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1. Introduction

Thersogravimetric analysis (7GA) is the mozt common experimental technique
uged today to study quantitetively the cheamical kdnetice of reactions occurring
in the solid state, However, this method of following the kinatics has several
disadvantages, the thr.ec most serious ones being as follows. PFi.st, only chemical
reacticns accompanied by weight changes can be examined by TGA. Since such
reactions must nscessarily iuvolve &t least two pheses and are, thereflore,
heterogenoous, TGA data are not cnly difflcult %o interpret but are sometimes
conflicting., The requirewent of wsight changes, in addiiion, rules out the study
of interesting reactions such as geonetrical isomerizations and polymerization
of monomers. Second, reactions of low melting salts and salts with relatively
high vapor pressuses are not suitable for study by the stendard 1GA nethod.

Among sucn compounds are many organic and inorganic salts whose decomposition
machanisms may be relatively simple. Xinetic data from reactions of such
compounds :8y be more readily subjected to theorctical calculations and msy
serve a8 mcdele for the reactions of more complex salts., Finaily, since no
single chemical speciss in the reaction stoichiometry is followed directly
during the reaction, "GA vesults generally do not provide sufficient inforaation
concerning the reaction mechanisz nor do they allow the identification of tran-
sient speciss produced during the rea ction. Differentiation of reactions
cecurring at the surface of the golid from those actually occurring in the a-lid
is also not readily possible with data from the TGA studies.

In ordexr to overcone some of the difticulties and limitations of TGA described
above, we need another experimenial technique %o study chemicul reactions in the
solid state., One approach, which appears prgmising9 is to carry out a reaction
directly inside a pressed slkali halide disk™ and to follow the kinetic changes
by speciroscopy. Although thess pressad disks are being used regularly to
obtain the infraied spsctra of solid compounds, the possibility of using thew
in solid stuie kinetic siudies has attracted very liftle attention of spectro~
scovista, trior to the appsarance of our first report2 on such an investigation,
there had been only two other kinetic studies with these disks. Bent and
Crawford? described in 1957 & thermal decomposition siudy of nitrate esters in
a pressed KBr disk. Soon thereafter inm 1960, a succesaful trapping of large
organic free radicals in a XCl matrix at ligquid nitrogen temperature was reported
by Chilton and Porter.4 Hore recently, Pitts et al. studied the photo-reduction
of & ketone in a KBr disk.® In these studies, the solutes which were dispersed
Into the disks ver. large non-ionic organic compounds. Althougn such compounds
zay have bean of imwediate interest to theae investipators, they nevertheleas
involve experimental difficulties which tend to cbscume the jnportant foatures
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of the vressed disk methad of studying solid state chemical reactions. for
aexample, large molecules can become distortsd when they are pressed with the
matrix sall, anu these distortions cun lead to intensity and frequency anomalias
in their spectra°5 Yheir spectra and their kinetic data, therefore, may be
difficult to interpret «nd are most likely affected by the sampling technique.
These major difficulties may have kevt spectroscopists from generally adopting
the disk method and also have discouregsd chemists from vsing the disks in
guantitative kinetic studies. It is spparent that a resl test of the pressed
disk method haz not yet been made and that simple ionic compounds, hoth organic
and iaorgnnic, should be used for this purpose,

3Ance 1960 we have been using in our laboratory pressed aikali halide disks
as matrices for solid stute chemical kinetic studies and for the isolation of
unegsable chemical specises including free radicals. In these tests we used
relatively simple ilonic compounds with known infrared spectra. If the spectra
of the aolule ions were known, then thelr chenges can be identified with dis-
Surtions of the solute ion, and fromw frequency ohifis information concerning the
enviropuznt of the solute ion can be daduced. Anotaer advantage of using sinple
icnic compounds is thet thilr reaction mechan!.sus mey be simple. The producis
uf such rsacticns way readily bo identifisd, and the reaction stoichiometry and
wechanisa may be cutablished more eassily. Murthermore, if free rudicale are
orouuced in such reactions, some of thea are 1ikzly to be ionic. It should be
poasaible, therefors, to trap Such ion redicals in an ionic matrix even at room
temperature.

Anong compounds solecisu for Investipation; there were some whose decompo-
gition kinstica bad been or can be itudied by TWiA. These compounds allow com-
parisor betueen the TCA method and che spectrosropic method with pressed disks,
In this papsr, we summarize the principal exper.mentel studi-z we have carried
cut, and results from them, soxe al.osady oublisied and others still unpublished,
will be used to point out the advanizges as well zs limitation of this technique
of studying solid state kinetics. ‘1he natuxe of the environmment of the solute
ions in the disks will slso be discissed.

2, vzpericrental Procidure
2.1 bigk ifavrication

The experizentsl method of Pabzicating a gresced alkali halide disk for
80lia etete kinetic study is the s.we as thut ned to make a standard aisk for
infrared spactroscopy. .ssentiully, about 1 mg of the solute salt is mixed
thorougnly with approximately 0.9 g of the mati:ix ealt, This mixture is placed
in a disk dlo which is evscuatud and then presu.rized. lormelly, a8 pressure of
about 104 ku/em? is sufficient for & powdeved 1umple in a 13 mm die. The disk
produced in this menner is about 1 mm thick ans has a voluse of about 0.1 to 0.3
mil. The mojo ratio between the solute and th: satrix salt is varied from 13 100
to about 1 104, 2 range most often used in J¢) tewmpersture rare gas matrlx
isolation studies.

Highast purity chemiculs zhould be uvsed (or matrix salts since lmpurities
and thelr decompozition products usually cunn ¥’ be identified snd mey cause
conplicetions in kinetic and Arradiation stud.ts. Optical grade salts whose
disks show no infrared bands in the 250 |b region are preferred, although
reagent grade matrix selis after nareful recry. 'allization may be satisfactory.




Potassium chloride, brumide, and iodide are the easiest salts to press into disks
while sodium ano cesium helides are more difficult to wake into good quelity disks.
Rubidiun halides also make ,ood disks, but these salts ot sufficient purity are
difficult to obtuin commercially. “he quality of the solute salts should also be
high, although the small amounts of solute norm:lly used in a disk preparation
make their impurity problem less serious.

‘The most criticil step in the proparation of a pressed disk is the mixing
of the solute with the matrix sali. Since a very small amount of the solute is
used for each disk, non-unifora distribution of the solute can occur creating a
concontratior. gradient which is a serious préblem in kinetic studies. In oxder
to avoid such difficulties, we have modified the standard mixing procedure and
have been using a dilution technique. "ssentially, a larger quantity of the soluts
is mixed with & smaller amount of the matrix. This mixture is ground carefully,
elther by hand in an apgate mortar or mechanically in an agate vial, and a portion
of this mixturc is taken and diluted further with the matrix salt. This process
1s repeated until ihe desired concentration is achieved, In disks prepared in
the above mennor, arrors in the concentration of the solute can be reduced to
L% or less. Crinding times are varied from 1 min to about S min.

The (reezs-dry technigue of distributing the solute is also used occasionally
in our work. Here, the solute and the matrix are dissolved in water, the solution
frozen, and while frozen the water is pumped off, Normally. for a sample slze
corresponding to that of one disk, puwping is continuec for about 12 hours, In
this method, however, the quality of the distilled water is criticul since this
water often becoxss the source of impurities in the disrs. We found it most
convenient to store the water in a vacuum line, where it was degassed, and to
distill it awain dircetly into the frecze~dry vessel attnthed to the same vacuum
lina. In this way, the dietilled water is not exposed to varbon dioxide or to
other laboratory gases,

2.2 Pyrolyeis

Alkali halide pressed disks can be heated in air to abtsut 600°C but above
this the surfaco etching due to sublimation of the uatrix bcomes noticeable.
Because of the emall mass of the disk, it can be quenched {20m 6000 to room
temporature within about 40 sec by placing the disk on a coclcopper block izne-
diately after removal from the high temperature oven. Generally, the Tirat few
minutes of heating produce the gremtest change in the appearence of the disk,

[t becones opague, expands in size, and often shows blisters. Such changes are
not observed with a disk containing no solute. ‘tne transparaicy of the heated
aisl, however, can be r.stored by repressing. Since o neated iisk expands and
will not fit i1ato the die, it cun be broken into twu or more picces and repressed
in qualitative studies. Tnis procedure is not appropriate for antitative
studies since after many such repre.sings, changes in band optiinl densities of
ag mach as 303 have been observed when the infrared spectra were recorded with
different orientations of the disk. ¥For quentitative work, we sund off the
circumference of the disk until it fits the die agein. In this winner the forsa-~
tion of coucentration gradients can be eliminated, but a loss ol ztout 145 in the
maas of the disxk occurs. Corrections for such sastple losses must ! wade in
kinetic studies.




In thermal decomposition studies, the disk containing the reactant or
reactants is heated for an appropriate length of time in an air oven. Concentra-
tion changes occurring in the disk ar. observed by first ousnching the reaction,
tnen repressing the heated disk, end finally recording its infrared spectrum at
room temperature. ‘his precess is repsated many times until the reaction is
completed. After each repreesing of the disk, which is accompanied by some sample
loss, the absorption bands used to follow the kinetica are scaled to the initial
condition by sultiplying their optlcal densitiss by the initial disk weight
divided by the weight after repressing. laking such corrections by weighing is
found to be more accurate thun by correcting for changes in the disk thickness
with a aicrometer.

2.5 Irradiation

Although various kinds of redistion sources including ultraviolet lamps are
now reedily available, we found it wost convenient to use gamma reys from e Co-60
source to initiate chemical changes in a pressed alkali halide disk. Irradiations
are carried out usually in air at room temperature with each sample sealed in a
polyethylene bag. Iror irradiation under a vecuum or in special atmospheres such
28 in pure nitrogeu gae ths sample ia placed in a Pyroz vessel which can be
evacuated or filled with a different gas. 4 similar sample tube inserted in a
Dewar vesgsel is used for irradiation of a sample at the liquid nitrogen temperature.

When = pressed alkall halide disk is exposed to gamms radiation, it becomes
colored. A KCl matrix turns violet while KBr beccmes biue. The initial color
of a KI matrix is green, but the color sonn changes to yellow, Disks do not
retain chese colors very long, and usually in e fow hours tihe c¢olors are bleached
out, Bleaching ie accelsrated by warming the disk or by exnosing the disk to
laborutory flucreecent light. In a KBr disk without any sclute, the coloration
is associated with a weak absorption band at about 600 mi and another intense
band near 270 m+. The disk also shows a very broad electron spin resonance signal
with g ¥ 2,00 and & line width of about 480 gauss. Both the :SR signal and the
visible-~UV absorption bands diseppear when the color of the disk is bleached.

2,4 Chemical Treatment:

An alkali halide pressed disk can be subjected readily to chemical treatment
after it had been pyrolyzed or exposed o radiation. It can be ground while
submerged in a given solvent including an isotepically substituted solvent, the
gsolvent can be removed for analysis or diecarded, and then the resulting powder
can be repragsed into & new disk for gpesctrescepic examination. An equeous
solution, either acidic, neutral, or basic, is equelly satisfactory as a solvent,
and the powder in this cuse if preparsd by the freeze-dry methoa. The disk can
also bs ground in en atmospliere of a special gus, although a more eluborate
procedure may be required in thie case. r'or 2 reaction witn a gas like oxygen
or carbon dioxide, the disk may be hand~ground from the outside of a polyethylens
beg containing such & gas.

