq）ト 2 －b u†O n O

I l l l l　⊥ － － －．⊥－－

くb ）p 「O d u c†S
C －2 －b u†o n o　　　　　 い 2 －b u†0 110

l　　　　　　　　　　　　　　　　　　　　　　　l 1
く2 9 7 n m ） c o 2 C H 3 C H O

l

l　　　　　　　　　　　　　　　　　　　　l l　　　　　　　　　　　 l　　　　　　　　　　　 l　　　　　　　　　　　⊥ ．．－＿＿＿－．・．・．・．・．・．・．・．・．．．・．．▲　　　　　　　　　　　 l
2400　　2000　1800　1600　1400　1200　1000　　800

WAVENUMBER／Crn‾1

Fig・4・2・　＝R absorption spectra of（a）C－2－butenein O2
matrix（M／R　＝　250／1）；（b）the photochemical reaction

products after theirradiation at　297　nm for120　min；（C）at

……言／符慧ぷ；孟：；。盟。よ慧霊r慧芸ご謹言。霊慧t禁h…
irradiation at　297　nm for140　min．

86



CHAPTER ZV

山
U
Z
く
瓜
∝
O
S
皿
く

l l

くq）2 －m 01h y lpro pon －

－　　　　　　　　　　t　　　　　　　　　　l　　　　　　　　　　‾－ － T －　　「　　一－‾

匝）prOduc†S． CO空
く297nm巨cHO 。。

”CH笹 … 叫

l　　　　　　　　　　　　　　　　　　　　l l　　　　　　　　　　　 l　　　　　　　　　　　 l　　　　　　　　　　　　　　　　　　　　　　　 ⊥　　　　　　　　　 l

l l
くC）2 －m 8 †h yト 2 －b u 1 8．n ●　C O 2

くb）p r O d u c†3

（2 9 7 n m ）　 C O

l　 l　　∴ 」 ⊥ 州

c H 3 C H 6 1 r q c e t o n e　 r q c o†0「8 「0 3

．　　 ．　　 ．　　 ．　　 ．　　 ． I
l　　　　　　　　　　　　　　　　　　　　l
2400　2000　1800　1600　1400　1200　1000　　800

WAVENUMBER／cm－1

Fig・4・3・＝R absorption spectra of（a）2－methYIpropenein O2

matrix（M／R　＝　250／1）；（b）the photochemical reaction

PrOducts after theirradiation at　297　nm for180　min；（C）2－

methy1－2－butenein O2　matrix（M／R　＝　250／1）and（d）the

Photochemical reaction products after theirradiation at　297
nm for15　min．

87



CHAPTER　工Ⅴ

山
U
Z
＜
皿
∝
O
S
皿
く

l l

くq ）2 ．3 －d lm O †h y ト　2 －b u †e n o

．－　　　　　　　　　 1　　　　　　　　　 ■　　　　　　　　　　　　「　　 －　　　　　 一　　　　　　　　　　 ■

⊥一一
くb）p「Oduc†S TMT r 一　一一一一一一－一一一一

く＞500 nm） 止

くC）prOduc†S

く297 nm）　CO2

qcO†onIl
qc「†… ／／ 山 93

l　　　　　　　　　　　　　　　　　 t l　　　　　　　　　　　 l　　　　　　　　　　　 l　　　　　　　　　　　　　　　　　　　　　　　　　 l　　　　　　　　　　　 l

l l

くd ） †雨 r q †n 州 y ト

1 2 r d 拍 X Q † q n 8

l　　　　　　　　　　　　　　　 l　　　　　　　　　　　　　　　 l l T ‾ l

l

l　　　　　　　　　　　　　　　　　　 l l　　　　　　　　　　　　　　 l　　　　　　　　　　　　　　 l l　　　　　　　　　　　　　　　　　 l

3200　2800　2400　2000　1800　1600　1400　1200　1000　　800

WAVENUMBER／CmPl

Fig．4．4．＝R absorption spectra of（a）2，3－dimethY1－2－butene

昌…。23。ごa詩誌（霊覧；諾／崇adRti慧ea琶h霊訂慧C法r冨C諾
（C）products after theirradiation at　297　nm for　2　min；（d）

reference spectra of tetramethY1－1′2－dioxetanein O2matrix・

88



CHAPTER　工Ⅴ

ト
ト
l
S
Z
山
口
　
」
く
＝
こ
ト
d
O

Fig．4．5．The CCT absorption spectrum of（2，3－dimethY1－2－
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Calculated from apparent first order decay rate of the

reactant，the optical density′　and theirradiance．
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（b）Simple Arenes

Excitation of benzene and methyl substituted benzenesin the

OXygen matrices within the absorption bands shownin Fig．3．5

induced a decreasein theinfrared absorption bands of the parent

m01ecules．　The thresh01ds on thelong wavelength side were found

to coincide approximately with the absorption thresh01ds within

the bandwidth of theinterference filters．　However，the reaction

thresh01ds of styrene and naphthalene were shorter than the

absorption thresh01ds shownin Fig．3．4．　Table ZV－iH shows the

relative phot01ytic first order decay rate constant calculated

from the decrease of lR absorbance and normalized to the photon

flux through the optical filter at each excitation wavelength．

These values are relative to that for p－XYlene at　297　nm．

Zonization potentials for these compounds are aiso cited．　Values

in brackets are the relative quantum yidds calculated as R／（1－

10－A）and normalized to p－XYlene，Where Ris the phot01ytic decay

rate constant and Ais the UV absorbance．　The relative quanturn

yieldis not giVenin Table　工Ⅴ一工tZ when the UV absorbance is

Smaller than O．01．　Table　＝Ⅴ－1H also cites the data for　2，3－

dimethy1－2－butene for comparison．

Figs．4．6－9　show the lR spectra sets of reactants and

products for benzene，t01uene，naPhthalene，and stYrene，reSpeC－

tivelY．　Zrradiation of benzene at　297　nm forlh caused a　4％

decay of the reactant（the photon flux was1．32　0f that used for

p－Xylene at　297　nm）．　Fig．4．6（b）shows the product spectrum of

benzene in the oxygen matrix following irradiation．　Reaction

products areidentified as CO2（2342cm－1）′CO（at2139cm－1′
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broad）．　Fig．4．6（b）also shows two strong carbonyl peaks at1701

and1690cm－1and many small peaks between1150t0900cm－1・

Furtherirradiation at　254　nm with relative photon flux of O．16

forlh caused10％additional decay of benzene．Fig．4・6（C）Shows

that theintensitY Of the small peaks decreased while other new

Small peaks appearedin the same spectrum regiOn・CO2increased

markedlyl With theincrement being twice as big asit was for the

case ofirradiation at　297　nm with about　8　times the photon flux．

Broad absorption bands around2900　t0　2700　cm－1appeared to be

distinct●　The strong peak at1701cm－1increased while the1690

cm－1peak did not●

strong＝R absorption bands around1700cm－1can be notedin

the product spectrum of t01uene as shown in Fig．4．7（b）．

trradiation at　297　nm forlh，With the relative photon flux being

l・0′CauSed a14％reactant decay・A peak at2342cm－10f CO2

also appeared．　Weak product bands can also be seen between1600

and800cm－1．

Spectra of photochemical products for other methyl substi－

tuted benzenes are very muchlike those for t01uene．　For p－

XYleneJ neW absorption peaks at1707r16951and16881aPPeared

together with many peaks between1650and600cm－1●　trradiation

at　297　nm for　30　min，With unit relative photon flux，CauSed a

32％reactant decay・CO2also appeared but the relativeintensitY

compared to the band around1700　cm－1waslower than that for

t01uene under similarirradiation conditions．　For p－XYlene，the

yield of CO2relative to that for carbonYI compoundsincreased as

the excitation wavelength was decreased from　313　t0　297　nm．
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trradiation of naphthalene in the oxygen matrix giVeS a

PrOduct spectrum similar to benzene as shown in Fig．4．8（b）．

Absorption bands of CO2，CO and multiple peaks around1710cm－1

Were Observed．　＝rradiation at　297　nm for　2h，With a relative

Photon flux of O．54，gaVe　25％　reactant decay．

＝n contrast，Styrenein the oxygen matrix forms benzaldehyde

and formaldehyde as ma］Or Photochemical products together with

Smaller amount of CO2　and CO・Fig・4・9（b）shows the product

SPeCtrum after irradiation at　297　nm forlh，With the relative

Photon flux being1．0．caused　30％　reactant decaY．　CarbonYI peaks

at1711cm－1and1737－1732cm－1for benzaldehYde and formaldehyde

are shifted from those of authentic samples at1718　and1740

cm－1′　reSpeCtivelYr SuggeSting that both carbonyl compounds

formed from the same styrene m01ecule make a m01ecular complex．

1rradiation at　313　nm gave nearly the same spectrum as　297　nm，

but with alower product Yield・At　254　nm the rati00f CO2　and

CO to benzaldehYdeincreased．　Fig．4．9（C）Shows a reference

SPeCtrum Of benzaldehYdein oxygen matrix（M／R　＝1000／1）．

Fig．4．10　Compares the ZR spectra of carbon dioxide formed

from Ph－13cH3・Fig・4・10L（a）shows a part of Fig・4・7（b）from

unlabeled t01uene・The band of13co2at2274cm－1canbe seenin

the expanded curve・The ratio ofintegrated absorption of13co2

tothat of12co2is O・013・Fig・4・10（b）and8c show the spectra

from Ph13cH3after theirradiation at297nm（relative photon

fluxwas O・87）forland2h・reSPeCtively・The13co2／12co2ratio

is O・023　and O・036（reSPeCtivelY．
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TABLE　工Ⅴ一1工工．工Onization Potential．Relative Phot0－0Xidation

Rates and Relative Quantum Yields of Selected Arenes and　2．3－

DimethY1－2－butene

254

Excitation Wavelength／nm

297　　　　313　　　　333 364

Compound ZPD／eva

Relative Decay Rateb
lRelative Quantum Yield】b

Benzene　　　　　　9．24

T01uene　　　　　　8．82

P－XYlene　　　　8．44

Mesitylene　　8．4

Durene　　　　　　　8．03

StYrene　　　　　8．47

Naphthalene　　8．12

2・3；崇…崇さ‾　8・30

0．86

【0．39】

1．8

【0．82］

1．5

【0．66】

0．56

【0．36】

0．04　　　　　　　　　　　NR

0．22　　　0．04　　　NR

【1．21

1．0　　　　0．29　　　NR

【1．0】　　【1．2】

1．1　　　　　　　　　　　NR

【0．89】

NR

NR

NR

NR

1．5　　　　　　　　　　　0．64　　　0．11

【0．9】　　　　　　　　日．1】

0．46　　　0．19　　　NR

【0．58】【0．54】

0．36　　　0．18　　　NR

【0．45】【0．34】

9．5　　　　11．1

【4．6】　【5．0】

NR

NR

7．2　　　　1．8

【4．7】　【2．5】

a・　R．C．West Ed．′　CRC Handbook of Chemistry and Physics，68th

Editlon′1988′　Pp・72－73・

b・　Normalized to the values of p－XYlene at　297　nm．
C．　Ref．2

NR No reaction．

Not studied．
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Fig．4．6．　（a）ZR absorption spectrum of benzene in oxygen

matrix．with the M／R＝250／1atllK；（b）product spectrum

afterirradiation at　297nm forlh；（C）product spectrum
after further irradiation at　254　nm forlh．　Vertical scale

