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1.

INTRODUCTION

The purpose of thils research was to explore the applie
catlon of low temperature Infrared spectroscopy to the study
of several chemical problems, In particular the followlng
ltems were investigated:

1. The design, manufacture, and operation
of a low temperature optical cell
suitable for infrared spectroscopic
studles of gas-solid samples at
liquid nitrogen temperature (=196°)
and above.

2. The recording and study of the infrared
spectra of nitrogen dioxlde and isoprens
at 25°C and at lower temperatures.

3. A preliminary study of the reaction
betwesn nitrogen dioxlde and isoprene
at various temperatures using infrared

techniques.
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In recent years infrared studles have been developed
snd used successfully in research as well as in industry for
qualitative and quantitative chemical determinations. These
methods have been extended by the use of speclally designed
accessorles to studies of chemical reactions at high and low
temperatures. Low temperature studles are applied in the
identification of free radicals, intermediate products, and
studies of reactions which are rapid at room temperatures.
It was the desire of the author to explore and use the cold
temperature techniques in connection with Infrored spectros=

CODYs



3e.

HISTORICAL

Infrared spectroscopy 1s not a new fleld. Sir William
Hershel (u3) in 1800 discovered infrared rediation by place
ing a thermometer at guccessive pointu in a glass prism
disperaed spectrum of the sun and observing the temperature
rise. ZEssentially these components are 8till used today:

a hot source of continuous radistion, prism dispersion, and
a temperature sonsitive device known as a detector. Julius
(17) was the firs£ 6ne who pointed out the analytical possi=-
bilitles of a new field of science. In 1892 he demonstrated
the relationship between the structure of the organic mole~
cules and their infrared spectra., His conclusions were con=
firmed and extended by the monumental work of Coblenz (22).
The earliest.aﬁplicaﬁions’of Infrared spectroscopic tech-
niques to the chemical Industry occurred in the 1920's.
HoweVef; thé rréafest‘advances in this technique have been
made in the lost twenty ye ars durins wvhich time commercially

available Instruments were manufactured and sold at reason=-
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able prices (40). Infrared spectroscopy has been a valuable
tool for the chemist. As any analytical technique, it can be
used to identify compounds by their characterlstic spectra or
to determine the concentratlon of a materlal by measuring the
abgorption band intensity. Many molecule structural problems
have been solved by the use of infrared spectroscopy. Re-
cently, the usefulness of infrared spectroscopy has been ex-

tended to studles at low temperatures.
I. Low Temperature Studles

There ars numerous problems which can be solved by low
temperature infrared spectroscopy. Hornig (51) has listed a
number of them:

1. The study of interaction forces between
. molecules at close distances of approach.
2. The determination of the structure of
crystals,
3. The study,af hydrogen bonding.
lg. The study of molecular species which
exiat only in crystals or are stable
only at low temperatures.
5. The study and identification of
molecules,
The latter study 1s alded by the characteristically sharp
spectra at low temperatures, which make possible the observa-

tion of many more transitions.



The changes In the sbsorption sryectra with the change
of the temperature of the sample were observed by Lorenz (67)
in 1927 and Fesefeldt (3l) in 1930. Avery and Ellis (5) in
1942 reported that the width of the iInfrared absorption bands
decrsased by roughly 507 on passase from room temperatures
to =195°¢, This important observation was confirmed by Mador
and Quinn (69) who noticed the sharvening of the bands at
low temperatures. They belleved that this was explained, at
least partly, by the phenomenon that hizher rotational lev-
els will depopulate at lower tem?eraturea. The crystallizaw

tion of a liguid gives rise to a further narrowin; of the

absorption bands (738).

" One of the main subjects in cold temperature worl: is
the study of free redlcals and other extromely reactlve
specles. Free radicals are defined as molecular fragmentc

which hormally have a short lifetime (of the order of milli=-

seconds), which are highly reactive, and which are character-

ized generally by having an unpaired electron. The recent
developments in the low temperaturs work have been in the
direction of studles 1n stabllization of reactive molecules.
Therefore, most of the work has been focused on free radical
studles.

The production, trapplng, and stabilization of free rad-
icals at low temperatures in rigid media first were studied
systematically by Lewis (63) and his students in the early
1940ts, Absorbance bands were obgerved in the ultraviolet



reglon which dlsappeared upon warming the cell. Thils phene
omenoi was observed when a solution consisting of tetra-
phenylhydrazine, ethyl ether, lsorenbane, and ethyl alcohol
in a glass cell at liquid nitrogen termerature (-196°C) was
irradlated with ultraviolet light. The cold temperature
study of chemlcal compounds later also iras started in the
infrared region with great success.