2.5 Instrumentation

The prircipal method in our laboratory of follosing chemical changes taking
place in the disk is infrared spectroscopy. The disk is thin snough that its
apuctrum can be scanned generally down to about %C0 e~ Both prism instiuments,
1iRe PerkinoElmer Wodelas 2% and 112 with appropriate prisms, and .rating irstru-
ments (Perkin-Elmer Models %21 and 225) werw used in our measurements. Sirce
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many abgorptien bands in the spectra of solutes isolated in pressed disks are
sharp, instrument resclution and scan conditions must be chosen so that experi-
mental exrrors from the infrared measurement are minimized. .rroxrs in trans~
mittence measurements in kinetics runs should be kept to less than a few percent.
Althoupgh most infrared scans are made with the disk at the ambient temperature
of the infrared instrument sample compartment, asome scans are made at liquid
nitrogen temperature with & conventional slass low temperature cell containing

2 disk holder soldered on to the cold finger, tor runs requiring temperaturcs
up to about 250°C, the disk is mounted in a commsrcial high temperature liquid
cell holder.

Since the transmission of a typical pressed disk iz sutisfactory in the
visible and near ulfraviolet region, thc spectrum of & disk from about 24 to
adout 250 mt cun be recorded on an instrusment like a Cary Model 14 spectromster.
The disk is held in the optical path with a simple clamp device, and no compen~
sating disk is used in the ctandard beam.

For KSR measurementa a Varian Model V4502-06 electron spin resonance
spectrometor with a multipurpose cavity was used. HNormally, only a fragment of
a disk wolrhing sbout 50 my ie found to be suffieient to record the KSR spectrum
of many of our ion free radicals., Absolute concentrations of such radicals are
determined by comparing their sigral intensitiee to those of Varian's standard
pitch samples, The ESR g-values are obtained in the usual manner by using
DPPH, for example. A variable temperature probe is used when the decay charac-
teristics of th» radical ie to be studisd or when temperature dependence of the
ESR sigpal lins width ig to be determined.

The heating ovens used in our studies are ell very simple equipment. For
temperatures near 100°C, & utandard laborstory drying oven for glassware is
found to be ddequete. A fairly large aluminum block placsd on the top of a
amnnll thermostated hot~plate makes a good oven for use in the temperature range
of 100° to sbout 300°C, In this case a hole drilled into the side of the slumi-
num dblock sarves as the heating compartment. Commercial lsboratory furnsces with
additional insulations and temperaturc control units are used for higher tempora-
tures up to about 600YC. In kinetic runs, the oven tempsratures aje estimated
to be constant to a bout & 1°C,

3. Rosults

%01 Solute Disiribution

The infrared spect:sum of an ionic solute dispersed in analksli halide metris
by wrinding is gencrally similar to the spectrum of the same solute obtained
frem a Nujol mull, Thus, the envirocment of the solute jon in the disk is
essentially the seme as that in the original solute salt, and the frequencies
or the bands in the spectrum ars relatively independent of the kind of alkali
halide used for the matrix, The pressure used to fabricate the disk does not
appesr to have much offect on the frequencies either., iowever, with & simple
polute like KBH,;, prolonged grindiag causes the appearance of new bands. The
frequencies of such banda bave characteristic values for each matrix, and when
the disk is heated at about 500°C for s fow minutes, these new bands become more
prominent. The {ingl freguencies obtaized by thic heating process are the game
for a given matrix wnether ¥KBH, or HaBH4 i3 used as the solute, These
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characteristic froquencies, thersfore, originate from the soiute ion in solid
solution with the matrix, and our resultp2 are in good agreement with those from
earlier studies by rfetelaar and Schutte,

It is not unrcasonable tc¢ expect a small ion like the BH; to fit into ion
vacancies in the lattices of the matrix crystallites und to form a solid solution,
but a larger ion can also be forced to go into solid solution with the matrix.
An example of such a case is illustrated in risure 1. When kC1l0, is ground with
KCl and the resulting powcer pressed into a disk, its spectrum in thellQ0 cm-1
region appsars s shown in Spectrum A of this firure.8 If this uisk is now
heated as indicated in the Figurc, sharp bands begin to appsar until only a pair
of such bands remains in this region of the spectrum, Spectrum C ol this figure
has not quite reached the final ~tate as evident from the broadness of the base
of the sbeorption bandes. Further neating, howover, eliminates such broadneos

Figure ) ~ Changes in the infrared spectrum of C10; in a KCl matrix.

snd the final spoctrum ie similer to tae lmown solia solution spectra of the

sene solute in ¥Br and KI matrices. Krynzuvw and Schutte?d have prepared a solid
aolution of ClOy in KBr and KI by the f{resze-dry method and have measured the
gpectrum. Their results are in guod agreement with those from our heatin; method.
Although in our experiment the perchlorate ion was forced to go into solid solu-
tion with the KCl matriy, tne infrared spectrum of this disk does not indicate
that the solute ion has besn distorted. There ie no evidence of a breakdown in
the vibrational selection ruls, for ezample like aplitting of the degenerate
Tundamental banda.

A relatively simple ion, which unexpectedly mecomes distorted when it goes
into volid solution, is the formate ion.10 e change in its infrared spectrun
accompanying solid solution formation is fllustrated ia Wigure 2. The spesctrun
A in this figure is obtuined from a disk prepared by grinding sodium formate
with vBr, snd a similar spectrum results from the freeze~dry method or from a
Nujol mull. When this disk is heated for a few minutes at about 5000C, it glves
ths spectrum B. Tiis remakable change is not due to the thermal decomposition
of the solute ion aince spectrum A can be regenerated by freeze~drying again a
disk shoving spectrum B. Also, grinding the disk or allewing the disk to stand
at room tempersturs for several weeks partially regenerates the original spectrum,

gure 2 - Changes in the irfrared spectrum of the formute ion in & KBr matrix.
A« befors heating, B: after heating for 2 win at 500°C

Reheating suck a diss, hewever, producss once aguin the new infrared spsctirunm.

The frequepcies of the absorption bands in the new infrarsd spectrum are character-
istic of the matrix salt and cre liated in Table 1 for various matrices, [Results
froam cerbon and hydrogen isotopic species are 21so listed hers, ldentical fre-
quencies ore obtained after heating a yiven mutrix whether the initial solute is
godium formate, pot: ssium formate, or for that matter a frayment of a different
halide disk containing the formate ion in sclid solution.

Table 1. Iafrarod spectrum of the formate icn in potassium halide matrices.

“irast column, vibrational modes CH stretch, COp antisymmetric stretch, CH in-plane
vend, COp symmetric stretch, COp deformation,

(a) vreguencies are in ca~} unit. The specira were recorded at liquid nitrogen
tempereture. See reference 10.
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The infrared absorption dsnds of a solute ion in solid solution with the
metrix sre generally aulte sharp as illustrated for examvle in Figure 1, and
their pesk antensities vary linearly with concentration, ¥he dependence of
peek absorption coefficients of two infr-red bends of the perchlorate ion on
the concentration of this ion in a KI matrix (freeze-dried) is shown in
Figure 3.8 Here, the concentration of the solute is expressed in (mgKCLOA)/(g X )
and the peak optical denaityis corrected to represent the absorption by a disk
of 13 mm diameier with u masa of exactly 0.4 g, ror the wost intunse ClO
stretch fundamental at 1113 cm~l, the molar extinction coefficient is about
5,900 ¥~1 em™l. A similar value iz found for the same fundamental in other
potzasium halide metrices.

Figure %, Intensities of the infrnrsd bands of the perxchlorate ion in a KI matrix.
Oxrdinate - optical density

Perhaps the sharpest fundamental absorption bands we have observed to date
are those of the cysnate ion in solid solution with alkali halide matrices.il The
molar extinction coefficient of the most intense band at 2181.8 cm~) 13 about
1.6x10% ¥1 cn~l in a KC1 nwatrix, and this value permits detection of about 0.9
pg of AOCN ip a 300 mg KCL disk. Nesr room temperature this fundamental haz g
bend width of 1.4 om™4 while at liguid nitrogen temperature the width decreasos
to 0.68 co~l, At low temperaturss thie bunu mey not be fully resolved by the
spectroneter, but the bunde have Lorentz profiles at both the room and low
temporatures, The frequsncies of numsrous overtones and combination bands of ths
cyanate lon we observed by the disk method are in axcellent agreement with the
results roported by other 1nvostigntorala who ugsed single crystal potaesium
halides conteining the cyanate impurity,

Reference 12 . ..... and gee referonces citsd theiein,

As the solute ion becomes more complex itn infrared spectrum begins to
depend more critically on the kind of matrix used to prepare the disk. An example
of puch & case is illustrated in igure 5 which shows the infrered spectrum of
(BO2=)3 tucen in three sodium halide matrices.? As we will describe later, the
solute in this case was prepared directly in the disk by the oxidation of 311 i
Although the changes in these apectra are most certainly due to dietortions of
the solute 1016, it is not poasible to apecify what these distortions actually
gre, It ia this kind of difficulty that is o fien encountered in prassed digks
of complicated solutes and which makes the interpretation of experimenial data
from such diske doubtful in many instarces.

Mozt golutes used in our investigations are sodium sr potassium salts, and,
generally, it does not mattar which of these cations is present initially. The
infreraed spectra of the sodium zna cthe potassium salt in 2 given matrix differ
slightly at the beginning, but the {inal spectra after hexting are usually
indistinguishable, Thus, there is a rspid exchange of the cation when the disk
is heated. The situation is differsnt, howevsr, for the two calciun sslts we
oxamined, with these soluies, there is only a neplifible amount of cation
exchange, and the opectra of the solutes are esgentiuslly independent of the kind
of matrixz salt used to prepare the pressed disks. This difforsnce is illustrated
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in Fiure 1% for calcium ozalate.15 Spectrua A in this figure is that of calcium
oxalate crystallites dispersed in a KBr matrix, and itshows thal the water of
crystullization ls still present, Wwhen this disk is heated, Spectrum B results.
This is the infrared spectrum of calcium oxilnte dispsrsed in a KBr matrix, and
it is different from the infrared spectrum of the oxnlate ion dispersed in a
KBr matrix.}4 A similar differenmce is observed with calcium formate dispersed
in potassium halide matrices. In this case, the formate ion does not become
distorted when the disx is heuted.t® As it will be described later, when calecium
formato or calcium oxalate is thermally decomposed in a XBr matrix, calcium
carbonate recults as the reaction product.