Of curve（a）is reduced by a factor of10．
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Fig・4・7・（a）ZR absorption spectrum of t01uenein oxYgen

matrix．with the M／R＝250／1atllK；（b）product spectrum

after irradiation at　297　nm forlh．　Vertical scale of curve

（a）is reduced bY a factor of　5．
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Fig．4．8．（a）ZR absorption spectrum of naphthalene in

OXygen matrix with the M／R　＝1000／1atllK；（b）product

SPeCtrum afterirradiation at　297　nm for　2h．　Peak marked by

Xis due t0　0XYgen；Vertical scale of curve（a）is reduced

bY a factor of　5．
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Fig・4・9・（a）ZR absorption spectra of styrenein oxYgen

matrix．with the M／R：1000／1atllK；（b）product spectr？m
afterirradiation・at　297　nm forlh・　Peaks denoted by・1S

due to benzaldehyde．（C）Standard spectrum of benzaldehyde
in oxYgen matrix with M／R　＝1000／1．Peak marked by Xis due

t00Xygen・Vertical scales of curves（a）and（C）reduced bY

factors of　2　and　4J reSPeCtively●
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Fig．4．10．　ZR absorption spectra of
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（a）spectrum from the irradiation of unlabeled

lh；（b）spectrum from the irradiation of

lh；（C）spectrum from the furtherirradiation of
lh．
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tC）Hethyl Substituted Retenes

Excitation of ketene－02　SyStemS Within the CCT absorption

bands shownin Fig．3．7induced photochemical reactionin all the

CaSeS．　The long－WaVelength thresh01ds of the reactions as

expressed bY the central wavelengths of optical filters were　333

and　434　nm for methylketene and dimethYlketene respectively・

These were found to coincide approximatelY With the CCT absorp－

tion thresh01d within the range of the bandwidth of the

interference filters．　This tendencYis same as alkenes．　Zt

Should be noted that no reaction observedin methYlketene－02

SyStem byirradiation at　406　nm which matches the intrinsic n＋Tr＊

band of methyl ketene andlonger than the absorption thresh01d of

the CCT band．

Figs．4．11（a）－（C）shows　＝R absorption spectrum of dimethyl－

ketenein oxygen matrix（M／R　＝　250／1）atlOK，prOduct spectrum

afterirradiation at　434　nm for　2hl and also afterirradiation at

406　nm forlh・　Many new absorption bands are appearedin these

PrOduct spectra・　Relatively strong bands appeared at1724●1J

1363・Ol and1219・0cm－1・These are easilYidentified as bands of

acetone bY COmParison of the standard spectrumin oxYgen matrix

（M／R　＝1000／1．Shownin Fig．4．11（d））with the product spectra

（b）and（C）．　Acetoneis not only the main product．　Absorption

bands of CO and CO2are also found at around2150and2340cm－1

respectivelY，and conspICuOuS absorption bands at1880．O and

1852・6cm－1with side band at1849．4cm－1are obviously appeared

in（b）and（C）．　Band at　3509．2is also appearedin the product

SPeCtra aS Shown in Fig．4．12．（b）and（C）．　Difference in the
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relative peak intensity in different irradiation condition，

SPeCtrum（b）against（C）．means the species for the peak at

1880・0cm－1is different that for the peak at1852・6cm－1・The

peak at3509・2cm－1could be of the same species as at1852・6cm

l and should not as at1880．0cm－1since the rati00f each peak

intensitY Ofin figure（b）OVer（C）（b／C）is O．74（3509．2cm－1），

0．50（1880．0　cm－1）and O．82（1852．6　cm－1）′　reSPeCtivelY．　The

spectrum obtainedin the experiment for1802matrixin the

Similar condition shows isotope shifted peaks corresponding to

these three，at　3496．8（3509．2），1876．6（1880．0）and

1850．7／1847．6（1852．6／1849．4）cm－1．　These values of shift are

relatively small12～3　cm－1J While obvious shift was found for

acetonel Whose C＝O st・band appeared at1696・4cm－1・AnY Peakin

the spectrum obtained from the experiment for1602－1802（1：1）

matrix could foundin experiments for16020r1802，nO neW peak

WaS found．

1n the case of methYlketene，aCetaldehYde was the main

PrOduct as shown in Fig．4．13（b）．which is a product spectrum

after irradiation at　333　nm for　5h．　The intrinsic bands of

acetaldehYde at1731．3t1427．8，1350．5　andll11．4　cm一・1in the

reference spectrum，Fig．4．13（C）′　are also foundin the product

SPeCtrum With negligible difference at1731．3，1427．4，1350．7　and

1112・3cm－1・Smallamount of O3WaS also formed・CO and CO2

Were formed as common product for other CCT excited reaction in

oxygen matrices・Remarkable but unknown peak at1778・3cm－1also

appeard asin the product spectrum．
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Fig．4．11．（a）＝R absorption spectrum of dimethylketenein

OXygen．matrix（M／R＝250／1）atlOK；（b）product spectrum

afterirradiation at　434　nm for　2h；（C）product spectrum

after irradiation at　406　nm forlh．（d）Standard spectrum

Of acetonein oxYgen matrix（M／R＝1000／1）．
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Fig．4●12－　1R absorption spectra around　3400－3600　cm－1

region：（a）spectrum of dimethYlketenein oxygPn matrix（M／R
＝　250／1）atlOK；（b）product spectrum afterirradiation at

434　nm for　2h；（C）product spectrum afterirradiation at　406

nm forlh．（d）Standard spectrum of acetone in oxygen

matrix（M／R　＝1000／1）．
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Fig．4．13．（a）tR absorption spectrum of methylketenein

OXygen．matrix（M／R＝250／1）atlOK；（b）product spectrum

afterlrradiation at　333　nm for　5h．（C）Standard spectrum

Of acetaldehydein oxygen matrix（M／R　＝1000／1）．
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4．CT Excited Photochemical Reactionsin the OxYgen Matrices

（a）Photochemical PropertY Of Simple Alkenes

The tYPe Of the phot00Xygenation of the simple alkenes in

S01id oxYgen depends on the type of alkene m01ecule and als0　0n

the excitation energY．　The reaction can be classifiedinto the

f01lowing four pathwaYS．

（i）Phot00Xygenation to give an oxYgen adduct．　This type of

reaction was observed onlY for the（2，3－dimethY1－2－butene）一02

SyStem．　The product，the oxYgen adduct，has beenidentified

tentatively as tetramethy1－1′2，3，4－tetraOXane（TMT）as discussed

in the next section．　Absence of the reaction at　〉620　nm and　579

nmimplies that the photochemistrY induced bY the direct

excitation of the singlet oxYgen bands is negligible under our

experimental conditions since the excitation wavelength of　579　nm

matches well with the（1　十　0）band of the transition

202（1△g）十202（3∑；）and theirradiati。n at　〉620　nm c。VerS the

fundamental band of that transition．

（ii）cis－tranS isomerization．　The cis－tO－tranS and trans－

to－Cis isomerization was observed for c－2－butene and t－2－butene

at the excitation wavelength regiOn Of　250－300　nm as a ma〕Or

reaction channel．　The observation suggests that the triplet

alkene was formed after the CCT excitation．　　The cis－tranS

isomerization of simple alkenes via triplet state in which two

methYlene planes are twisted by90degreesl haslong been known71

while theisomerization does not occurin theionic state8　since

the planes are twisted only bY～25degrees9・Thereforer the cis－

trans isomerization would be ascribed to the formation of the
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triplet state of alkene．　For other alkenes．the change in the

SPeCtral band shape of reactants after theirradiation，Particu－

larly noticed for　2－methYIpropene and　2－methY1－2－butener is

SuggeStive of theinternal rotation about the double bond，Which

in turn wouldindicate the formation of triplet alkenes．　Ztis

alsointeresting to note that the reaction rate of c－2－butene was

much faster than that of t－2－butene at　297　nm．but they are very

Close at　254　nm as shown in Table tV－Z．This fact would be

ascribed to the higher barrier of t－2－butene for the crossing

from the CCT state to the alkene triplet state．

（iii）Double bond scission to give carbonYI compounds．

The C＝C double bond scission to giVe COrreSPOnding two carbonyl

COmpOunds was observed fdr all alkenes studied．　The wavelength

Of the reaction thresh01d for the double bond scission was

Shorter than that for the phot00Ⅹygenation and cis－tranS

isomerization in case of　213－dimethy1－2－butene and t－2－butenel

respectivelY．　＝n the reaction of c－2－butene，aCetaldehYde

formation was observed onlYin a trace amount at the thresh01d

energY Of the cis－tranS isomerization as shown in Table　工Ⅴ一＝1．

For other alkenes the double bond scission was observed at any

excitation wavelengths within the CCT bands．　For　2－butenes．the

SCission process is much slower than isomerization at all the

WaVelengths studied．

（iv）Formation of CO2，CO′　HO2and O3・Fragmentation to

giVe CO2，CO and HO2　WaS Observed at the shorter excitation

WaVelengths than the reaction thresh01d to form the carbonyl

COmPOunds．anditsimportanceincreases as the excitation energy
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1nCreaSeS．　This mode was the most important reaction pathway

Observed for ethene・A part of CO2　and CO are apparently

SeCOndarY PrOducts via the phot00Xidation of carbonYI products as

judged from theincreased Yield rati00f CO2　and CO against the

Carbonyl compounds forincreasedirradiation time・　However，CO2

and CO has also been seen in a short reaction time for ethene，

propene，2－methylpropene and　2－methY1－2－butene．　The possibilitY

Of initial formation of these products can not be excluded in

these cases．　Ozone was also produced when this type of

fragmentation was observed．　The initial Yield of ozone is in

general much higher than that of C02・About twice as much of

acetaldehyde was formed in the reaction of c－2－butene at　297　nm

as shownin Table ZV－H・　Formation of ozone has been reportedin

almost all phot00Ⅹidation studiesl′20f organic m01eculesin

S01id oxYgen．

（b）A HYperOXide：TetramethY1－1．2．3，4－tetraOXane

All the ZR absorption bandsin the product spectrum（Fig．4．4

（b））obtained bY thelonger wavelength excitation would belong to

a single product since the relativeintensitY amOng the peaks do

not change for all the spectra obtained under different condi－

tions of irradiation time and excitation wavelength．　This

PrOduct was found to be stable for the annealing at　～25　K for　－3

min atleast・　Comparison of thelR spectra of the product with

that of　2，3－dimethY1－2－butene（Fig．4．4（a日　reveals some

SimilaritY SuggeSting that the main framework of the molecular

StruCture Of　2，3－dimethy1－2－buteneis retainedin the product．
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The most possible candidate of the productis tetramethy1－