3.2 Chemical Kinetics

when a disk cortaining a solate which is susceptible to oxidation is heated
for a fev minutes at a high temperature, its infrared spectrum shows the absorp~
tion bands of both the soluts snd its oxidetion products. Such an oxidation of
the BHy* ion in a XBr disk by heating at about 500°C is shown in Fipgure 4, spectrum
B.2526  Hlere, the triplet band near 2500 cm~l and another intense band at 11%0
cn~l are the infrared fundamentals of the borohydride ion, and the remaining banda
are due to boron oxides, Upectrum A shows s complete oxidation of the borohydride
ion, and this is achieved by incorporating initially an oxidizing reagent like
perchlorate as & second solute in the dish. In this case there are no absorption
bands due to the BHZ ion. On the other hand, the oxidation of the solute by
trapped oxygen of the eir can be minimized by heating the disk gradually from
room temperature to the roaction temperature. Degassing the matrix powder by
heating, and then grinding the solute and the matrix salt in a nifrogen atmoephere
s8lso reduce the oxidation reactions of the solute,

Figure 4. Oxidation of the borohydride ion in & KBr matrix,
Az cocmplete reaction B: partial reaction

In the infrared spactra of boron ozides snown in fipure 4, the pair of sharp
bands near 2000 co™! arises from the antisymmetric stretch fundamental of the
isotopic BOp~ ions (B-10 and B-11). This is a linear symmetric ion, and its only
other infrarad active fundamental is the bending mode band near 590 em=l, The
frequencies of these fundamentsls observed in different pressed alkali halide
matrices are summarized in Table 2. Our frequencies are in good agreement with
those of Fricel? who used alkali halide single crystels containing the borohydride
ion impurity. The remaining prominent banda in the spectra are assigped to the
(302“)3 ion.2 However, the assiimmnment of the fundsmentals of this trimer is atill

Table 2. Infrared frequencies of 11B02" in alksli halide matrices (cm"l).
Column ones patrix Column 4 & 53 single crystals
(a) reference 2 (b) reference 17

uncertain because it is not, slways vossiblc to determine whether the observed

fine structures of an absorption band are due to a distortion of the solute ion

in a given matrix or to a different combination of the boron isotopes in the
trimer ion. In Migure 5 are shown the spectra of the (BOQ“)3 ion trapped in
different sodium halide matrices, and compariso n of thes. spectra with those in
figure 4 indicates that the distortion of the trimer ion is considerably different
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according to the matrix aelt,lb In spite of this difficulty, we can conclude
that the gprimery oxidation product of the borohydride ion is the 802“ ion and
this ion in turn diffuses through the aatrix and forms the trimer ion.

Figure 5. The infrared spectrum of the (BOp™)s ion in sodium halide matrices.

then & disk containing the 802‘ and (BOg“)' ionsg is hydrolyzed in an
aqueous acidic solution ana then frsexe-dried, its infrared spectrum shows boric
acid as the resction product. However, dehydration of boric acid in a gressed
alksli halide disk does not produce these ions. As shown in Figure 6,%° if the
dehydretion is performed by heating st about $50°C a KBr disk containing boric
acld, ths final spectrum which results from the heating process is spectrum A.
On the other hand, if' thedehydration is carried out at the msame temperature an
a powdered mixture of boric acid and KBr and then this powder is pressed into
a disk, spectrum B is obtained. The apprecisble difference between thsse spectra
indicates that surface effects must be important in the dehydration reaction of
8olid boric acid. :

#igure 6, Dehydration reaction of boric acld. A: Keaction in & XKBr matrix,
Bs Reaction In a powdered matrir materisl.

Another experiment which shows how reaaily solute ions can diffuss through
the matrix of a pressed disk and react is the following. when a Kir disk
contrining the two solutes gmmoalum bromide and potassium horohydride is heated
at about H00-600°C, a complex infraied spectruam is obsorved .10 flowever, if the
heating is continued the spactrum finally bzcomes as shown in Figure 7, This
is a spectrum of boron nitrids 8 synthesized in a KBr disk. Thus, the ammonium
ion and the borohydride jon, which were far apart initially, diffuss esaily
through ths matrix emd reasct with esch other.

*igure 7. Infraved spectrun of BRK prepsred by the reaction of aﬁ4+ ang BH4‘ ions
in & KBr matrix.

As we described Yefore, when a KBr disk containing the formate ion is hexted
for a few minutes at about H00°C, the formate ion forms a solid solution with the
matrix and becomes distorted. #ipure 2 illustrates this change in the infrared
spectrum, and the new bund frequencies are given in Table 1.1Y If the heating
is continued at & higher tempersture, zll formate bands become progressively
wesker and & new set of bends due to the carbonate ion appears in the infrared
spectrum of the disk. The changes in optical densities of two formate infrared
bands and one carbonate bsnd as & XBr disk with 3,24 mg NaHCOp/g KBr is heated
at 5T7°C are displayed in #iguro 8.19 Here, vach point in this figure is obtained
from an infrar.d spectrum recorded at room tempernture (see 2.2). From such

figure 8. Changes in infrared band optical demsities during the thermal decompo--
sition of the formate ion in & KBr matrix.

data together with concentration cslibration curves, we find that the principal
reaction in the disk is

2 100 = oy 4 my + co. (1)
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A log-lecg plot of the rate of disapvearance of the formate versus the
formate concentration shows that ihis resction is second order in formate.
Indecd, when the reciprocsl of the formate opti.al density from Migure 8 is
plotted against time, o siraipnt line rssults as shown in Fipure 9. A similar
gecond order plot for the carbonate band is also suown in this {ijure. In this
case the reacticn stoichiometry is uscd to convert the carbonate to the foraste
concentration., Both the second order rute constants from the formate and the
cartonute plote are the same, and results from these two infrared bands are
given in Table 3 in the Arrhenius form. #xperimental results from DCO,™ zre
2lso included in %his table.

Figure 9. Second order reection of the formate ion in a KBr matrix. Ordinates
inverase of the optical density, Abscisse: time

Table 3. Therzel decomposition rate constant of the formate ion in KBr matrix.
Coluan 1. infrared band, Coluun 2.- activation energy, Column 3: frequsncy factor.
(a) from references 10 and 15.

Since purs sodium or potessium formate melts before it decomposes, its
kinetics cannot be studied vy TGA, However, if these formates are pressed iato
dlisks with KBr or other slkali nalides, then guch disks may be suitable for TGA,
Figure 10 illustrates a TGA result at 570°C from a disk containing 27.5 mg sodium
formate/g KBr. The decomposition is clearly second order and gives a rate constant
of 1,7x10-3 ¥-lsec™l which agrees well with 1.8%10~3 H~lgec™l calculated from

the Arrhenius paraneters of Table 3.

There is some dependence of the second order decvaposition rate constant
of the formate ion on the matrix salt,10 but the remction activation energies
in different matrices appsar to be the same within the extimated error limits.
llowsver, the rate constants in XI and {.uBr matrices are higher than those in
KCl a2nd KBr metrices by & £xctor of sxbout ten. Also with calcium formste the

Plgure 10, Dscomposition reaction of the formate ion in & XBr matrix. (by TGA).

Figura 11, Arrhenius plot for cilcium formate and culciva formate-d.

decomposition is first order in formate, and calcium carbonete is the reaction
product.l® An Arvhenius plot of the rate constants for the decomposition of
calciun formete and calcium formste-d is shown in rigure 11. ‘The activstion energy
from this Figure is about the same ss that for the formate ion listed in Tuble 3,
A similar activation energy is obtained from TGA on the undiluted cslcium formate
gamples, xlihough the rate constants are higher by a factor of about 30 than
thsse from the infrered studies. These hipher TGA constants are presumably due
to gself heating of the vamples ay the exothermic oxidation of CO. The lattsr
exothermic reaction and an increass in the sample temperamturs are observed in &
differential thermal analysis of c-lcium formete in an oxygen atmokphere. If a
KBr disk contalning calcium formate is used in TGA, then n0é only are smoother
TG curves obteinsd but bstter sgreement with the infrared data regulta. With s
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disk containing (1o mg celeium formate)/(p KBr), a 7GR rate constant of tL,Z:th"‘4
sec™l is obtained ot AT29C while the calculated rate constant from the infrared
data is 3.0x10~% sec™d,

The Arrhenius parsmeters of tne rate congtants for the thermal decomcosition
of potissium oxalate and calcium ox.late in KBr disks are summarized in Table 4.
Unlike the csse of the formate ion described before, the decomposition kinetics
of both the potassium and ceiciuwre szlta of the oxalate ion is first order. The
eactivation energies of these two solutes appear to be the same within the
experimental error limits, but the rats constznts from the potassium salt are
larger by a factor of about 2 than those from the calcium salt. Although this
factor is only slightly greater than the expsrimental uncertainty, 'TGA runs on
undiluted calcium oxalate samples indicete that there iz & definite dependence
of the decomposition rate on the environment.l> The TGA rate constants from the
undiluted reagent smmples are about 100 times greater than the rate constants
deterained from the infrared spectra of the pressed disks. lHowever, s TGA rate
conztant at 510°C_from & pressed disk with 10 ng/g of the calcium salt in KBr
was 1.7x10°% sec™* which agrees well with a value of 1,3x10*4 sec—l calculeted
from the infrared date.

Table 4. Thermal decomposition rzte coustant of the oxslate ion in a KBr zatrix,
Column 1: Infra red osnd , Column 25 activation energy, Column 3; frequency factor.
(a) from references 13 and 14.

(b) prepared from calcium bromide and oxalic #cid, ses reforence 13.

Another factor which affects the decomposition of calcium oxalate is the
method of preparation of this salt., ¥hen a g@olute prepured frow calcium bromide
and oxalic ecid is pressed into a Kr disk, its infrarea spectrim snows two
transicnt bands during the thernal decomposition reaction as illustrated in
Pigure 1% (two arrows).l3 Neither the reagent grade calcium ogalate noxr the
potassium salt, whose spectrum is shown in Figura 12, produces these trunsient
bands in the infrered spectrum, Iun acdition, TGA shows that the prepared malt
decomposss only about one half g3 fast s the reagent salt, ard the differential
thaormal analysis curve of the prepared material has an extra peak compered to
the ourve for the reugent salt. These ancislous reoulls observed with the pre-
pared calcium ozalate have been interpreted previoualy as arising from the forma-
tion and decomposition of the calcium selt with non~planer oxalate ions.l3

Yhen potassiuw cxalate is deccuposed in a KBr disk, invariably two seta
of infrared dbaraa due {0 minor deccmposition producte are observed in addition
to those of the expected carbonate ion.ld ‘the {requencies of one set of bands
are the seme as those listed in Table 1, so the formate ion is one of these minor
products. The second product has been identified as the monomeric bicarbonate
ion, and its fundamental freuencics?0 are given in “able 5. These producis are
formed by the reaction of the oxslate ion with traces of water trapped in the
matrix. [hus, 1f the oxual.te in KBr is preparcd by the freeze-—dry method from
heavy water, thon formute~t and bicarbonate~d are observed instecad. Since the
amount of trapped water is relatively constant from one disk to another, the
magimum anount of formate and bicarbonate observed during the decomposition is
about the same in differsnt disks and is independent of the initiasl oxalate
concentration, Tthe yleld of the carbonate ion, on the other hand, is dependent
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on the initial oxalate concentration. For example, in a disk with 0.313 mg
potassium oxalate/g KBr the carbonate yield wes only about 25% and the formation

Tigure 12, Infiared spectrum of the oxalate ion in a KBr matrix. A: before
heating, Bs 5 min heating at 508°C, C: 100 min heating at 5080C.

Figmre 13, Infra red spectrum of calcium oxalate in a KBr matrix. A: before
heating, Bs 2 min heating at 490°C, C: 543 nin heating at 4900C.