1′2－dioxetane．　Zt was sYnthesized4　andits matrix spectra was

Obtained as reference（Fig．4．4（d日．　The ZR spectra in the Ar

and O2matrix are almostidentical，and these also close to that

Of the standard spectrumin theliquid as reported bY Aroca and

MenzingerlO●　Most characteristic bands of the dioxetane are at

1175　and　872　cm－1due to ring stretching and breathing・

Comparison of the reference spectrum with the product spectrum

Fig．4．14（b）．however，nOidentical peak was found．　Thus．the

major product cannot be dioxetane．

The product can not be　2，3－dimethY1－3－hYdroperoxY－1－butene，

whichis a specific productll′12　knownin the　213－dimethY1－2－

butene－102　reaCtion bothin the gas andliquid phase；neither

characteristic band of the hydroperoxide at3530cm－1（00－H st・）

nor at906cm－1（CH20ut Of plane）are seenin our product

SPeCtrum．

1n order to explore the possibility of containing tw0　0ⅩYgen

m01eculesin the product，photochemical experiments were carried

outin the matrix containing180－isotopelabeled oxygen at　406

nm．　Fig．4．14（a）depicts the product spectrum obtained in the

1602－1802（1：1｝matrix・Reactionsinpure1602and1802matrices

gave the reference spectrum as shown in Fig．4．14（b）and（C），

respectively．　Comparing these spectra，Substantial isotope

shifts can be noted for the　750and630　cm－1bands as well as

several bands between1050　and1200　cm－1．zt should be notedin

Fig．4．14（a）that the bands at　750　and　630　cm－1appears as

triplet peaks with theintensitY ratio close tol：2：1・　This
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evidence stronglyindicates that the compound does contain oxYgen

atoms from tw002mOlecules′1602and1802，With a statistical

distribution．　Subtraction of Fig．4．14（b）and（C）from（a）gives

the spectrum shown in（d）．which should be ascribed to the

product molecule containing both of1602and1802・Almost

complete subtraction at the750and630　cm－1bandleaving a

Single peak at the center for each band indicate that n0　0ther

isotope－SCrambling species than the1602－1802（1‥1）product are

formed・　The ZR spectrum of the productis much different from

that of tetramethY1－1J214J5－tetraOXane131Whichis also called

lIacetone peroxide dimerH．

CHモ′0‾0＼′CH3

c c

／＼　／＼

CH3　0－O CH3

Acetone Peroxide Dimer

（TetramethY1－1．2，4．5－tetraOXane）

All the evidenceindicates that the productis an oxYgen

adduct containing oxYgen atOmS from tw002m01占culesin a

Statisticai ratio but is neither of a known product such as

dioxetane，hydroperoxide．norl．2，4．5－tetraOXane．　A possible but

tentative identification is that the adduct is tetramethY1－

1，2，3，4－tetraOXane（TMT，hereafter），Which contains four oxygen

atoms successivelY Chainedin a six一membered ring．
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0－0

／　＼

0　　　　　0

C”37C‾C‾C”3＼

CH3　　　CH3

TMで

（TetramethY1－1．2，3，4－tetraOXane）

ThelR absorption bands at　3050－2800J1465・6r1377・1－1367・9t

andl173．1－1155．1cm－1（See Fig．4．14（b日which did not show any

distinctisotope shift when the matrix was changed from1602t0

1802，Should be assigned to the C－H stretching，aSYmmetric CH3

deformation，Symmetric CH3　deformation，and C－C－C stretching

model reSPeCtively●　The bands at1132・O andlllO・3cm－1in the

1602matrix shifts t01115・8and1065・5cm－1in the1802matrix

as shownin Fig．4．14（b）and（C）．　Theisotope shift expected for

the stretching mode of alocalized　0－O and C－O bonds are　5．72　and

2．41％，reSPeCtively．　Although one could assign the bands at

1132・O and1065・5cm－1to the O一〇stretching of the C－160－160and

c－180－180moietY Since theisotope shift of67cm－1is close to

that expected for thelocalized0－0Stretching（65　cm－1at1132

cm－1）l Yet the blue shift of the remaining band atl110．3　cm－1

Can nOt be explained．　Thus，We COnClude that those bands near

1100cm－1Showing distinctisotope shift are the mixed stretching

modes of C－C－0－0frame of TMT．The bands at751．9and630．1cm－1

showing theisotope shift of21andlO cm－1′reSPeCtivelyl may be

assigned to the deformation modes of the six一membered ring of TMT

rather than the stretching mode of the weaker　0－0　bond since the
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isotope shiftis much smaller than that expected for thelatter

mode．

Thus．although the identification of the product as TMT is

rather speculative at this stage，thelR bands arein accord with

the identification．　　This is the first evidence for existence of

a m01ecule which has　0－0－0－0　bondingin the structure．
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Fig．4・14・　iR absorption spectra of the photochemical

PrOduct（TMT）formed byirradiations of　2，3－dimethY1－2－
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（C）Excitation and Reaction Mechanism of Alkenes

Photochemistry of simple alkenesin s01id oxYgen Via

excitation of the CCT bands is proposed to be as f01lows

according to the observation described so far．

SCHE軋E　工Ⅴ一工

／0－0＼
0　　　　0

＼　／

2声0・203
CO2′CO′　‥

【D…3021

3D＋302

1

Cis－tranS isomer

The energy diagram of the sYStem Can be visualized as shown in

Fi9．4．15．

As shown in Fig．4．15，the triplet state of simple alkenes

lie at　～3・4　eV above the ground state●14′15　The potential

Surface correlating t0　3【alkene］＋　302WOuld cross theion pair

State（excited charge transfer state）at a certain level whose

energy ranges between the above value and　－1eV higher than this

depending on the twisting angle of the methylene－methYlene
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planes●　For the alkenes with sufficientlylowionization

POtentialr excitation to the ion pair state lower than the

CrOSSing point to the alkene tripletis possible・　Thisis the

CaSe OnlY for　2，3－dimethY1－2－butene（DMB）′　and the excitation at

406　and　〉500　nm gave TMT as a s01e product・　Althoughintersystem

CrOSSing from the triplet CT surface to the singlet surface

COrrelating to2，3－dimethy1－2－butene　＋102　Should not be

excludedl the relevance of the singlet oxygen reaction has been

excluded by the fact that no reaction was occur by the direct

excitation to the singlet states of（02）2・Therefore，it can be

COnCluded that the formation of the adduct containing tw0　02

m01eculesis a reaction pathway specific t0　213－dimethY1－2－butene

from the triplet CT statein s01id oxygen．　Other than the adduct

formationt deactivation to the ground state of triplet pair is

expected16since theion pair statelies close to the ground

State．　Low quantum Yield of photochemical reaction of　2，3－

dimethy1－2－butene at　〉400　nm as demonstratedin Fig．4．5　verifies

thisis actuallY the case．　As the excitation energYincreases．

double bond scission to form two carbonYI compounds starts t0

0ccur．　This process is thought to proceed through the triplet

CCT state rather than after crossing to the triplet state of

alkene．　The reasoningis as f01lows：in the case of　2，3－

dimethy1－2－butenel a rather sharpincrease of the quantum yield

Of the photochemical decay of reactant at　エ364　nm（See Fig・4・5）

accompanies theincreased yield of TMT and the appearance of

acetonel but no evidence of triplet formation verified by the

Change in the band shape was observed．　The increase in the
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reaction quantum yield can beinterpreted as the decrease of

deactivation process；in the case of trans－2－butene，the reaction

thresholds of the cis－tranS isomerization（333　nm）and the

acetaldehyde formation（297　nm）do not coincide．

No adduct was observed except for　2，3－dimethy1－2－butene．TMT

type compound would not be stabilized for the smaller alkenes and

further degradation via this tYPe Of intermediate would cause

double bond scission to giVe tWO Carbonyl compounds．　Here，it

Should be noted that ozone formation was observedin many cases

Of this study．　Since the（0－0）transition of the Herzberg bands

Of O2（A3∑三十Ⅹ3∑盲）lies at280・O nm and the c。nVergenCelimit

of this transitionlies at5．116eV（242．3nm）17，0ZOne formation

through the processes（4－1）－（4－4）

02（Ⅹ3∑；）

hv

入く280nm

hv

入く242mm

02（A3∑こ）

20（3p）

（4－1）

（4－2）

02（A3∑こ）・02（Ⅹ3∑；）→03・0（3p）（4－3）

0（3p）・02（3∑；）→　03　　　　　　（4－4）

are possible only for excitation at wavelen．gths shorter than

those discussed above・　Thereforer ozone formation wavelengths

longer than　297　nm as observed in c－2－butene′　t－2－butene，2－

methylpropene12－methy1－2－butene and　2r3－dimethy1－2－butene cannot

be explained by the excitation of matrix O2m01ecule・Even for

the excitation at　254　nm，OZOne yieldin the presence of alkene
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is much higher than that for oxYgen alonet SO that the

COntribution of the process（4－3）is minimal at this wavelength・

Since the ozone formationin the present study alwaYS aCCOmPanies

the double bond scission．0ne POSSible process could be

COnCeived as f01lows，

3【D・‥02】ユ02‥●0子羊●‥02→2ト203（4－5）

Only in the case of ethene，the CCT absorption at　〉220　nm

WOuld not be strong enough as compared to the Herzberg transition

judged from the absorption spectrainliquid argon presented by

Buschmann18．Formation of a trace amount of an unidentified

product with bands at1779．611138●3　and　872・9　cm－1at　254　nm

SuggeStS that this compound maY be a product of the oxygen atom

Or O2（A3∑こ）reaction・

For alkenes with the CCT bands starting at　3．9＋0．2　eV′i．e．′

2－methylpropene．C－2－butene and t－2－butene，eXCitation at　334－254

nm（3・7－4・9eV）leads to the　3【alkene］＋　302　State f01lowed bY

Cis－tranSisomerization as a ma〕Or reaCtion pathwaY・　Direct

reaction from the CCT state to form carbonYI compounds′　CO2，CO

and O3　0ccurSin parallel with theisomerization as a minor

reaction pathway・　The photochemistry of　2－methylpropene would be

anintermediate case between　2－butenes and　2，3－dimethY1－2－butene．
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（dI Photochemical Property of Simple Arenes

Excitation of benzene and methYI substituted benzenesin the

OXygen matrices within the CCT absorption bands caused

Photochemical reaction to form CO2，CO′　and some unsaturated

Carbonyl compounds as will be discussedlater（See Figs・4・6～9）・

Ztis veryinteresting to notein Table ZV－ZH that the relative

quantum yields（normalized to p－Xylene at　297　nm）of toluene，p－

XYleneJ meSitYlener durene at　254and　297　nm fallinto nearlY the

Same range Ofl・0＋0●21Whereas those of styrene at　254－313　nm are

O．6＋0．06　and of benzene at　254　nm and naphthalene at　254－313　nm

are O．4＋0．05．　1n contrast the relative quantum Yield of　2，3－

dimethy1－2－buteneis　4．8＋0．2　between　254　and　333　nm．　Thus．the

quantum yields of photochemical reaction for benzene and

naphthalene are more thanlO times smaller，Jand those for methYI

Substituted benzenes are about a factor of　5　smaller than that

for　2，3－dimethY1－2－butene．　This fact suggests that the non－

reactive deactivation channels are much more efficient for arenes

than the alkene．　This would be due to the more efficient

intersystem crossing to the TI State from the CT state for the

former compounds・This also suggests that the TI StateS Of the

arenes are non－reaCtivein the oxygen matrices．

Benzene． Excitation of benzenein the oxygen matrix at　297

nm，Close to the absorption threshold（See Fig．3．3（1a日，induced

Photochemical reaction to form CO2，CO and carbonyl compounds

giving ZR peaks at1701and1690　cm－1as shownin Fig．4．6（b）．

Phen0l was never observed either at　297　nor　254　nm as evidenced

by the absence of the OH stretching band19around3600cm－1・
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This resultleads to a conclusion that the reaction sequence（4－

10）～（4－13）（See SeCtion　4．5．1）is notinitiated bY the excitation

Of the benzene－02　Pair directlY tO the CT state・　The carbonYI

COmPOund observed in Fig．4．6（b）is most probably　2，4－

hexadiendials（isomers of mucondialdehYde）since the absorption

frequencies at around1700　cm－1is characteristic of the

con〕ugated carbonyl bonds19・　ThusJ an unSaturated dicarbonyl

COmPOund′　CO2　and small amount of CO are the product from the

benzene－02Pair excitation・The formation of these compounds can

be ascribed to the oxidative scission of double bond analogous to

the CCT photochemistrY Of simple alkenesin oxYgen matricesT

Which have been discussed in section　4．4．3．

The CCT photochemistrY Of benzenein the・OXYgen matrix is

proposed to proceed as f01lows，

【C6H6巧】ぺ→缶……：」

一㌢→HCO（CH＝CH）2CHO′etC・l

CO2，CO′etC・

（4－6a）

（4－6b）

While CT excited reaction of　213－dimethy1－2－butene could be

ascribed as′

hv

lCH3CH：CHCH3・・02］号＋CH37H‾？HCH3丁→2CH3CHO・etC・（4－7a）
Å〇・と。・JL＋C。2：C。′et。．（。－，b）

Formation of CO2is observed from the beginning ofirradiation

SuggeSting thatitis atleast partlY a PrimarY PrOduct●　As

Shownin Fig．4．6（C）．successiveirradiation of benzene at　254　nm
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after the irradiation at　297　nm caused the decrease of the

intensity of the carbonYl band at1690cm－1and the small bands

around　900－1150　cm－1J aCCOmPanYing the spectral change of the

1700cm－1band・SecondarY Photooxidation of the unsaturated

aldehyde apparentlY COntributes to the secondarY formation of CO2

and another carbonyl product．

Formation of CO and CO2　and unidentified organic products

has beenreported byLinand Tevault20in theAr／C6H6／02matrices

（100／1／X．X＝0．5－2）irradiated bY a full arc of high－preSSure

mercurYlamp（VUV radiation eliminated）・　Both CO and CO2　Were

believed to be formed by secondarY Phot01ysis of O2－adducts

PrOduced bY the reaction of C6H6（3Blu）and O2・Although their

finding that both abs01ute and relative yields of CO and CO2

depends on the O2ratiois verYinteresting，itis hard to assess

the relative importance of the reaction via the CCT and direct

excitationt since no UV absorption spectrum has been reported・

T01uene．
Product spectrum depicted in Fig．4．7（b）′　Shows

strong＝R absorption band of CO2and bands at1702and1691cm－1

Which could be assigned as unsaturated carbonyl compounds formed

bY the cleavage of the aromatic ring as seenin the reaction of

benzene・　BenzaldehYdeis not foundin the product spectrum・

This resultisin contrast to those observed21．22in the phot0－

0Ⅹidation of oxygen－Saturated neat t01uene at　254　and　313　nmJ

Where benzaldehydel benzyl alcoh01and benzYlhydroperoxide are

reported to be main products・　Those products are apparently

formed bY radical reactionsinitiated by abstraction of hydrogen

from the methyl substituent．　None of these products are
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identified in the CCT band excitation photochemistry in the

OXygen matrix．

Contribution of methyl carbon atom to the product CO2　WaS

evaluatedin the present study using Ph13cH3・The rati00f

integrated absorbance of13co2tO that of12co2from unlabeled

t01uene10・013agrees well with the natural abundance of13c

within errorlimit・The13co2／12co2ratios from Ph13cH3after

the irradiation forl and　2h are O．023　and O．036　as depicted in

Fig．4．10（b）and（C）．respectively．　Thus，the contribution of

methyl carbon atom to CO2is only1－2％as compared to ring carbon

atoms．　This evidence also supports the conclusion that the

OXidative cleavage of an aromatic ring similar to the reactions

（4－6a）and（4－6b）is the major pathway of the excited charge

transfer state of t01uene－02Pair，and the reaction on the methyl

groupis of iittle importance．　Fig．4．10（b）and（C）also show

theincrements of both12co2and13co2畠relarger for thelater

irradiation time′　Which suggests that the secondary photo一

〇Xidation of the products also contributes to the formation of

Carbon dioxide．

p－Xylene，Mesitylene and Durene．　The main feature of the

products from the methYI substituted benzenesis the same as

those of benzene and t01uene，i・e・CO2　and possible unsaturated

Carbonyl compounds are the main products・　Unknown bands around

3300cm－1Were foundin the product spectra of p－Xylenel

mesitylene and durene・　The bands appear at the beginning of the

irradiation suggests that theY are primarY PrOducts●　The

frequencyis muchlower than typical value（3640－3600cm－1）190f
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0－H stretching mode of phen0ll alcoh0l or hYdroperoxide′　and

COuld be assigned to hydrogen bonded O－H stretching mode・　A

POSSible candidate is a difunctional acid or alcoh01in which

hydrogen bonding to another functional C＝O groupis exerting．　Zt

is also noted that theinitial CO2／Carbonyl ratiois higher for

the excitation at higher energy for a specific reactant・　This

tendency could be explainedif the reactionintermediate retains

the excitation energY and decomposes unimolecularlY tO form CO2

beforelosing the excess vibrational energy．

rene and Na hthalene． Styrene has an　01efinic double

bond as well as an aromatic ring・　Ztis ofinterest to see which

Site is more reactive with reference to the CCT band excitation

in oxygen matrix・　The experimental result manifests the　01efinic

type of reaction by giVing benzaldehyde and formaldehyde as the

main products．

lPh－CH＝CH2・・・02］
Ph－CHO　＋　HCHO （4－8）

Formation of benzaldehyde and formaldehYde has been reported bY

Kodaira23　et al・in theliquid phase photo－COP01ymerization of

Styrene with oxygen by the excitation of a CT band．

The spectral feature of the product from naphthaleneis

Similar to that of benzene and toluene suggesting that oxidative

Cleavage of aromatic ring to form aromatic dicarbonYI compounds

and CO2is the ma］Or PathwaY・Formation of the1，4－endo－PerOXide

such as that reported16in the excitation of the CCT pairs of

213－dimethyl－naPhthalene andl′2r3r4－tetramethyl－naPhthalene with

OXygenin various s0lventsis not observed since an expected
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absorption band of cis－01efinic C－H out－Of－plane mode at　730－665

cm－1is not foundin the product spectrum・Thisimplies the

absence of O2（1△g）in the reaction of the CCT pairs of arenes and

02aS WaS the case of alkenes・

arison with alkenes．
Zn the excitation of the arene－02

pair，reaCtions of tYpe（iii）and（iv）in alkene－02　SyStem are

COmmOnlY Observed for all the compounds studied here．1t can be

COnCluded that the oxidative cleavage of double bond．either

Olefinic or aromatic，is the most characteristic type of reaction

in the excited charge－tranSfer orion－Pair state of the pairs of

unsaturated organic compound with O2・　The cis－tranS

isomerizationisindicative of the formation of the triplet

alkene．　Although thereis no direct evidence of the formation of

the triplet state・for arenesllower reactivity of these than

alkenes would be attributable to more efficient quenching process

to form the triplet state；quenChing of the fluorescence of

benzene byO2haslong been thought24to proceed by producing the

tripiet state via the CT state．

e）Photochemical PropertY Of班ethyl Substituted Retene

＝t has been well known25that keteneisinduce photofragmen－

tationinto CH2　and CO by excitation at the n＋TT＊　bandin gas

phase・ZabranskY and Carr25a proposed the f01lowing scheme for

the near ultravi01et photochemistrY Of ketene：

CH2CO（文lAl）→CH2CO（lAH）
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cH2CO十（払1）→lcH2＋C0

－－→CH2CO（文A昌

一→CH2CO（3Al）

（4－10a）

（4－10b）

（4－10C）．

ThelAH stateis formedinitially bY eXCitationin ultravi01etl

and the state crosses over to the ground state by internal

conversion within O・4ns（4－9）・Where CH2CO十denotes ground

State ketene with excess vibrational energy．　The fate of the

Vibrationaliy excited ketene m01ecule is represented as three

reactions　4－10a－C：the dissociationint01cH2　＋CO（4－10a），the

deactivation to ground state bY C011ision with third body（4－

10b），andinter system crossing to　3A，，from which ketene will

dissociateinto3cH2十CO・The quantum yield25b of dissociation

into CH2　＋CO atlow－PreSSurelimitis unity at　313　nm，Whichis

near the absorption maximum of n＋TT＊　bands of ketenein gas phase

as shownin Fig．3．7a（g）．

On the other handJ Bandow and Akimot02　reported that no

reaction was foundin ketenein argon matrix by excitation around

310　－　410　nm（high pressure Hg－arC lamp with Corning　7－51

filter）．　They also studY the photochemistrY Of ketenein oxygen

and O2－Ar matrices・The photochemical produc－tS Observedin s01id

OXygen Were HO2・CO・CO2・H20and O3・When the rati00f O2／Ar

decrease，the oxidation rate efficiently decreased．　They

COnCluded that the phot00Xidation of ketenein the O2　and als0

02－Ar matrices occurs via the reaction of the excited state of

ketene surrounded bY O2mOlecules′　nOt Via the photo－dissociation
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reaction（4－10a）f0110Wed by the reaction of CH2　With O2・　tn