Table 5. Infrared spectrum of bica rbonate ion in alkali halide disks.

left columng fundemental vibration, OH stretch, CO, antisymmetric stretch, COp
symmetric stretch, HOC bend, C-(OH) stretch, CO, deformation, OH in-plane bend,
CCo out-of-plane bend, OH torsion.

(a) spectrum recorded at liquid nitrogen temperature, see refaerence 20.

of the formaste and bicarbonate ions accounts for the remsining 79% of the oxalatse
reaction, In the decomposition of calcium orxalate, the yleld of calcium carbonate
was always better than 90%.

The ldentification of the infrared bands of thce monomeric bicarbonate ion
wes accemplished in e very siwple way. In an unheated pressed diak containing
the ordirnary potassium bicarbonate reagent, the bicarbonate ion exists as cyclic
dimere. A typical infrared spectrum of a KBr disk with 2mg/g of potassium
bicarbonate is shown by the curve A of 'igure l4. ilowever, wnen this disk is
hested for about %0 sec at 480°C, the pressed disk gives spectrum B. In addi-
tion to the well known bands of the carbonate ion, the lower spectrum shows
numerous other sharp absorptions whizh have been identified as those of the
monoxzsric bicarbonate ion by isotopic subtstitution studies and a complete noxrmal
coordinate anslymis., "he intense and breed infrared band near 1400 ca~l in
spectrum B indicates that a considerable amount of carbonate is still produced
during the decomposition. However, the amount of carbonate ion . u be made
negligible by reducing the initial weiyrht of the solute. For erauwple in ¥ipure
15, the spectrum of the same 1400 em~! region shows only & small trace of
carbonate.

Figure 14. Infrared spectrum of tne bicarbonate ion in a KBr matrix. A2 befors
{ heating, B: 30 sec heatine at 480°C.

figure 15. Tnfrared spectrum of ihe bicarbonate ion in a «Br matrix {(during
thernal dacomposition).

The monomeric bicarbonate ion, once it is trapped in a preszed potassium
halide disk, is stable at ordinury temperatures iHowever, if such a disk is
heated at about 500CC for several hours, an unexpected product, the formate ion,
is obvained.?l The sharp infrared band near 1639 cm~) in the spectrum of Figure
15 is due to this rosction product. In this un sual reaction; the decuy of the
| bicarbonate and the growih of the formate follow a first order kinetics, and the
4 rute constant at 4880C is 5.4x10 4 sec-1.22 [rom bicarbonate~d formate-d is
i obtuilned. Also, this reaction may be rel.ted to the decomposition reaction
described earlisr in vhich a small amount of bicarbonate is obtained from the
formate ion.1O0
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In the kinetic studies described thus fer, the infrared spectra of the
reactante and products were all fairly well known. However, a complete assign-—
ment of the spectrur of a compound is nct necessary in order to study the kinetics
by the infrared disk method. An example of such a kinetic study is illustrated
by the infrared spectrum showm in Figure 16.23 This spectrum consists of absorp-
tion bands of the maleate {cis) and fumarats(trens) ions dispsrsed in a KBr disi:,
and it reprecents the intermediate state during the isomerization reaction (2).

equation (2)

Figurs 16. 4dalente-lTumarate isomerization reaction in a KBr matrix.

Thiz isomerization is well inown,24 but it is a reaction which cannot be
studied by 7GA. The KBr disk which gave the spectrum of €igure 16 showed initlial-
lyonly the absorption bands of the maleate ion. On heating this disk at 200~
300°C, ine absorpiion bande of the maleste ion decreass and those of the fumarate
ion bsgin to appsar. ¥hen the isormerization is completed, only the bands of the
latter ion remain in the spectrum. Although the infrared spectra of both ions
have not been assigned, the two reletively well isolated bands identified by
arrows can be used to follow thia interesting kineticu, In the ¥KCl matrix thiz
isomerization rate conatant is 5.3x101% exp(-47.8 kecal/RT) sec~l ., Similsr rate
cons’ -is are obtained in KBr and XI matrices. The infrared study shows, in
addit a, that this isomerization reaction is essentially quantitative and that
the fumarate ion decomposcs at a higher temperaturs.

5.3 Irradiation Studies

The remarkable shift of the Cli bond stratch infrared absorption band to a
lower frequency, when the formate lon goes into solia solution with the alkali
halide matrix, suggests that thiaz bond hss become significantly weaker. 4hus,
one expects that the hydrogen atom may be removed sasily if the disk is expossd
to gemma radiation. This turna out to ba ithe cage, and a etrong 'SR aignal due
to the COo* radical ion25 is observed evan at room temperature.

Pipure 17, rSR spectrunm of the cerbon dioxide anion radical in a XBr matrix.

(54% C-13).

Figure 17 shows the room temperature bSR spectrum obtained from an irrsdiated
KBr disk containing 1.3mg/g of sodium formate (54% C-13) in solid solution.26
I1f the normal icotopic formate i3 used, only the central line is observed. The
*SR g-values, line widths, und C-1% hygpevfine aplittings for the caerbon dioxide
anion radical trepped in different potassium halios matrices sre summarized in
Table 6, Results from an unheated KBr disk are alse listed here. In this case
the solute is still present esaentially as sodium formate crystallites, and the
SR spectrum of the radical ion shows =dditional hyperfine splittings due to
Ne~25 ion. Nowever, such splitting was not obaerved when this radicel waa
trapped in a faBr matriz. Our experimental results from the unheated KBr disk
are comparable to those obtained by Ovensll and whiffen®? from a aingle crystal
of sodium formate.

he infrered absorption spectrum of an irradiated nBr disk containing
igsotopic formate ions in zolid svlution is showm in tigure 18, This apectrum,
¥hich wag recorded at liquid aitrogen temperature to sharpen the absorption peaks,
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shows twe new intense " ands at 1671.0 =nd 1626.% cm~lo Only the firsti band is
observed if a normal isotopic formate is used as the solute, and exmctly the
same frequency is obtained from the irradiation of formate-d. As shown in
tfigure 19 the optical density of the 1671.0 cm~l bend correlntes with the FSR
intensity of the anion free radical, so this infrared band cnn be assigned to
the aame fres radical. In this figure, the opennd circles represent data
obtained from s growth experiment in which the changes in relative intensities
ar- measured as the irradiation time is increazed. In the decay experiment
(closed circles), the disk is heated and th.n the intensity changes are measured.
Since the transmicsion of a typical pressed #Br disk in the visible and
ultraviolet region is satisfactory, the spectrum of an irradiated disk in this

Pigure 18. Infrared szpectrum of the COp™ radical in a KBr disk (54% c~1%, spectrum
recorded at -190°C).

Figure 19. Intensity relationahip for the infrared absorption spectrum and the
BER apectrum of the COy* radical in a KBr matrix. Ordinates ESR intensity,
abscissas optical density. .

wavelength region can be obtained as illustra ted in *igure 20.26 Here, the
apectrum shown by the zolid curve is from an irradiated disk with the formate
ion in molid solution, and the weak band in this spectrum at 365m s is due to
the €Oy~ radical.dot only is this band absent in the spectrum of aa irradiated
pressed KBr blank (Migure 20, dotted curvej, but its optical density corrciates

rigure 20, klectronic specirum of a KBr matrix after gamma irradiation.
sees Gisk without & molute, egolid zolution disk, Ordinate = opticel density.

ripure 21, Intenasity relationchip for the infrared sbsorption spectrt ad the
electronic spectrum of the COo™ radical in & KBr matrix. Both axes oplicnl densities.

with that of the 1671 cwd infrared band as shown in tdigurs 21, Like in the
correlation diagram of Figurs 19, the opened and closed circles in Figure 21
correspond to the growth and decay experiments, respectively.

'the CO>™ re2ical is stable ac¢ room temparature when it is isolated in a KBr
disk. However, if this disk is irradiated further or is heated at about 100°C,
the radical is deutroyed,2° The reaction of the free radical with traces of
water in the matrix appears to be the principal mode of decay in a typical
pressed disk, and the resction products are the formate and bicarbonate ions.
if & KBr disk with this free radical and HCO,™ is freewe-~dried from heavy water,
the infrared spectrum of the resulting diak shows the absorption bands of formate-d
and bicarbonate~d., On the other hand, normal isotopic formate and bicarbonate
ions are obtained with a disck with the radical and formate-d ias dissolved in
normal water. when the 1671 ca™l band of this redical is used to follow the
decay kinetics in the temperature range of 85-180°C, the ki% tics apnears to be
firot order with an activation energy of about 6 kcal/mole.“CHowever, if this
dzoay reaction is used repeatedly to destroy the last traces of water trapped
in the disk, the decomposition of the radical [inally becomes second order in
this redical .=
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If a KBy disk with the formste ion in solid solution is irradiated for
several days, a new LSR signal, other than that due to the CO,™ radical, appears
weakly in the spectrum of the sample. The same signal is also obtained from
the irradistion of a disk containing the monomeric bicarbonate ifon. This signal
is asnigned to the carbonate anion radical on the following experimental basis.
The rate of increase of the F35R signal with increasing irradiation time depends
linearly on the rats of dacresse of the optical denaity of the strongest bi-
carbonate infrered band. PFipgure 22 illusiratss this correlation, and from this
one mey conclude that the free radical is prcduced from the bicarbonate ion.
Ffurthermore, the ESR spectrum is not affected by changing the initial solute to
bicarbonate~-d or for that mattsr to the carbonnte ion, but hyperfine splitting
is produced by the subatitution of the C-13 isotope in the original solute. Such
Cel3hypoerfine splittings, as well as ESR g~values and line widths,; for the 003“
radical are sumarized in Table 6.22

The yield of the COz~ radical from gamma irradiation of a prassed KBr disk
containing bicarbonate is conziderably less than the yield of the C02' radical
from the formate ion.22 Typically, with a 0,5 g KC1 disk containing 0.05 mg of
potassium bica rbonate, an optimum concentration of the bicarbonate monomer is
obtained after heating for about 5 min at shout 450°C~ Canna irradiation of this
disk gives about 108 wole of trapped CO,™ radical, which is about 1CO times iess
than the yield of the §0;™ radical from & typical formate disk, The CO;™ radical

Table 6. KSR results from CO2™ and COx™ radicals izolated in alkali halide
matrices. Column heading: watrix , g, lins width, C-13 aplitting
(8) meaeuremen:s made at room temperature, see referznces 22 and 26.

Pigure 22, Intensity relaticnship for the CO,™ radicsl KSR spectrum and the
bicerbonate infrared band in s XCl metrixz, Ordina tes A(FSR intensity)/At,
a baciesas H{opticsl density)/At.

FiFure 23. Sccond order decay reaction of the 003“ radical in a KCl matrix (9600).
Ordinate; inverae of kSH “atenmity, abzcissss time,

iz alsc less stable than the CO2™ radical, and it decays by & second order rate
law a3 illustrated in Fipure 23. Here, the temperature is 96°C and the decay
helf-life is 17 min. The decay product is dizmagnetic so the reaction is

proovably the dimerization of the free radical. In a KCl matrix for the temperature
ranga 70-1209C, the decay rate constent iz 1.8x1010:xp(-~14.8 kcal/RT) M-lsec-1,29
This corresponds to & helf-life of 44 hours at 25°C, while the extimated “mlf~
1ife26 for the CO5™ radical 2t the same tempexature is more than one year. The
decay of the COx™ radical in ¥Br or K1 matrix is sven faater.

When the temperature of s KCl disk containing the COx~ radical is reduced
below room tempersture, the line width of the FSR signal of this radical first
decreases. At the temperature becomes lower than about -150°C, the line broadens
again until it finally splits into thrze lines at the liquid nitrogen temperaturs.
The g-valuer obtained from these lines are 2.0067, 2.0088, and 2,0152, and these
arc sssentially the same zo those obizined by Chantry et al. from a single crystal
of potsasium bicarbonate.?8 Such splittings are not observed in the KBr matrix.
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Between about ~150 and —19000, the line width shows an Arrhenius type tempera-
ture dependence. Iigure 24 illustrates this dependence for the XCl matrix, and
the slope of the line in this {ijure corresponds to a barrier of 1024 % 6C
cel/molea22 A similar behavior is observed in KBr and ¥I matrices, but the
activation energies are consideradbly smaeller than that in the KCl matrix.

Migure 24. Temperature dependence of the 003“ radical SR line width in a KCl
matrix. Ordinatos line width.

4, General Discussion

4,1 Fnvironment of the Sclute

When a scdiur or 4 potassium salt of a simple anion is mixed with powdered
XBr, for oxample, and then this mixture is pressed into a disit, the initisl
infrared spectrum of this disk way vary scmevhat according to the method of
preparation of the powdered mixture. fThe spectrum may depend on how long the
mixture wnos ground or whether or not the mixture was subjected to the freeze-dry
procedure. liowever, when this diskx is heated, diffusionof the soluts and
probobly the solvent ions tskes place., 'The final infraved spectrum of this
digk io eassily reproducible and its ehsorption frequencies have charactsristic
velues for euch matrix selt. In the cuse of the cyanate ion, Ffor which extensive
studies have been made,ll;12 the froquencies from the spectrum of a heated disk
are erxactly the seme a3 those obtained from doped single cxystals°'3 Thus, the

%5 Single crystal produced from a solution of XBr with a small amount of the
cyangte ion. Sea refersnce 12.

imzedinte surrounding of each cyanate ion in the pressed disk is the same as
that in larger doped single crystals, even though the pressed disk still consists
essentially of packed matrix crystallites muny of which probably do not contein
any cyanate ions. The sssential difference, thercfore, betueen a doped single
crystal and 2 pressed disk is thal the lattier consists of a laree collection of
smaller randcmly oriented doued single crystels. ilowever, the exp=rimental
procedure is much easier with the pressed disk technique and there is an addi-
tional advant:ge that solid sclutions of solutas with relatively low decoamposi-
tion temperatures can still be pregared. In spite of these advumuages, mos?
aspectroscoplets do not use the disk method in soldd solution astudies.

The formate ion iz an exenmpls of a solute which cannot be used to dope
alkali hslide crysinls bscaune the decomposition temperature of this ion is
toc low, However, with the pressed disk method {See 3.1) it is easy to prepare

there solid solutions, and as in the cyannte case the fresquencies of the
forpate iniTered bsade have charecteristic values for each matrix (Table 1).
Aithough the formate lone in the diek must be sarrounded only by the matrix ions,
its environmont mast not be completely crystalline in naturs. %he remarkable
change in the spectrws of this jon as solid aolution is formed sugpests that
sonsiderable straip is produced ia this proceas. It is possible %o estimate
from the isotopic frsquenciaas llsted in Table 1 the change in the molecular
structure produced by this strain. 3ince the isotopic frenusncies of the
COz antisymzetric stretch and the CH in-plane bsnd fundamentals still fit the
freguency product rule for the 31 class of a Cp, symmetry, the distortsd formate
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ion can be assumed to have the seme syrmetry as that of the normal ion. If one
assumes bond distances of 1,04 A and 1.25 4, igspectively, for the CH and CO
bonds, then an OCO sngle of 136° is obtained. There 1s a significant increase
in the carboxyl ¢roup valence angle, and this fact is consistent with the observed
directions of shifts of verious infrared bands and with the changes in their
relative intensities. Approximate force constant calculations show that as the
ion becomes distorted the CH stretch constant changes from 4.3 to 3.8 md/A while
the CH in-plane bsnding constunt increas s frem 1.3 to 1.4 md-A/rad2. There is,
in sddition, an increase in the CO strecch conztant from 8.7 to Y.8 md/A.

The distorted formate ion ¢rappe . in a presged disk is not stable thermo-
dynamically, ard as we have described in 3.1, if the disk is allowed to stand for
several weeks, sume of the distorted ion transform into the normal formate. This
change is slow but occurs cven at room temperature. Thus, it appears that the
formate ions which are in solid solution with the matrix are relatively close
to the surfaces of the matrix crystallites, The second order kinetics obgerved
for ths decomposition of the formats ion (Table 3) and for the decay of the COz~
free radical (FPipure 23) mre consistent with this interpretstion that solute ions
must be located mosily near the surfaces of the matrix crysiallites.

As the solute ion becomes largexr like the oxslste or the calcium oxalate,
which does not exchange its cation with the aubstrate, its environment must be
loss ordered. rven though the spectra of such solutes are not the sams as those
from unheated disks (Figures 12 and 13), their frequencies are less sensitive to
chunges in the matrixc salts and their bards are gensrally broader than those of
solutes which do form good solid solutions. There nay be some short range ordering
of ions near the solute moleaculs but certainly not to the sams extent aa in the
case of the distorted formate ion. Perhaps, the environment of these larger
solute ions are s.milar to the instantansous surroundings of a molecule in the
liquid state. However, unlike in liquids, there can be greater degree of mole~
cular distortions, es it is apprrent for example from the spectra shown in Figure
5 for the (902»)3 ion.

The infrared spectiumll of the cyanate ion in solid solution of various
nmatrices and the tep-arziure depondence22 of the FSR spectrum of the COz™ ion
radical trapped in a XCl matrix provide additionel infomation concerning the
mnolecular envirorment of the soluts ion in a preased disk, In Table 7 are listed
the observed and harmonic frequencles of the fundamsntal bands of the cyancté ion
in three potsssium halide matrices. It is intercsting to note that the frequency
shifte of the fundamentals as the matrix is changed are essentially the same for
the observed and the harmonic frequencies, ths latter being calculated from the
exporimental couwbination =nd overtons bande,

Table 7. PFundamental vidbrationz of the cysnate ion in alkali halide matrices.
() /= observed value, @ = harmondc frequency, unit cm™l, See veforence 11,

In fact, as the matrix is variad the anhernonicity parameters remain almost
constant and only chenges in the quadratic terms in the potential snergy equation
of the cyanate ion wppear to sccount for the frequancy shifts. Also, the blue
ghifts of the fundswsntal berds as the disk is cooled suggest that repulsivz
forces may dominate over atiractive fcrcos in the intermolecular intersctions.
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the tand widths of the fundamentals, on the other hand, decreasc as the tempera-
ture is lowered., A contrary behavior is obmerved with the width of the FSI:
gspectrum of the CO:™ radical as illustrated in Fipure 24, In this case, the
splitting of the 3pectrum at liquid nitrogen temperature suguests that the wadical
trapped in a KC) matrix may be rotating quite freely at ordinary temperatuxcs.
This rotation becomes hinderad when the temperature is decreased below about
150°%C and is wspparently stopped at the liquid nitrogen temperature. The Arrhenius

type eneryy of Figure 24 may, therefors, be considered as a barrisr to overall
rotation of the frzez radical. According to this interpretation one expects a
sealler barrier in a KBr matrix since the size of the anion cavity is larger in
KBr., This expectation is confirmed experimentally, and ms we stated earlier the
FSR spectrum of 003' does not split in a Kir matrix 2t liquid nitrogen tempera-
ture,

4.2 Comparisun of TGA and Disic Methods

The kinetic studies sumrarized in 3.2 provide ample support of our conten~
tion that the pressed alkali halide disks of infrared zpectroscopy can be usmed
as matrices to atudy solid state chemicsl kinetics and that this techniqus over-
comes many of the experimental difficulties and limitations of the more tradi-
tionxl TGA mothod of studying these reactions. In particular, the infra red
spectroscopic method of following a resction taking place in a disk allows the
direct observation of concentration changes of renctants, products, and any
intermediates thet may be formed. Rate constants from several absorption bands
of each chemicel species can be defiermined and consistency of the experimental
data and their interpretaticns cun be tested. Nct only does the disk technique
give the szms rsgults as those from TGA, like in the thermal decompositions of
calcium rormate and calcium oxalate, but reactions unsuitable for TGA, such as
isomerization or polymerization reactions, can now be examined. Furthermore,
the direct use of these disks in TGA experiments, as in Figure 10, extends the
TGA ‘echnique to compounds with relatively low melting points and also reduces
the temperaturegradient problem during strongly exothermic or endotherumic
reactions. Yor example, the rate constants from TGA on undiluted calcium formate
and calciun oxalate are consistently higher than the infrared results, but when
XKBr disks of these so)utcs are used in TGA agreemsnt between the two sets of
date occura. Surface effects, such as those which msy have caused the difference
in the spactra shown in Figure6, can be minimized by using the disks. In fzet,
rate conatantas from our disk studies are quite comparable to those obtained from
the gas phase or the liquid phase and it appears almost as though the pressed
disks serve merely as convenient regction vessels,

There are limitetions in the pressed disk technique, however, Since the
upper limit of the temperature for these disks is only about 650°C, the study
of high tempera ture chemistry such as those of refrrctory materizls may be
difficult However, elementary oxidation processes involved in the formation
of such refractory waterials appear suitable for study by the disk metiod.
The posgibility of the latter kind of study is suggested dby the oxidation of
the borohydride ion in z KBr disk and the subsequent polymerization of the BO2™
ions (Fipgure 4). Another limitation is that halide json is slways present, and
this may pzevong“}he study of some kinetic systems., tHowevsr, there is no reason
¥y otuer matrix serlal besides alksli hulides cannot be used, as long as such
neterial iz opticnlly transpasrent in the specira) region of interest. More
investigaticons with different matrices are required in the future.
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4 3 Chemastry of the 203 Radizsl

The thermal decomposiftion :tudies of the formate, ox:late, and bicarbonate
ions nave .ncovered sevecal interesting chemiczl reactions which apnear to invelve
the €O~ radical. ‘'.xperimental evidence obtuined to date suggests the following

~rall reuctiona to occur in pressed disks.
reactiona 3 - 6

deactior. {3) is based on the observation that during the thermal decompo-
sition of the formate, the bicarbonzte ion is obgserved invariably as = minor
oroduct.20 This side product is produced mostly during the first heating cycle
and a greater yield is obtainedif a disk ground in an oxygen atmosphere is used
Also, bicarbonate-d is obtained when formate~d is decomposed. Fipure 19 illus
trates the result of reaction(4).2%:22 This reaction is first order in the bi-
carbonzte 10n and it mwey be the reverse reaction of equation (%). Reactions (5)
and (6) are cssentially the reme, and they were observed, respectively, in the
gamma irradiation ctudy?0 of the formate ion and in the thermal decompozition
ztudylé of theoxalate ion., The lalter reaction becomes dominent when the concen-
tration of the ozalate ion in the pressed disk is low, and it tekes place moatly
during the first heating cycle,