PreSent StudY，nO reaCtion observed for methylketene evenin O2

matrix bYirradiation at　406　nm whichis near the center of the

intrinsic n＋Tr＊　band（See Fig．3．7b（g日　andis atlonger wavelength

than the absorption thresh01d of the CCT band．　Thus the

dissociation reactionis not foundin O2　and／Or Ar matrices for

ketene and methYl ketener and also possiblY dimethylketene・　The

COntraSt Of in gas phase and in matrix could be explained that

the vibrational energY tranSfer from the guest to the matrix

lattice should be verY efficientin these sYStemr i・e・r the

vibrational relaxation of CH2CO十is verY raPidin crYOgenic

matrices′　SO the dissociation could not occur．

However，in oxYgen matrices．excitation within the CCT

absorption bands induced photochemicai reaction for methYlketene

and dimethYlketene，and within the n＋TT＊　for ketene．　Matching of

the long－WaVelength thresh01d for the reaction and that for CCT

absorption band of each methyl substituted ketene in oxYgen

matrix suggests the reaction occur from the CT state，lD十・・〇三】・

Thisis also supported bY formation of the carbonyl compound from

each ketene；aCetOne and icetaldehyde for dimethYlketene and

methylketene．　These compounds can form from oxidative cleavage

Of C＝C bonding with CO2，Which wasindeed formed・This mechanism

is similar to that of the reaction of alkenesin oxygen matrices．

Reaction tYpeS Of dimethylketene and methylketene could

COrreSpOnd to that of alkene■s tYPe（iii）of　2－butene and of　2，3－

dimethY1－2－butene．　Thus，it can be concludes that the photo－

Chemical reaction of methYlketene and dimethyl ketene in oxygen
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matrices are the same as alkene type（iii）in　300”400　nm

regiOn．　＝n the case of ketene，When the excitation performed at

more shorter wavelength the CT photochemistrYI Whose contribution

thought to be alittlein the the excitation at　310　－　410　nm，

Willincrease ofitsimportance．

Thereis an attractive explanation but no pr00f for that no

reaction occurin the methylketene－02　SyStem by excitation at

n＋Tr＊band while reaction occurin the ketene－02・The hYPOthesis

is as f01lows・　A specific configuration for O2－ketene pearis

required for to react bY n＋Tr＊　excitation．　The configuration

Should be alinear form as O＝〇・・・CH2＝C＝〇・ElectronicallY eXCited

ketene can attack the partner oxYgen m01ecule onlY bY the

Vibrational motion parallel toits m01ecular axis，SYmmetric or

anti－SYmmetric motion of C＝C＝0．　Thisis a kind of mode selective

reaction・Zn Ar－02matrices′if the rati00f Ar／02islow′　Only

a few of O2－ketene pear which has thelinear configuration can

formr so the ratio verY efficient to the decrease of the reaction

rate・　工n the case of methylketeneJ nOne Of the pear has alinear

COnfiguration because of the existence of the methyl group・　This

is the reason that no reaction was foundin methylketene－02

SyStem by excitation at n＋TT＊　band．

Several unknown peaks were foundin the product spectra from

dimethYlketene－02　SYStem（See Fig・4・12）・　Band at1880・O showed

isotope shift when1802WaS uSed for matrix material・The value

2－3cm－1means the shiftis secondarY・From the mixing（1802－

1602），itis expected that the product for the band was formed

from a reaction with one oxygen m01ecule．　On the other handl the
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frequencY11880cm－1Jis a special value whichis only foundin

several compounds26・Stretching mode of C＝Oinα－lactone26a and

α－PerOXYlactone26b were found around1900cm－1・Considering all

these above，the most possible compoundis dimetYl－α－PerOXY－

lactone26b whose C＝O stretching mode appears at1874cm－1・This

COmpOund could form form O2　addition to C＝C bonding of dimethyl－

Band at1852・6cm－1appeared with a band at1849・4　cm－1is

thought to be of the same product as at　3509・2　cm－1・One

POSSible candidateis a peracid，CH2＝CH（CH3）－C（＝0）－00H，Whose O－H

St．mOde could reduce the wavenumber form ordinal acidic O－H by

intram01ecular hYdrogen bonding・　Howeverl1852・6　cm－1is t00

higher value for ordinal peracid（1734　cm－1for C＝O st．0f

HC（0）00Hin oxygen matrix27），SO these peaks are remain as

unassigned・Peak at1778・3　cm－1foundin the product spectrum

from methylketene－02　SYStemis at t00higher to assign aS

acetaldehYde dimer appears around1755cm－1whichis shownin the

reference spectrum．　This also remains as unknown．

5．Comparison with Other Photooxygenation Reactions of

Organic Compounds with OxYgen

（a）Comparison with the Reactionin Liquid and Gas Phase

Phot01ysis of C2H4／02　mixturesinliquid Ar at　87K has been

reported bY Buschmann181Whichis apparentlY mOSt CloselY related

t0　0urS．　Although the CCT photochemistry was studied in this

SYStem，Only ozone production by the irradiation at　　206．2　nm

WaS rePOrted．So no further comparisonis possible．
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onodera et al．16　summarized their results of the CCT

PhotochemistrY Of a series of（Organic molecule）－02　pairsin

COnVentional oxygen－Saturated organic s01ution and classified the

POSSible processesinto three types：（1）formation of a pair of

the substrate cation radical and the superoxide ion；（2）

COnVerSion to the triplet substrate and singlet oxYgen；and（3）

deactivationt to the starting materials．　The first process′

formation of a completely separatedion pair（D＋・05）is

possible onlyin the p01ar solvents andis impossible in solid

OXYgen from energetics in the near UV regiOn．　Thus，While the

formation of a certain type of product was interpreted as a

result of a radical cation－S0lvent reaction in their studY，Our

Study demonstrated the alkene－02　reaCtions tan be directlY

ascribed to the excited CCT pair in solid oxygen．　The second

process of triplet alkene formation was assessed bYits cis－tranS

isomerizationin the present study while the singlet oxygen

m01ecule formation due to the processes′

3（D十‥0言）→　3D＋102 （4－9a）

or3（D＋‥0；）→　3D＋　302－→　D＋102　　（4－9b）

WaS aSSeSSed by its specific reaction products in their study．

The third process of deactivation to the ground state has been

Observed bothin the present cryogenic system and in the room

temperature organic s01vent．　Although the　2，3－dimethy1－2－butene

is the species studied commonlYin both medial direct comparison

Of the resultsis difficult since the excitation of the CCT pair

at　313　nm（3・96　eV）in methan01produced（CH3）2C（OCH3）C（CH3）20H
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and CH2＝C（CH3）－C（CH3）200H，Which were ascribed16to the reaction

Of the radical cation．　tn s01id oxYgen，TMT formation was the

ma］Or prOCeSSin this energy range．

OnlY for benzene among arenes discussed above，a fair amount

of phot00Xidation studies have been reported28－32in the gas and

liquid phase．　Excitation of benzene with　248－254　nm radiationin

the presence of high pressure of oxYgen has been known29，30　to

resultin phot00Xyg芦nation・　The ma］Or prOduct appears to be

Phen01and mucondialdehyde in the gas phase although no clear

information on Yieldsis yet available・＝rina and Kurien29

reported that the ma〕Or prOduct from the irradiation at　254　nm

Changed from phen01to mucondialdehyde when the rate of oxYgen

flow bubbled through benzene wasincreased．　工tisinteresting to

note that other than p0lymeric products．onlY muCOndialdehyde，

was found28inliquid phase photo一〇Xidation of02－Saturated

benzene．　The formation of phen01reveals the presence of O（3p）

atom whichis known33to react with benzene to giVe the product．

Hunter et al・30proposed the f01lowing processes to explain the

formation of phen01．

C6H6（lAlg）・hv（248－254nm）→C6H6（lB2。）→C6H喜（3Bl。）（4－10｝

C6H吉（3Bl。）・02・3∑；）→C6H6・lA．，）・02（1∑こ）

02（1∑こ）→20（3p）

0（3p）＋C6H6（lAlg）一→C6H50H

（4－11）

（4－12）

（4－13）

Formation of phen0l with a quantum yield of O．01by the
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excitation at193nm as observed by Nakashima and Yoshihara32may

also proceed via the reaction of O（3p）atom．　On the other hand，

mucondialdehyde could be formed from the excited charge transfer

State Of a benzene－02Pair・

C6H6（1B2。）・02（3∑；）→3tC6H芸…02］

3【C6H6・・・02］・hv一→3lC6H芸…02］

3【C6H芸…02］→HCO（CH：CH）2CHO

→C6H6（lA1g）＋02（3∑；）

（4－14）

（4－15）

（4－16）

The triplet charge transfer exciplex state can be reached either

bY the c011isional deactivation oflB2u State Of a benzene or

directly bY the excitation of the CCT absorption of a benzene－02

Pair・The relativeimportance of the two pathwaYS depends on the

relativeintensity of theintrinsic and CCT absorption bands

Whichis a function of the concentration of02・

Phot00Ⅹidation of oxYgen－Saturated neat t01uene has also

been studied′　and oxidative chain reaction to form benzaldehYdeF

benzyl alcoh01and benzYlhYdroperoxide has been reported bY Wei

and Adelman221and bY Chien21●　Thisis a remarkable contrast

that the contribution of methYi substituent for phot00XYgenation

is thought to be negligiblein the CT excited photochemistry of

t01uenein the cryogenic oxygen matrix・

（b）Comparison with the Reactions on Surfaces

Formation of the radicalion pair（D＋・・0…）has been postu－
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lated34′35　during the course of phot00Ⅹidation of organic

m01ecules on n－tyPe Semiconductor surfaces′　e・g・TiO2，ZnO′　CdS

etc．in the presence of oxygen．　Although the reaction mechanism

On the surfaces could be more complex due to theincorporation of

metal ions and oxYgen atOmS Of metal oxides，it is very

interesting to note thatin these reactions double bond scission

Of alkenes to form carbonYl m01ecules f01lowed by rapid secondarY

phot00Ⅹidation toyield CO2is oftenobserved35－37・

Efficient CO2　formation（mineralization）in the phot0－

0Ⅹidation of t01uene on TiO2　has also been reported bY Zbusuki

and Takeuchi38・Nearly complete oxidation of all the carbon

atomsin t01uene to CO2　may PrOCeed via successive oxidative

Cleavage of the double bonds besides the unimolecular fragmen－

tation of the carbonyl oxide tYpe biradical in equation（9b）．

Relevance t00ZOne ChemistrY has been pointed out bY Martinez39

Since both processes are thought to inv0lve similar biradical

（）C・一〇〇・｝state
as an intermediate．

The marked similarity of the products from phot00Xidation on

Semiconductor surfaces and those from CCT pair photochemistrYin

S01id oxYgen SuggeStS the importance of the reaction of the

radical ion pair state or excited charge transfer state as a

common process・　Sancier et al●34　reported thatirradiation of

Sand adsorbing organic compounds emits CO2　Very efficiently・

Such a process might alsoinv01ve theion－Pair state and would be

relevant to the CCT photochemistry studied here．
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6．Conclusion