The COp~ razdical is obzerved ss = minor product in the gamma irradiation of
the monomeric bicarbenate ion.22 However, the major product (tipure 22) is the
COz- radicel which decayz by & second order procese as we have stated earlier.
Gemme irrsdiation of the ncetzte ion in a KBr disk also leads to the production
of the CO; radical. 29 Intersstingly  the formate ion is the major product when
the acetate ion ia thermally decompused in a XBr disk. This reaction is first
order in the acetate ion, znd the Arrhenius activation energy is about 26 kcal/mole

in addition to the above chemical reactions of the CO;™ radical, some %
physical properties of thia radical have also been determined from our disk date.
Since the gecmetry of tnis ion can be assumed to have a Cpy aymmetry, the isotopic
frequencies of the COp antisymmetiric stretcn fundamental can be used to estimate
the valence sngle of this radical. ''be calculsted zngle is 127° xnd it sprees
wall with an carlier celculstion mzde by Morton C from the ISR deta. Besides )
the intense infrared band st 1671 co~l, two othsr wenker bands at 1424 and 849 ca
have been observed in irradiated KBr disks. These bands are too wesk to coxre-
late their intensities with the ESR spectrum (sece Figure 13), but their magni
tudea a re reasonable as the COp syumetric atretch and tha angle deformation
fundanentals, respectively. If one mssumez that the CO bond dist-nce is 1.25 A,
the gasme &e in the formate ion, then the .zlculeted valence force conatants for
the stretch and bend are, respectively, 8.42 wd/4 and 3 23 md»A/rndz, There values
ars comparable to similar force constents in the formate ion, Finslly, the molay
ex?inction coefficient ot ihe pusk of the wesk ultraviolet bsnd at 365 mi is 88
W™ rm™

4 4 Inpurity Prodlem

In Ysbles 1, 2, 5, na T are lizted the infraved frequencies of simple 1ons
which are often observed as impuritien in heated alkali halide pressed disks.
Among these impuritis=s, the wost common ie ths cysnate ion  hkearly cvery inor-
ganic and orpaiic salis we have examined shoved the p-omineat cyonate band nzar
2170 cm-+ when these soiutes wers hested in pregsed dimks  Phe precursors of the
cyanste ion ezre the amwont m iop or smine compounds wni carbonates or compounds
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containing the carboxyl geoup. ror example, when the ammonium ion is heated to-
gether with bica rbonate, <& rbonete, formete, acetate, or a similar salt, ina
oressed disk, th- cyanate ion iz produced. In fact, isotopic cyanate ions used
in our vibrational anslysicll were prepared by heating together ina pressed dizk
igsotopic ammcnium iong and isotopic carbonate ions. Distilled water can also be
the gource of the cyanste ion. %We showed earlier that a KBr disk freeze-dried
inmedintely from & freshly distilled vater does not zhow the cyunste band on
heating, but if this ws ter iz exposed fox several days to the labora tory
atuosphere 1% becores the source of the cysnnte ion,2

The bice rbonate arnd formate ions are newzrly always obaerved when salts
of manihuaic or polybasic organic acldz are sheraully decomposed in the pressed
dasks. In these cystems, arbon doizxide gae 18 also produced, and it cun be-
come trapped :n the matrix 4 ztudy of the infrared spectrum of trapped CO, gas
haz been reporied by Bent and Craxford.? If carbon momoxide is produced in the
reaction, for evsmple z¢ in the decompoxitions of the formates and oxnlatesz, it
appears to disproportionzts in the matrix into carbon and CO,, Heated disks of
forzates and oxzlates are necrly alveyzs dark an color. The CO gas is generc'ly
not trapped in the matrixz, but shen metal ions like She mangancae ion are pre-
320t tnis grs becomes trapoed.

The BO>™ ion is obesrved occasionzlly in hested rsapgent grade matrix salts,
but it ig not & eercus vrodvlem for exemple like water. In the normasl prepura-
tion of the preased disk, it is not nocsible to remove trzces of waterfrom
becoming trapped in the dise, however, if' these disks are heatsa at a tempera-
ture zbove aboul 150°C, nesrly all of this water is apvarently eliminsted since
its characteriastic inf{rared bsnd near 5 ¢ is no longer visihle(ses Migure 2).
freshly pressed disks alsd ahovwatendency te absordb wrter on its surfaces iume-
diately upon removal of the disk from the die Tuils water also can be removed
exsily by hoating the disk.

I am very grateful to Profesasor Tskehico Shimsnouchi, Professor Ichiro
hakegawe, and their colleagues for the warm hospitality I received during my
reaidence nt the Depariment of Cnemistiry, raculty of Science, University of
Tokyo. Frefesscr Wakogaus end Dr. Takansru Oaishi read and corrected this paper
during 1%s prepuration, and 1 wizh Lo express wy sincere apprecistion for their
help, Thisz sztudy vas made poscibie by grenta {rom the National Center for
Ruliological Health (0 $. Public Heslth Servine) asnd from the Directorate of
Chemical Scaences (. S. AFOSR).  AF_AFOSR-67-09072
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Chemical Reactions in lonic Matrices )

by 1. C. HISATSUNE
Pressed alkalis halide disks, which are used commonly tc
obtain the infrared spectra of solid compounds, arc found to be
convenient matrices in which solid state chemical reactions of
organic and inorganic ions can be examined, These reactions
can be induced thermally or by irradiation, and their kinctics
can be followed spectroscopically. In thermzl decomposition
reactions involving wc sht changes, the kinetic results obtained
: with these disks by infrared spectroscopy agree with those from
the thermogravimetric analysis,.  In gamma irradiation studies,
ion free radicals are trappes readily it these disks even at room
temperature, and thie dzcay of these radicals can be followed by
- clectron spin resonance spectroscopy. When the concentra-
. tions of these radicals are sufficiently great, heir chemistry as
) well as their absorption spectra can be investigated.  Experiments
carricd out to date indicate that the use of pressed disks can
: ' extend the field of solid state chemical kincties and mairix isola-
tion studics.
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o disk 225 274,07, freeze-dry $5%° nujol i {.sao T3
FiRZ 2 RY btz binh, O disk % 500°C TS AT
EBOXSIRARY PARIOLNS, TOXIRWHULLWE
L ?;Tlo ABUC X HLOTIEVy, RSB O XS 2k
SEIIARY b %L 5T D disk % freeze-dry FIuELC A
GEINRARY FURTET L, LV, disk Tl DD
THOEMBAL THL L, L REMNT LR ARS b2t
PhhH, UL Zoxdiziarsl i disk R e U7 22

i
{. i
L] Jut 2000 16ey 1280 800 400

# i (em™
;oBARLILNY, B 500°C, 29;’”&‘1{‘.
[@2 KBr =}y v afizaids HCO: 4400
AT ARS2 P (L

9 G. N Kivnauw, C. ). I} Schutee, Spectrockim. ddt .,
21, 1647719653,

10) K. O. Hartiman, 1. ¢ Heatsune, J. PRy Choa, 70,
12681 (19%n

1% (optical density) RS 13mm oL x5 E 0.4g Ot
J;);r

Dot ST AR P AT RALNR D, BUZX o THUTF

LUWHRINRIIAR Y b VvORES A< MY o 2 R TRES

Ay NI E O RLZ EDTHRT, L RBRRBORETY:
LEUHFIDOVTORLLRL TS, O XS R, it

MOWRAF G VIV A, FHEHVY L, HDOWIHCO:- %

EHEL L THEBIROT MY » 2 AOWNTH » TLEI—DOHM
MREHNBe

Bl ~pFvieaVou<t Yy s ANOFRA Y
OFRERRA S b 10

4 KCl  KBr KBr KBr  KI
R ALY H2CO,~ HICO,- HBCO,- DiCO,~ H2CO,-
cHin %83  2666.2 2644.3 1995.6 2643
CO. jsHa e 1643 1632.9  1590.7 1621.9 1617
CHEINZM 1456  1444.6  1444.6  1065.4 1429
CO. s 1357 13504 1320.5 1327.7 1344

CO% £ 755 752.3 745.0 744.8 753
iha) EHONMIE cmt AR b RFUSRIIGBIE ORI
Shii ol HRNER 10) L8

e fiere Fa

RNTHESMPERES 3 11 ¥ AT PP AP N SR AN WO R S R A AN
ZLTIRLOAY FORESSEIIL TUEc &ty 6,
4312z KL= b Y o 2 2N (freeze-dry) ) CIO,~ © 2 40040
AT EO LOTIRE ERHRL TOL LR TH AN,
OB OSMEL(mg KCIO) /(e KD L U T b, W08

c‘~ oo

<> disk 3§ oz t-;._?w 7, 113cem -t {7
DL ok g ClO iy 2Tk 1 5900 mol/l) 1
cm-t G LET L, bC)f’iLd}.t 'ni\ﬂ’f} Lxvoa~v
bY v 2 RTLEERL LY 2L 00

.\L.

>

2

1.0~

0.8~

[

o

e

o

>
i

<
o4l
<
0.2~
,c/
0 b= O/C 1 1 L
0 0.04 008 0.12 0.16

(ing KCIOy) /(g K1)
A: 113cm=Y, 5900 (mol/l) 1. cm -1
B: 628cm -y, 500 (mol/l)y '-cm!
I3mm, 0 4C0g «» dsk ;2 7.
3 Kl =y 222837 WO, 400
ABGLLR N b LA
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(5) Do, 42 v=bY o2 ANOILERE 1147

BEZ TSN L - L L0 AR A e Y Uil
AU Y L AP ENI YT ORREOL AL L Ol
BHLW, ZOWMEITTL - & L35, 2181.8cm - ORI LEETE
KCl<FY o 2 ARTiE 1.6XI0(mol/l)-t-em=? T&h4, L
7255 T 300mg © KCL o) disk 7372502 0.5 g <000
DTLEENVOLAITET, L LRI ONY RO 1.4
em~t THHH, disk AR IKEEF THATL LT 0.68
em-t AT, CORIRAT IHT LN FIREE
DA EDGREAT AN TH A2, TIUHRA TN
774 Lorentz 4L Tv 7. disk (12X g L7z OCN- 4
#* L ONRIIC % K O, B GTIOBRG RO #- 2
MU= b v 2 20MBERT X D AR E X{~EL T 2.