Photochemical reaction of simple alkenes，areneS，and

ketenes in the excitation within the CCT bands were studied bY

using FT－1R．

The reaction of alkene can be classified into the f01lowing

four pathways：（i）phot00XYgenation to give an oxYgen adduct，

Whichis observed only for　2，3－dimethY1－2－butene；（ii）cis－tranS

isomerizationl Whichis the ma］Or reaCtion path for cis and

trans－2－butenet suggesting the crossing to the alkene triplet

State；（iii）double bond scission to give two corresponding

Carbonyl compounds，Which is observed for all alkenes studied

With the energy thresh01d higher than the phot00Xygenation and

Cis－tranSisomerization；（iv）formation of CO2，CO′　and O3，Which

OCCurS at Sti11Shorter wavelength than the double bond scission．

Zn case of ethene and propene，HO2　WaS also produced・No

evidence was found formation of singlet oxygen m01eculein the

Photochemical reaction．

Photochemical properties of benzene，t01uene，P－Xylene，

mesitYlenel durener styrene and naphthalene in s01id oxYgen at

llK have also been studied．　Photochemical excitation at the CCT

absorption band for all the compounds studied except styrene

CauSe OXidative cleavage of the aromatic ring to form corres－

POnding dicarbonyl compounds and CO2　aS main products・　StYrene

reacts as an alkene giVing benzaldehyde and formaldehYde specific

for the oxidative cleavage of side chain rather than an aromatic

ring．

Reaction through CT statein oxygen matrices have been found
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in methyl substituted ketenes．　The main reaction was oxidative

Cleavage of C＝C double bond to form carbonyl compounds and CO2，

thatis similar to that of alkene type（iii）．　A product expected

to be dimethyl－α－PerOXYlactone formed from dimethylketene－02

SyStem．

tt can be concluded that the oxidative cleavage of a double

bond is the common for alkenest arenes and methYI substituted

ketenes．and the reaction pathwaY Characteristic to theion－Pair

State OflD＋．．．0…】・
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CHAPTER V

ZNFRARED SPECTROSCOP工C DETECTlON OF THE HSOx RAD工CAL

US工NG　軋ATR工Ⅹ　工SOLAT工ON TECHNZQUE

1●　工ntroduction

Bisulfite（also called hYdroxYSulfonYl，i・e・HOSO2）radical

is recognizedl as animportantintermediatein the atmospheric

OXidation of SO2initiated by OH radicals・The oxidation process

has been discussed on the basis of the recognition that the

reaction（5－1）is the major rate－COntrOlling stepin the gas

Phase homogeneous oxidation of SO2in the troposphere，and the

Subsequent reaction（5－2）and／or（5－3）produce S03and／or HOSO4′

and finally．the formation of sulfuric acid aeros01is the goal

of the oxidation reactionl．

OH＋SO2＋M　→　HOSO2＋M・

HOSO2＋02　　→　HO2＋SO3

HOSO2＋02十川→　HOSO4＋H・

Stockwell and Calvert2have presented evidencein their studY Of

Photooxidation of the CO／HONO／NO／NO2／SO2mixturein air that

reaction（5－2）may be the dominant channel for the reaction of

HOSO2　radicals with oxYgen・　Further evidence supporting the

Predominance of reaction（5－2）has been reportedin more recent

direct kinetic studies3－6．　0n the other hand′　thermochemical

estimates bY Benson7Put the enthalpY Changes for reactions（5－2）

and（5－3）to be8‡2kcal m01e－1endothermic and16　kcal m01e－1

exothermic，reSpeCtively，thus favoring reaction（5－3）in
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COntraSt tO the experimental evidence．　Since reaction（5－2）

followed by the reaction

HO2＋NO　→　OH＋NO2 （5－4）

COnStitutes chain sustaining steps while reaction（5－3）does not，

the experimental observations for the predominance of reaction

（5－2）are of great importance in atmospheric chemistry of both

tropospherel and stratosphere8●

tn spite of the atmospheric slgnificance the intermediate

radical，bisulfite，have not been directlY detected by any opto－

SpeCtrOSCOPiC method eitherin gas or condensed phase．　OnlY tWO

Other kind of spectroscopIC detection have been reported．　Oneis

an ESR detection by Flockhart et a191Who assigned the signal

Observedin the reaction between H202and SO2in aqueous s01ution

／to HOSO2・The otheris the mass spectral observation6

COnVerting to SO5in gas phase・　As for the peroxYbisulfate no

experimental datais availablein either gas or condensed phases．

＝n this studY，a matrixis01ation method was used to detect

the HOSO2　radical from a reaction of SO2　and hYdroxyl radical

PrOduced by the phot01YSis of H2020r H20・HOSO2　WaS traPPedin

the Ar matrix atll K andits infrared spectrum was measured as

it were t01freeze，the reaction（5－1）and t0100k directly the

reactionintermediate．　Here，it will be reported that the first

direct detection of HOSO2by an opto－SpeCtrOSCOPIC method・More，

detection of HOSO4WaS also examined・

Additionally，in order to get betterinsight，旦！Linit土○

Calculations of the m01ecular geometries′　and vibrational

fundamental frequencies for the ground states of the HOSO2　and
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HOSO4　radicals were carried out at the　3－21G（＊）level・　The

COmParison of the calculated and experimental results will be

discussed．

2．Experimental

The HOS02radicals were produced by the reaction of hYdroxyl

With SO2・Phot01ysis of H202at185／254nm by a Hg resonance

lamp with CaF2Window or phot0lYSis of water vapor at147nm by a

Xe resonancelamp with CaF2　Window was used as a source of

hYdroxyl radicals．　Both electrode－lesslamps were actuated by a

2．45　GHz microwave generator．

Gas mixture of SO2in Ar（1：250）wasintroducedinto the

VaCuum VeSSel through one of the stainless steel tubing of the

depositionline・　Separately，H202in Ar（M／R　＝　250／1）was

introduced thorough the an al1－glass depositionline with a PTFE

nozzle at the end in the vessel in order to minimize the

decomposition of hydrogenperoxide．　These sample mixtures were

コetted simultaneously and effusivelY about lO mm before

COntaCting the CsZ sample plate surface．　The　‾phot01YSis lamp

irradiates the c01d surface through the gas flow in the mixing

2：One SO that phot01YSis can occur in the gas phase when the

irradiationis made during deposition・　Fig・2．4　Shows the

Optional setup of the cryostat for this experiment・　TYpiCally′

about O・5　mm010f each gas mixture was first deposited simultane一

〇uSly withoutirradiation t0　0btain reference ZR spectra and then

additional aboutl・5　mmol of each gas mixture was deposited under

irradiation by the Hglamp with a flow rate ofl mm01／h each．
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Similar conditions were employed for the experiments using

H21600r H2160－日2180mixture（1′1）in Ar as an hydroxyl radical

SOurCe・　The deposition temperature emploYed wasllK for all

runs・　After taking theinfrared spectruml the reaction mixture

was annealed at　20－28　K（28Kis about　30　％　of the melting point

Of Ar）for about15　min and another spectrum taken after re－

C001ing t011K．　＝n some runs phot01ysis was made on the

deposited mixturesinstead of during the depositionin order to

Check the efficiencY Of the production of the radicals・

Zn order to sort out the absorption bands due to the

hYdroxyl radical reaction from those due to the H－atOm reaCtion，

a matrixis01ation experiment coupled with a discharge flow

reactor was also carried out．　1n this experiment，a discharge

flow tube with a sampling pinh01e of ca．0．3　mmin diameter was

installed on the cryostat・A mixture of H2／Ar（M／R＝100／1）was

discharged though a microwave cavity and a SO2／Ar（M／R：250／1）

mixture was added downstream・　A part of the reaction mixture was

C011ected on the CsZ c01d surface through the pinh0le．　TYPICal

total pressure of the discharge reglOn WaS O・2　Torr and the flow

rate was aboutl mm01／h．

To detect the HOSO4　radical，a Similar experiment using

OXYgeninstead of Ar matrix gas was also carried out．　A mixture

Of SO2／02（M／R　＝　250／1）and a mixture of H202／02（M／R　＝　250／1）

Were CO－deposited on the Cs＝　sample plate atll K with

irradiation bY the Hg resonance lamp．　Spectra of the reaction

mixture were also measured bY the FT－1Rin the same manner．

Samples，H202（90％pure，Mitsubishi Gas－Chemicals C〇・Ltd・）′
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H2180（99％pure′B・〇・C・Ltd・）and SO2（99・98％，MathesonCo・Ltd・）