L LTRIYORL A L VBB A LN 2 TZO),
SR AS bk disk O< bY » S 2OMBUZ XD ML FT
Ih%e BB TELL, TIILBO )y 4 4 L2 3if
aoneF b b)Y D AOT Y L VAT ARTIEL AR
FAZURENTVED, ZORHA L%, HLITERL xH
2 b YL 2 ANTHUE BH - ZEHEL T2 o 7c 3 0OTHEL, ©
o AA Y PAOMNL OFLIZH A 2 L O FHEOF L X
YEULLOEBDLNLN, FROITOELLEO LI R0
THLPEHLLTIN . TO XD MR BRIV
AL BN, FOfod disk 12X 2 Tl FREEESEE
HBUAREIENS

FHREBEMLABIGREELTH MY DAL n Y Do ull
TR PR PR 3 1t Aol I D A F Y gm,._bh,,.u*of'g n
SOl DALRIRYID FHILI AR Y Rid A o T2

y = disk AL 2B E N AAY by ,"sz:f.')nl:,) 7

2o T disk AL L et A DR B oL D e
%05, LBLERSIIRL IOy a0

CESBA AL RIBRION -t XLT ‘th'C' B g

LAY LOMEAIC ;ﬂ"' AN AKXy btk ][ 13 1795
AWe A KRBr DRy a ORI VLY ROPHRO AN Y
MATIS Y, ISR 02T, TG, Io disk 2
Mz L B,’,';’:_bllf, , TOARRY Rt KBr oy 2 95+
WY AETOLODEHRTELY, 2R 12IZFL 2 KBr
ChY) AN COF- 4L ORAY RO L=, 5%
S VI BN SR (1] BN S0 AT el A NN S el 3
Sivte, JOMGIZRERDEA LML RS E T LTI
AU 270, B EITERL N l\Br 2hY e s ANTYa
PR NNNE SO AR N g 137 S W ERR ) S & T BRI/ N

. LICTPR R kS
Ll TaAnh,

3.2 LG

VAL R G disk ST HTHRT L Y, f"ci‘f i

IR AN P HITE LU ORMILY T OB B S - [

1) V. Schettino, 1. C. Hisatzune, to be pubhished.

12) J. C. Decius, D. J. Gordon, J. Chem. Phys., 47, 1286
(1967); ZHTUTZZITHMEIhTVwHBO SRz &
a1,

13) F. F. Frecberg, K. O. Hartman, 1. C. Hisatsune, J.
M. Schempf, J. Phys. Chem., 71, 397(1967).

1H K O. Hartman, 1. C. Hisatsune, ihid.. 71, 392(1967).

15) K. O. Hartman. I. C. Hisatsure. 1did.. 69. 583(1963).

4Bz XS5zl T 500°C ¢ KB 30 BH - #E5iELTx
1oL OTHLNO, ARy pvT 230cm-t 12355 3 Z
H30em~? 1255 LN BRI BH;' OFNBRFETHY, &
o{‘ﬁOn’y CIARONHERORILEZL0THS, Az BH,-

PREBE LI EDARS P VT, FiLE iS5 ClO-
Ox ')"»rufkﬁ’l” WOomHeELT dnsL IZANTHL THIEL
TRV OTEL, BEioTBH - i ByUETRTiliskL
TwZ, ¥ disk (RIZPT o 7ENTWDEXTHRIZZ AL
ZUOFT L WBLLORGBEE T o< Y disk o
EFRa Ry, =YL 22 EMICX D ERIEILL, I
£V ';f_/?ﬁ;'i“zz WTmd IR E R T ELT
&%,

g

I IT S U IV SN ST N T N S TR N T S S SN R |
40003620 2000 1500 1200 1000 SO0 800 700

# it (em-Y)
A e, B TELeED
[~ 4 KBr=t ¥, 7 22855 BH,- £+ voRi{bEw

lk’“‘)ﬁ-; FYBOANY bovip, 200cm -t {HEITH D P
2FRONL Fiz BO:- £ (9B & UB) ORI RRIRENC L 5
LOTHL, IC044 0 BLAMERIEE L > TW5 0T, 2000
em~l Ol RLAG HA L Ky 590cm -t ﬁ;_ro)zgf(giﬁﬂff
JId0e A2iLt4~ bY o 2 ARTHEER: BO:- 0 #iht
N ROIMCITRU TS, SOOI BO 28 LTS
ey A7 vy Y RiSHIZ oW T Price™ 2 X D 2 SRy
WLEL—~FL T, T THE0Eo N Fik(BO ") iz
LALOEPTURTEINATVNLY, Lisl, 204 F okt

Y=tY o/ 2N BBO:- 44 v

2 f\:’r"/f T
oA M“sz«& F A (cm-1)

Pressed disk® mo#Em»
“tY o s AR ————

¥i y: 1 v
NaCl 1993 - 1995.8 583.70
Nab: 1971 - 1971.9 581.35
Nal 1948 - 1948.0 579.33
KCl 1972 589 1972.8 589.74
KBr 1939 588 1958.4 588.64
K1 1943 586 1942.9 586.68
CsBr 1948 - 1947.5 -

tra) RN D). b)) FIALK 17).

16) N Haddock Suatez, M. S. Thesis, The Pennsylvania
State Unnvenity, June 1963,

17y W. C. Price. Final Report. U. &, Army Coptiact No.
DA-91-391-EUC-2127, University of Loudon, U. K.,
January 1964,




[adeiring

| et

T

B R rc o

AT
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1148 s I N (A I T 1
WF AR, CESTEL ST CnL L 2O U bR
LIRS L AVETE S DA OIS AT S SN S iadls AL

By BHLORSTIEO L FRI RS LOTHH T e

PHTD5, B50B0:)s ORATIARY b4 &1L
FTELEIOFFOOFRLESR M) o 2 AT DIRERR T
5T E5bI5H®, LrL 20 kS RRoMEnss ity
Ph6TF, iz < BHe- SRHEENIBAITTE SR MO%K
91X BO.- TH N, ZORHLEMNT Y o 2 ARTIRIL TEMR

RDA4 % v (BO)s AR T S EREEN"HS,

P S TN SN T T N | ! [ ST T B | [

200 R T 26 1000 900 80 700

% ¥ (em™Y
M5 eyt ) vaARTEFSBO ) 1+
DOFIBIMA S b

BO,- & (BO;7)s &Y disk Zietkokiffkici»L, Th
% frecze-dry LT disk 23T 5 &, TOFIPILARS by
RO X T ERERIT B L LMk oy disk
CRAKLCL DX IR F 2k URV. R6DA RIS
KBr disk 4T 550°C {HWEBIKLERTHES, HLIOD
Biokae b2 VD A L RV RROMKOE ERILIBETHSY X
OEMELILEL T disk 1275 BRLLID, TOZDOD
ZRY PSSR 2 TH D, R UROBKER TR
ORHOHFINTHETHL I LERLT S,

el
=

Loodiddo tatl ) and
B U] ) 130

[ SR, R SR, S S

12103 FU I I ) v
L4 (an
AN L R L T VRN | A DI WA S B R
So ROy o Rk K T

3 M * [ 14 -
I:‘ K’f » ra ) ) A Yk, i Al~. ”1’-,,,
P O T X G0t e KB o
disk ) W L ata Nlanr vy g 20

MEARTENRY 500~600-C HWTRR) 0L, S A0
VIRSRY PSS LONNHW, Ll I0 disk 23T 45
RECTOX D 2 ARY PSEbIL, COARY
bovis KBr disk { 1T 4R ERF o LR O RO SRR AR Y
D TED, LI T, P&l Ty NH*
EBH- DA A UBASCEG Ll ERNINN ST bR s,

///’/,‘\///'—

i

PN R T R R VR S
¥ & (cm-Y)

@7 KBr=t ¥ o/ ARCNH* & BH- OEJEIZX D

SEEh i BN OFNBRAR7 b2

MRo X 51z, FRHE2 ST KBr disk 25401 500°C < Hn
CHTDHE, ZOA4AVE Y v ALBRREOLDELT
ZFOEROTE B2 TR oBbERL, BICFORINIR
LinRL7mEBUTH0, HL disk 2033 THIBTHRTS
b, EREA ORI ERRIICH LD, TOrbIK
BRHEA 2 L R XBFHL VWL ohDRY ERHEHHhT S, &
DY D= ODXKTRIBN Y FEBRHEDO—0D N FOBEDE
{bld 8 IWRLTHBHW, IZOEKM, (3.24 mg NaHCOy)/
(g LB X &L disk % 577°C ML TR HDT, AHRT
THIBDZARY AP LWUEINLLOTHSH(2.2 M) TO
X5 s e RURE & OB R S disk JTEI-TWD

08 . o
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(7) KE: 44v=r Y07 APOIEEE 1149

ARSI D JOX ST D L LA,
2HCO,- — CO#- —~ H; + CO (1)
FREDYIFMIIML TXHEORMEZNMBBO Y 7T
Toy brHe, BERZRKRADOLO LN D, THRICRIBD
EQFHN FLBIL T X0 R8O XS AR
SO FARRNIME DL L T e o MR D
S HHAN A SvD, MINTIRHED /v K WRIL 22850
L, 9 WL TH D, s.Dr,{}ﬁ!Z?i(l)}i’Zﬁg >T COgt- %
HCO:~ DIREIHIEL TH 5, FHELLICREIE»SX b
PR OEISHEIESER S TFEL <, 231 Arrhenius R & LT
ENDH 2D REEP L LI, TOKTE DCO- oFBHET &
LWL TH o,

—
O
1

g 1 (min)
3.24 mg NaHCO,/g KBr & disk it x 5. 577°C
752c¢cm-! 2 HCO,;~, 880cm=! X CO2- ik 5.

B9 KBr=t Yoy AaRIIEY 5 HCO: 1+ vOZKER

23 KBr~ 1Y y/ 2ROXFHORIRLELES
RIAYE s ¥~

(em-1) (keal/ mol) e BT
752 KHCO: 30.7£3.5  2.0x109(mol/l)=1- scc=t
880 KiCOs 49.553.5  8.0x100 7 y
745 KDCO, 54.5£3.5  1.0x1012 7 v
784 Ca(HCO:: 52.0£3.0  4.4x10Mscc-!
875 CaCO; 50.0:3.0  1.3x10u #

7719 Ca(DCO;). 59.0+3.0 1.5x101 7
Ea) BIMXR 10)BXT 15)»5

XFREF PV U LARKEEEN ) O A0SR SRNICEARL T
LESOT, M0 TGA }TRXOMABREIC X TER
LALIhHOXEHEYL KBr 2E0= b)) » 2 RICAN:
disk L hifxhi TGA T e T&s, K |
(27 4 mg NalICO;)/(g KBr)D disk # 570°C THL =L &0
TGA§.1 " ADL TV, ZORBRMLMZRKKN T oM
3 LIx10-3Cmol/l) -1 see=! THHe X3 DHHTURA
AUt e SR LHITL 22ind 1.8X10-3(mol/l) -1 sec-t
&,
Fhdie TN R BICEIEEROIR S 5BE Y v 2 2
ot ":5'(& LA, f2 by 2P 508HEMEL A
F= DRET N T SSIY ORIMINT —Ft %o L»L KI & NaBr

g PR EY NI KO KBro ok b
G110 {0 L UL ARV L A ORST R S g —

3.0:
| /
—~ o]
T
2 20
X o°
! /
o) °
-9 e
= 1o}
=4 °
i" /
[
, ° J/
0 ] [] ]
B 10 20 30 20

# [ (min)
27.4 mg NaHCO:/g KBr o disk z X 5. 570°C
TGA #EizX 5.
E10 KBr=t Y o7 2ARICBIF3HCO,- 1+ vOFRERG

0.10 : O\
- 2
0.05 I \ 3 \
05— .
e o
o
v ] \ . ‘
E 1 . - ©  Ca(HCO),
=<
Ca(DCO),
001
N °
5 ‘N
X . o
- A\
] ! ' !
1.27 1.30 133 1.36 1.39