Were uSed after trap－tO－traP distillation for degassing．

Allinfrared spectra were measured by the FT－ZR under the

condition of O．24cm－1res01ution and512times accumulation with

a narrow band（high D＊）HgCdTe detector．　The spectral range

observed was　4000－700　cm－1．

3．Computational Details

Geometries were fullY OPtimized at the spin－unreStricted

Hartree－Fock（HF）level with the split－Valance　3－21G（＊）

（p01arization functions only on sulfur）basis setll．The

computed expectation value of the spin－Squared operatorくS2〉from

the unrestricted HF wave function was O・76　for HOSO2　radical，

this was close to the correct value of O●75　for a pure doublet．

Harmonic vibrational frequencies were calculated by using the

HF／3－21G（＊）analYtical energy derivatives．Force constant matrix

and normal c00rdinates（not presented here）are available upon

request．

Zn order t0　0btain more reliable energieS，Single－POint

Calculations were carried out at the HF／3－21G（＊）optimized

geometries；With the larger　6－31G＊＊（p01arization functions on

all atoms）basis set12，the effect of electron correlation was

incorporated by means of Mbller－Plesset（MP）perturbation theory

up to fourth－Order（MP4SDTQ）13．＝n these calculations′all single

（S），double（D）．triple（T），and quadruple（Q）excitations were

includedl With the constraint that core－like orbitals were doubly

OCCupied．　This will be denoted by MP4SDTQ／6－31＊＊／／3－21G（＊）．the
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／／symb01meaning Hat the geometrY OfH．　zero－POint correction

was made with harmonic vibrational frequencies at the HF／3－21G（＊）

1evel．

4・SpectroscopiC Detection of HSOx Radicals

（aI HOSO2Radical

To detect the HOSO2　radical from a reaction of SO2　and

hydroxYl radical produced by the phot01YSis of H202　0r H20′　the

photochemical reactivity of these compounds were examined first・

PhotoIYSis of H202／Ar at185nm during deposition produced matrix

is01ated hydroxyl radical the bands at nearlY the same wavenumber

（3452and3427cm－1）With a slightly broader bandwidth than those

Obtainedin the phot01YSis of H20・The absorption bands of HO2

radica114′15were not observedin the phot01ysis of H202／Ar

during deposition・Phot01YSis of H20／Ar at147　nm during

deposition produced matrix is01ated hydroxyl radicals as

confirmed bY the absorption bands at　3452．2　and　3428．2　cm－1

agreeing well with the data of Acquista et al・16　The origin Of

the two bands has not been clarified but might be due to the

SPeCies at different matrix sites・Phot01ysis of SO2／Ar alone bY

the Hg and Xe resonance lamps during deposition gave no

absorptionpeakdue toSO17，SO318′19andSO420・

When H20／Ar or H202／Ar was phot0lYZed during co－deposition

With SO2／Ar mixture，the hydroxyl bands disappeared and new bands

appeared．　Figs　5．1（a）and（b）Compare the matrix infrared

absorption spectra of the H202／Ar－SO2／Ar sYStem atllK obtained

Without and withirradiation by the Hglamp・　Absorption bands
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observed after unphot01yzed depositionis assigned to H20221′

H2022－24′SO225and gas phase H201ines due to unremoved water

vaporin the spectrometer．Fig．5．1（b）shows six new absorption

peaks．and the same six bands were observed at the same

frequencies within±0・1cm－1whenH20′Ar was used as an hydroxyl

radicals source．　From the different behavior of the peak

intensity toward annealing these absorption bands can be ascribed

to tw0　0r three different species．　The bandintensities of the

peaks at　3539●911309．211097●3　and　759・5　cm－1alwaYS Varyin

parallel while those of two bands at1286・8and1285・4cm－1varY

independentlY Of the other four peaks when the reaction mixture

WaS annealed or prepared from a different radical source．　TABLE

V－Z shows the abs01ute and relative absorbance of the former four

bands observed in the present study，Showing constancY Of the

relative intensity for these bands．　When the reaction mixture

Obtainedin thel：1fiow rati00f H202／Ar and SO2／Ar，run・1′　WaS

annealed at　23　K for15　min，the peak heights of the former four

bands decreased in parallel to about two－thirds of the peak

heights before annealing，Whereas those of the latter two bands

remained almost unchanged．　＝n another run，run．2，the former

four bands decreased to two－thirds while the other bands

decreased t0　0ne－thirdin absorbance after annealing at　28　K for

15　min．　Zt has been noted that when the reaction mixture

Obtained at the flow rate of H202／Ar beginin excess of that of

SO2／Ar，an absorption band of the hYdroxyl radical was observed

at3452．2cm－11and under these conditions all of the peaks of

the transient species increased　30－50％in absorbance after
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annealing at　20　K for　20　min・　When the same matrix sample

annealed again at　30　K for15　minr the former four peaks

increased to about twice the intensitY Whereas the peaks at

1286．8　and1285．4　cm－1decreased to about the sameintensity as

in the original spectrum before annealing．

All the evidence suggests that the four bands at　3539・91

1309．2r1097．3and759．5　cm－1Can be ascribed to a single

transient species which we assign tO the HOSO2　radical according

to the discussion below．　The transient peaks at1286．8　and

1285・4　cm－1are apparentlY due t00ther speciesJ Which will be

discussedinlatter section・The HOSO2radicalis thought to be

PrOduced by the reaction of SO2　With hydroxYl radical generated

bY the phot0lysis of either H202　0r H20in the gas phase′　Since

theirradiation of the H20／Ar－SO2／Ar mixture after deposition for

3　h gave no new transient absorption peaks．　＝rradiation of the

H202／Ar－SO2／Ar mixture after deposition gave onlY traCe Peak at

1309and1097　cm－1l SuggeSting a negligible contribution of

Photochemical reaction within the matrix to produce the radical．

The reaction of hydroxYI with SO2　COuld occur mostlY Within the

Surface and shallow part of the developing matrix since the

PreSSure between the mixing jet and the surface should be t0010w

to enhance the gas phase third－body reaction26，27・Significant

increase of the HOSO2　Peaks when the matrix of the reaction

mixtures containing hydroxyl radicals were annealed supports the

Zn order to giVe the assignment Of the observed ZR bands，

theH2160－H2180（approximatelyl：1mixture）／Armixturewasusedas
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a hydroxYl radical source．　Fig．5．1（C）shows the absorption

SPeCtrum Obtained after annealing．　As depictedin Fig．5．1（C）．

isotope shifted peaks appears at　3528．6（3539．8），1308．7

（1309．2），1096．0（1097．2），and735．1（759．4）cm－1Corresponding

to the unlabeled peaks shownin parentheses．　These eight

absorption bands behavedin parallel after annealing suggesting

that the new peaks should be assigned to the180－1abeled species

of the same kind・Theisotope shifts of the band at3540cm－1and

759　cm－1are o●32％　and　3●2％t reSPeCtively．These value of the

isotope shift arein accord with those expected for the180－H and

s－180H stretching modes for which180－isotope shifts of O・33％and

3．5％，reSpeCtively，are eXPeCted based on simple diatomic

approximation28・The frequencies of the S－160H and S－180H

stretching modes of HSOH′　763and735　cm－1′　rePOrted bY Pinchas

et al・291are VerY Close to759and735　cm－10btained for

unlabeled and labeled species in the present studY．　Thus．we

could assign these two bands at3540and759cm－1to the O－H and

Single bonded S一〇H stretching modes of HOSO2　radical・　Then the

bands at1309and1097cm－1can be assigned to the asYmmetric and

SYmmetric stretching modes of the double bonded O＝S＝O moiety of

the HOSO2radical・Smallisotope shifts of O・5andl・2cm－1are

consistent as secondaryisotope effects due to the adjacent180．

More，HOSO2　radical have been characterized bY uSe Of ab initlo

Calculations as discussed next section，the analysis of the

Calculated vibrational modes will strongly support this

assignment．
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（b）H－SO2Radical

When discharged H2／Ar was mixed with SO2／Ar・the observed

spectrum does show two peaks at1287・5and1285・5cm－1which

agree well with the unidentified peaks noted above，thus

COnfirming that these two peaks are not due to the reaction of

hYdroxyl radical but the reaction of H atom with SO2・　All the

bands which were assigned to the HOSO2radical did not appearin

the reaction of atomic hydrogen（S）and SO2・

Since excess amount of SO2　against that of atomic H

presentedin the reaction mixture of the experiment LOf HOSO2，

importance of reactions of SO2　＋　2H and HOSO2　＋H are thought to

be negligible．　So the molecules to show peaks at1287．5　and

1285・5cm－1could be products of the reaction of H＋SO2・Two

StruCtureis possible for the product・　Oneis H－S（＝0）2　and the

Otheris H－0－S＝0．　Zf the spiCeS has former structure，these two

bands could be assigned as asym・St・Of－S（＝0）2Part・The reason

Of appearance of doublet peakis expected to be the speciesisin

two different sites of the Ar matrix・Strong absorption of SO2

around1050cm－1could hide the sYm・St・Of－S（＝0）20f H－S（＝0）2・

However，POSSibilitY Of the latter structure could not be

removed．　Although no infrared absorption bands in the spectra

Of all experiments could be assigned as O－H st．0f H一〇一S＝0

0bserved，there is an attractive explanation for appearance of

two absorption bandsif the species are H－0－S＝0．　These two are

COuld be absorption bands of S＝O st．0f cis and trans structure

of H－0－S＝Ol aS Observedin HONO30

There are no conclusivelY eVidence in this stage．　Further
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Study should be done toidentify the spICeS．

（C）HOSO4Radical

Under the optimized conditions for observing HOSO2　bY CO－

depositing SO2／Ar and H202／Ar underirradiation′a fraction of Ar

in the SO2mixture was replaced bY O2・The HOSO2bandintensity

decreased drastically when onlY　4％　of Ar was substituted by O2

（SO2／02／Ar：1／10／250）・　All the absorption bands of HOSO2

disappeared for the codeposition of SO2／02　and H202／02　during

irradiation，but no new band was recognized except for the weak

diffuse bands′Of unidentified productsin the range of1300－1280

cm－1and the bands of O3at2108，1034and702cm－1as shownin

Fig・5・2・BandsascribedtoSO3（1385・8　cm－1inO2matrix）31and

HO2（1391・6cm－1）14′15werenotobservedeither・

The disappearance of HOSO2　SuggeStS OCCurrenCe Of the

reaction with O2，and HOSO4　eXPeCted to be formed・　But the

absorption bands of the S（＝0）2aSym・and sym・StretChing modes of

HOSO4might belocatedin the very strong absorption band of SO2・

An ab initio Calculation，aS discussedin next section，　Predicts

the frequencies of the S（＝0）2aSym・and sym・StretChing modes are

very close to those for SO2，1573and1341cm一㌦　reSPeCtively・

Other absorption bands of HOSO4　are thought to have weaker

intensity than that of these two modes・　The band overlapplng

COuid be the reason of the unobservation of HOS04radical・
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一
丁
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72a9

Fig・5・3・Optimized geometrY Of the HOSO2radical at the
HF／3－21G（＊）level．　Distances arein A and angles arein

degree・∠HOISO2：1・3・
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5．Comparison with ab initio Calculations

（a）帆01ecuiar Structure of HOS02

TABLE V－1＝　Compares the observed vibrational frequencies of

the H160S1602and H180S1602radicals with the calculated values

Obtained at the HF／3－21G（＊）level．As shown in TABLE V－tZ，the

Calculated vibrational frequencies were　7．8，0．7，2．5　and　21・4　％

higher than the observed ones for the H－O st・，S（＝0）2　aSym・St・，

S（＝0）2Sym・St・and S－OH st・mOde′reSpeCtively・An uneven rati0

0f the calculated t0　0bserved frequencies of different

vibrational modes has been notedllin the compounds containing

hYPerValent sulfur atoms．　Animportant point to be noted in

TABLE V－His that the values and the trend of the160－180

isotope shift are reproduced satisfactorilY for a11the observed

Vibrational modes．　TABLE V－＝＝＝　Cites the vibrational

fundamentals calculated for threeisotopiC SPeCies of H160S1602，

H180S1602andH180S1802・TheH－0－S bendingmodeas calculatedat

1181and1175cm－1for theH160S1602andH180S1602，reSPeCtivelY，

WOuld be overlapped bY the strong absorption of SO2　Centered at

ca・1150cm－1・All otherlow frequency modes should appear out

Of observation range．　Thus，theidentification of theinfrared

bands of the HOSO2　radical has been strongly supported bY the

additional experimental evidence and the theoretical prediction・

Fig．5．3　presents the HF／3－21G（＊）optimized geometrY Of the

HOSO2　radical・As shownin Fig・5・3，the structure of HOSO2is

non－planarl aS found by Boyed et al・10　with the smaller ST0－

3G（＊）basis set・The S＝O bondlength ofl・441Ain HOSO2is

appreciablylonger than the calculated（1．419A）and experimental
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（1・431A）32Valuesin S02・This should explain thelowered

experimental frequencies of the S（＝0）2　aSym・and sym・StretChing

modeJ1309and1097cm－1J reSpeCtively′aS COmPared to those for

SO2，1356and1153cm－1in the Ar matrix・31The calculated H0－S

bondlength ofl・587Ais close to the observed value ofl●574A33

for H2SO4′　Which would represent a typiCal single bond・

The nature of the radical is better underst00d from the

atomic spin densities and net atomic charges shownin TABLE V－tV．

The spin densities are delocalized on all three atoms of the－SO2

group・＝t should also be noted that the S，H，01′　02，and O3

atoms are highlY Charged implying a substantial p01arization in

all the associated bonds．　This giVeS a large dip01e moment of

2．88D（3－21G（＊H and　2．91D（6－31G＊＊／／3－21G（＊日　to the radical．

The characteristics of the electronic structure of HOSO2　maY be

represented by the f0110Wing resonance structures；

●　●　　　－　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　●　　　■－

0：　　　　　　　　　　　　　0：

＋／‥　　　　　　　　　＋／●●　　　　　　　　2＋／

HO－S：　　　　く　　〉　　HO－S’　　　　←〉　　HO－S●

＼臼・　　　　≠

（工） （工工）

●　●　　　　－

0：

●　●　　　　－

0：

（工工工）

Where the counterpart of the equivalent structures for（＝）and

（ZZ）are omitted．

＝t would beinteresting here to compare the results to those

reported bY BoYed et al．10with the ST0－3G（＊）basis．＝t can be

Seen that the greatest spin density resides on the S atom，and

the extent of the charge p01arizationis more pronounced at the
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6－31G＊＊　and　3－21G（＊）levels than at the ST0－3G（＊）level，

SuggeSting more significant contribution of the resonance

StruCtureS（11）and（エロ）at the higher calculationlevels．The

S－01′　S－02，S－03and H－01bondlengths bY the ST0－3G（＊）basis set

arel・629，1．474．1．465　and O．994A，reSPeCtively，and are all

longer by　3－4％　than those giVenin Fig・5・3・
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TABLE V－Z工．　Observed and Calculated Fundamental Frequencies

ofH160S1602andH180S1602

蕊Onal　猫苛
Vibrational wavenumber（cm－1）　　Ratio

Calc．　　Exp．　　　　Calc．／Exp

H‾Ost．　Sま……t．a，

SO2aSYm・St・1喜3

SO2Sym・St・1…3
Shift

S－OH st．

】…S
Shlft

3818　　　3539．9

3805　　　3528．6

13　　　　11．3

1319　　　1309．2

1318　　　1308．7

1　　　　　　0．5

1125　　　1097．3

1122　　　1096．0

3　　　　　　1．3

921．9　　759．5

889．3　　735．1

32．6　　　22．4

1．078

1．078

1．007

1．007

1．025

1．024

1．214

1．210

（a）Isotope shift（cm－1）．
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TABLE V－1工工．　Calculated Vibrational Frequencies of

工SOtOplCally Labeled HOSO2Radicals

Vibrational Mode
vibrational Frequencies（cm－1）

H160S1602　H180S1602　H180S1802

1
　
つ
‘
3
　
4
　
5
　
6
　
7
　
8
　
9

一

〇

－

H
 
S
 
H

SO

S－

SO

SO

SO

H－

O st．

2
0
　
2
0
　
3
2
3
0

asym．st．
－Sin－Plane bend

Sym．St．
H st．

deform．

SCI SS●

deform．

－S out－Of－Plane bend

8

　

9

　

1

　

5

　

つ

ん

　

4

　

1

　

7

　

っ

ム

1

　

1

　

8
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ん
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5
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5

　

4

　

4

　

つ

ん

3
　
1
　
1
　
1

5

　

8

　

5

　

2

9

　

つ

‘

5

　

0

　

0

0

　

1

　

7

　

つ

ム
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3

　

5

8

　

3

　

1

　

1

　

8

　

5

　

4

　

4

　

つ

乙

3
　
1
　
1
　
1

5

0
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ム

　

4

3

8
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9

0
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8
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1
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1
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5

　

4
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‘
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TABLE V－ZV・Calculated Electronic Properties of HOSO2

Atom
Atomic Spin Densities Net Atomic Charges

ST0－3G（＊）3－21G（＊）6－31G＊＊　ST0－3G（＊）3－21G（＊）6－31G＊＊

1

　

　

　

つ

ム

　

3

H
 
O
 
S
 
O
 
O

ー0．01　　　　0．01　　　0．00　　　　　　0．23　　　　　0．45　　　0．41

0．12　　　　0．08　　　0．07　　　　　－0．24　　　　－0．71　　－0．65

0．18　　　　0．34　　　0．42　　　　　　0．42　　　　　1．33　　　1．39

0．38　　　　0．24　　　0．22　　　　　－0．21　　　　－0．57　　－0．61

0．33　　　0．34　　　0．29　　　　－6．20　　　　－0．50　　－0．54
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（bI HOSO4radical

The HOSO4　radicalislocated as a minimum on the potential

energY Surface・The HF／3－21G（＊）optimized geometrY Of the HOSO4

radical is shownin Fig．5．4．　As depicted in Fig・5・41the S－O

bond configuration around the S atomis similar to that of H2SO4・

The S＝O bond distances（1．414　and1．406　A）are appreciably

Shorter than thosein the HOS02discussed before and are close to

the calculated value for SO2（1・419A）and also to the

experimentalvalue33in H2SO4（1・422A）・The calculated HO－S and

S一〇〇bond distances（1．549　and1．620A，reSPeCtivelY）are slightlY

Shorter and appreciably longer than the observed HO－S bond

length33inH2SO4（1・574A），reSpeCtively，SuggeStingalowerbond

energy for the S一〇〇　than for HO－S．　Calculated electronic

properties of the HOSO4radical are glVenin TABLE V－Ⅴ・The spin

density is almost localized on the terminal oxYgen atOm giVing

the features of a more common peroxY radical to the HOSO4

radical・　The S atomis highly′　POSitively charged and the four

SurrOunding O atoms are all negativelY Charged．Thus，the bonds

in the HOSO4radical are highlY POlarized asin the case of HOSO2

giving an even larger dipole moment of　3．16D（3－21G（＊日　and

3．22D（6－31G＊＊／／3－21G（＊日．

The calculated vibrational frequencies are：3835，1588，

1349，1184，1025．929．680．626．564，552，449′　416．312′　233　and

107cm－1・ApparentlYt the first five frequencies correspond

mainlY tO the H一〇　Stretching，S（＝0）2　aSYmmetric and sYmmetric

StretChingl H一〇一S in plane bendingr and S－OH stretching moder

respectively・　All thelower frequency modes reflect mixed motion
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Of m01ecules and the exact assignment is not possible without

POtential energY analYSis．which were not made in the present

StudY・　The predicted frequencies of the S（＝0）2　aSym・and sym・

StretChing modes are verY Close to those for SO2（1573　and1341

cm－1′　reSPeCtivelY）calculated with the same basis set11′

reflecting the close S＝O bond distances．
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Fig・5．4　0ptimized geometrY Of the HOSO4　radical at the
HF／3－21G（＊）level．Distances arein A and angles arein

冨；ヲ言？e・∠HOISO2＝0・5；∠0504SOl＝179・1；∠04SO102：
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TABLE V－Ⅴ・Calculated Electronic Properties of HOSO4

Atom

Atomic Spin
Densities

3－21G（＊）／／　6－31G＊＊／／

3－21G（＊）　　3－21G（＊）

Net Atomic

Charges

3－21G（＊）／／　6－31G＊＊／／

3－21G（＊）　　3－21G（＊）

1

　

　

　

つ

ム

　

3

　

4

　

5

H
 
O
 
S
 
O
 
O
 
O
 
O

0．00

－0．01

0．00

0．00

0．00

0．00

0．00

0．00

0．00

0．00

－0．20　　　　　　－0．18

1．21　　　　　　1．18

0．47　　　　　　　0．42

－0．69　　　　　　－0．63

1．65　　　　　　1．73

－0．56　　　　　　－0．61

－0．52　　　　　　－0．57

－0．42　　　　　　－0．39

0．08　　　　　　　0．06
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6．Conclusion

The ZR absorption spectrum of sulfo（HOSO2）radical，an

importantintermediate of atmospheric oxidation of SO2，WaS

Obtainedin argon matrix atllKin the reaction of SO2and OH

Prepared bY the phot01YSis of H2020r H20during deposition・The

lRabsorptionbands of H180SO2Were als00btained bY uSing H2180

as a hYdroxyl radical source・　Observed vibrational frequencies

at　3539．9（3528．6），1309．2（1308．7），1097．3（1096．0）and　759．5

（735・1）cm－1were assigned as the O－H st・，S（＝0｝2aSYm・St・，

S（＝0）2SYm・St・and S－OH st・mOdes of the H160S1602（H180S1602｝

radicall reSPeCtivelY●Absorption bands at1286・8and1285・4cm－1

Were also appeared・These could be assigned as H－S（＝0）2Whichis

a reaction product of H　＋　SO2・Sulfo radical was characterized

bY uSe Of abinitio calculations at the HF／3－21G（＊）level．　The

Calculated vibrational frequencies and theisotope shift support

the asslgnment Of the observedinfrared absorption bands in the

Ar matrix．　The same calculation was attempted to the

PerOXYbisulfate（HOSO4）radical・＝t was found to belocated as a

minimum on the potential surface・　The fu11Y OPtimized geometry

and vibrational frequencies was obtained′　although the detection

Of the radicalin the O2matrix was not successful・
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