1I/T(°K) (x109)
® 11 Ca(HCO:): & Ca(DCO:): & & Arrhenius X

RO, B ANy AR EL TN, 11T
FRL7c Arrhenius % Fedh Tz Ca(HCO;): & Ca(DCOy):
DA SROIEEEIIL L DL DOTH D, TOR»PBRDI
Bz A NF =B I RLAII T FRIEA A 20H0
PHRDILOE FEMLMTHD, BEOFR LT ILO
TGA »L LRz A X~ B2 5130, TGA o
BEEMEANBILARY bASLAENL Y D 30 HIEEAE
Vo ORI TGA OMKH—RH LB RO RIHERICIT L D
ZOBMEAFEOEE XD LR VM 2D THD L8ROI S, KR
FEH AP EFEAN LY AR BERIETHANS &R
Oi"l}fﬁ’.l:%')'é ZEMFEEEND, DL TCA RLFBHINVY
LGy disk v 72 642, TGA OO ARES/PME L
D,LmarOHmmﬁhmmz« Prbilcbo LRt
oD HN L, 2o X 10 mg Ca(HCOy)2/g KBr o) disk
12 472-C T TGA e 4.2X10 4sec™! ORHMEE
FHEMALILDA, L AATIRARY b b TSR
3.0%10 dsec-t & L —FYL TS,
KUYV aoMn I onesa Uiy 26td KBr =
R Y2 T A MR I Hafken 2 Arthenius L)%




TR T

1150 B 4 £ % £ 8 89 1235 (1968) ( 8)
A= 203 RUTSL, MIEy [HEC GRIO B B
T COUGIHY I REHNT Y LEE L -5 A
<

y <
Bho IEORISERIL = 2 0 ¥~ LIES N T ~-T 55
By AV LARNSLIERENI AN Y ARLO0LO D2
[HEERE v, COMRIERIRY: LD LbFomskE sy, il
By aBhny o a0 TGA BIRIZE D TOMMREEIE T
FFORPEL X DB END T L2 o 7219,

284 KBr=1tVY o2 RINOY 2 WRIHKID MR ETLIED

SHAy ¥ BE=RA¥- by ERT
(em-1) (kcal/ mol) (sec-t)

785 K.C:O, 606 0.68x 101
880 K.COs 63::6 . 4.3 x10m
}g?g} CaC:Od 685 9.3 x 104
a5} cacos 6625 3.0 x 10t

iEa) SIMLI 1B XT 0.
b) Rib oy Ll vayfidhs HRLIELOCLRR 13)
HE).

Z OO TGA thin HOMBLELGE 100 {FIREE L J5LRaIl 2
Ry FOERE DI EV, Ll TGA 3z CaCO/KBr ©
disk 20X 15 LRI EIA R BB, fo 2 XIE 510°C T
10mg/ gDy aid KBr disk 255 1.7X10-4sec-1 2}t
B HNIOIZL HRTHAE» HOERIE 1.3%x104sec-! TH
50

VaURAE VY AOMGRIIFTL L XIETL S - Bk

LZOENIOBIRETD S, LOFTRbavv DLy
Y52 B E, 2O KBr disk OfIRUIRAANY b AL
BT 2ROIFL VAL FR—RHIIZ B S (14 13 288, 5:)
TRTNVE)e TOXILBEHBOMRNOY 2 UL vy
T A, K IZIRLTHH XD h ) v a2 L ilide &
Vo EFe MUY K BAREL 2R THE TGA 2 X 2850
DY 2 VANV Y LOGFREED 1/2 KLV O E Tt
Do L TEORAGITHHNIRATOE =20 001, T
DX S RRERBRIINTBR I X STh Ui C08- 04T
MNCE, FRAGRITL LI E L L0 Bbanto,

KBr disk [§T & a D057 VW L2877 L IESHO 2~
2 R BISNZL N S F LRROB TR, O ST A A by
PRI ENDE W, TORMERTD=2RKI O RNV EF
LHRHoTVLOTHEETHL L0 bl B OkIRY:
ARSI AANY PVOIRORNE, IREIRIE42 Loz
= AL IR, 04T L ONRIEL A PO
WAGI NS ITRL TS, SO 2MOaRIn Yy « 94 4
UHUREISL TS . LTy a vy A RBr
disk 2825 freeze-dry U, N2 44012 DCO.- »
DCOs- 2ixein, WO disk ik 730 TwHAWNE,
ZE—LL 0L 0, IROCEERSOTES Lo
Y a ORI RHR s, LA U RIS S P RN O
R 29V oLz e b 0% 222205 0313 mg
KGO e RBr o dish T 3B vy 250, b 3> ..

~

200 D. L. Bernitt, K. G, Harmman, . ¢ Hisatsune, J.
Chem. Phys., 42, 3533(1955).

! : PR T ‘
3000 2000 1560 '

1@0 8&
3% (em~Y)
A Ry,  B: 508°C, 5 riammik,
C: 508°C, 100 H8ifamis
1.5 mg Na,C,O,/g KBr © disk 12k 5.
[ 12 KBr=F Yo7 2I88% GO~ 1+ v0
AT AR b

T R T/ 7000 200
# X (em~?)
Az ghaaaRyy,  Br 490°C, 2 4rpAiRRYE,
C: 490°C, 543 srsisniin
K13 KBr =} Y v 27 A2ANIZE 5 CaCO, ©
HRBIIARY b

25 ~eFviEh Y vAROREKKEA VO
FUHRARY + A (em=1)o

9 1 g KCl KBr  KBr KBr Kl
s H12CO5~ H2CO4~ HBCO,~ DICO4~ H12CO5~
OH {iif 3330 3300 3300 2517 3417

CO; ¥xiinili 1701 1697 1651 1687 1687
CO: i 1346 1338 1313 1338 1328

HOC %1 1218 1211 1211 975 1205
C-(OH) {{iga 971 960 950 960 949
CO: %M 713 712 712 712 714

OH WN%A 589 579 579 579 566
CO.; mH % fi 840 835 200 835 835

OH nth 672 660 660 486 655
iba) 27 P RO INY BRI Tl o 2SI T
20) &84,

7oo KIZ0uho 5% (2200~ & HCO,- 24z, #h
L OATYa YRR VY Y KO OMHL R v e o A
ORUME 90% A ETE %,

NG 3 SR AR I Sl (L WA N S I N el A
BC 2SN, BolTE . BN RO A R A4 L, disk
L3 AR At ORI P Y B I SRS S 145 Tl Y ANLE BRI CX (R 8

TZe 2O 24L& 2mg’g L KBrdisk ¢ 4}y




(9) Aii: 12y~ Y22 ANOLERRE 1151

WARY bidld 14 OAORANE bV THED, LA-L Zedisk
% 480°C T30 BT 4 &, TWEML I disk OAXY b
WMEBIZEDL, ZOANT PATERBREA 2 U0 FLUG
125 DOBPVBIANA B Do BB O FIRHLTHRAIROMR
LRAELWEIRMORITENL LD HCOy - 4 2 itk 2 2 &8
LMzl ote 14 14 OBOZAAY P TIHLLLLROR N
VES HO0em - 2B L5, SREGHUIE DB O COg- 4.
Ele Lt L LEOiflio itz 42 L Fihik COy-
u_iilu.’}‘ou B TE, 1K 15 320X 51IL T2~
s disk OAXY P THLS, TI03 M00em -t Xy B
EhdTH

A A

SUNIS RN BRI DU SN N —
4000 3600 20 2300 ZA00 2000 T600 T600 1400 1200 1000 500600 400200
% % (cm-Y)
T IR,  B: 480°C, 30 paamiE:
2 mg KHCO,/g KBr o disk (zx 5.
414 KBr=1bYo 2z ANIBUIREAE/ VO
AR AR + 2

f

0.2

s
1N

oy

0.4

X

HCOy

0.6

0.8
1.0

1.3 ! ] ! 1
1800 1600 1400 1200 1000
% i (em-h)

415 KBr~tY vy ANIsrL HCOy- 14 vy
ARBRILA~T P A(BEFETOE W)

Aur L ALT R Y b Y e 2 APNCRSRE SR ANY
oA LRI T . LA L S disk 22 500-C
DA VT I AR 4 (VS Rt SRy 1) AT AT SR AL LON
14 15 A7 bsp 1630em -V [IBH L8Ny FiEs o472
TAHLOTED, SORMRIUGTRRGORINLOMD & Y
$i AN 2= KEUT S By, 488D FIRSISEL S 5.4 x
10-4scc=t T 53, i ,{:f_{;t o) ity 5% DCO;-

21) 1. C. Hisatsune, K. O. Hartman, Saence, 145, 1455
(964 .
22; 1 AdL Ph. D. Thewus research in progress, The Penne.
prog
svlvania State University.

ROhD. %k COEKR NGO ¥

Egaftosy, Lo
HCOy~ 233Hbn S G s WMERS D2 L Liv v 1o,

DESEL 2 FEIC OMETRZ ORIMRRA A~ bvdik
CRBNTVHERTTPERNILLDAEES Y TH e Ui
L KBr disk OHi=THICMELEANL OGO EH0A R
7 PARRELRDEOMEREN TV LTSRN L, 1B 16 T
RO RRSSTEIAAN Y P AORFRS AR EN T WL
B OISEETEOFIZRL T2, TORMBRIIZ RS b
MRV A V(O AR L 7R (RS AR OFA X v
Zf A KBrdisk 225272 107, 232085 2 UkkRR
(2)FodM oL o

LRSI

H - »"
\C/CO_ H\C/CO,
; — " (2)
C. C
H” o, co.-” NH
i
! trans ¢
. C.5
|
|
1 .
. . |
Ln o T [TH)

it W (em-Yh

.16 KBr =Fy 7 2fiisBi~v{vigi-7<n
i1+ voUsit R

oW Lt LSRR, T TGA TR
it roe. 16 0 s PavRiRLU7: KBr disk i3hdn.:
LUK L KL FOMGRL, LU disk ¥ 200~
300-C vt S e 4L BOES BUESRE L R D IT o TAR
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Pergamon Press 1961 Vol 2, p. 165.
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HL 20 QRO FFIEA A LTI, byt ESR 97513
DL, TRTONvS ALY DAY v 2 ANTRELL
72 CO2= 32 pv® ESR D gifi, #4, BC 1= Xk 2iBrumlis
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"I'S. ABSTRACT

can be examined., These reactions can

obtained with these disks by infrared

pressed disks can extend the field of
matrix isolation studies.

! Pressed alkali halide disks, which are used commonly to obtain the

I infrared spectra of solid compounds, are found to be convenient matrices

} in which solid state chemical reactions of organic and inorganic ions
ation, and their kinetics can be followed spectroscopically. In thermal

’ decomposition reactions involving,weight changes, the kinetic results

the thermogravimetric analysis. In gamma irradiation studies, ion free

radicals are trapped readily in these disks even at room temperature, and

the decay of these radicals can be followed by electron spin resonance

% spectroscopy. When the concentrations of these radicals are sufficiently

) great, their chemistry as well as their ab§orption spectra can be inves-
tigated. Experiments carried out to date indicate that the use of

¥

be induced thermally or by irradi-

spectroscopy agree with those from'

solid state chemical kinetics and
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