The sample has to be trapped, cooled, and malntained at
the cold temperature to enable one to perform the necessary
messurements. To do thils, speclal equipment has to bo de-
signed. The required parts of this equipment are e sample
holder, a contalner for the cdolant, and windows transparent
in the spectral region of interesnt.

Lorenz (67) designed a cold cell in 1927 for studies in
the ultraviolet regzion. Thls cell consgisted of a conper
container for the coolant ligquid. The contalner had a thick
base to which a conper finger was attached., This copper
finger had an openlng where a ecrystal was held in place by

screws. An eleoctric heater on an outside shell prevented
the windows from fogging. Thomas (97) had a similar cell
which contalined a double set of quartz wlndows.

The first cold cell for studies in the infrared range
was desicned by Zunino (105) in 1936. This cell was o ro-
flection type which utilized an aluminized mirror on which

the sample was deposited. The ener:y beam was directed

toward the mirror, reflected, and then proceeded throush its
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normal path,

" Conn and co-workers (2ly) continued this idea and applied
the cell for low and high temperature studies. It was pri-
mérilj used for examination of solid layers at liquid air
tehpérature, but it was equally sultable for geses at low or
high temperatures. This cell consistsd of a Pyrex tube seven
ééntimeters wide into one end of which a flat Pyrex plate
had been sealed. This was silvered on the inside. The out-
er end contained the sodium chloride window. The window was
held iﬁ pléce by a brass plate which was waxed to the Pyrex
tube; 'Percenam paint was used to make the joint tight.

There were two side 1imbs,.6ne to conduct the gas under ex-
amination, the other for thermocouple leads which were hard
soldered onto & plece of tungsten fused into the surface of
the siivered base. The lower part of the cell was immersed
in a‘éonstant temperature bath. The condensation of water on
fhe sodium chloride window was overcome by having a small
heabing doil wrapped around the cell, just below the window.
In order to obtain "cell out" readinzs for the estimation of
percentage gbsorption, an additional plane mirror was swung
into the path of the beam. The mirror reflected the radia-
tidn onto an ad justable vertical mirror which returned it to
the inclined mirror and into the original path of the beam
from the cell. This arrangement required only one sodium
rchloride window, which were expensive at that time.

Avery and co-workers (5,6) used a similar reflection
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type cell for their work in the temperature range of 0°C to
~195°C.,

The reflection type cell avolds the necessgsity of main-
taining the infrared transparent window at the temperature
of the sample. However, the reflected beam contains radia-
tion reflected directly from the surface to the sample fillm,
in addition to the radiation transmitted by the film and
then reflected at the mirror surface. Thls effect can lead
to an erroneous apparent transmlssion since strong ebsorp-
tion by the sample 1s generally accompanied by a high re-
flectivity from the sample surface as discussed in the paper
by MclMahon and co=-workers (72).

Transmission cold cells or cryostats for Infrared ab-
sorption‘spectroscopy are designed to eliminate the problems
éausad by reflection type cells and to obtéin a better means
fof obsefvation Qf temperature effects on abuorption spectra
and studying unstable compounds. The problem in designing
A research cryostat 1s to make provisions for keeping the
speéimen in thermal contact with the primery refrigerant
while obgerving or measuring some property at low tempera-
turaé. Two types of cryostats are wildely used 1n cold temp-
erature work. They can be made from either glass or metal.
The chqice between glass and metal construction depends on

the availability of shop facilities and skilled crafbsmen.
Both types of cold cells must contein four essential features

for gas-liquid-solid studies. They are a tank contalning



the refrigerant, such as liguld nitrogen, a vacuum: space
sround this tenk to decrease the rate of heat transfer to

the refrigerant, a cold surface on which vapors can be con-
densed, and provisions for observin: the material and megasur-
ing its properties.

The glass Dewars offer advantages of economy, simplicity,
Llexibility, and visibility. The advantages of metal cryo-
stats are the immunity from breakage, better temperature un-
iformity, and the e¢ase wilth which certain mechanlcal features
may be incorporated. For some time 1t was believed that
highly polished metal surfaces reduced heat transfer. This
has been proven to be false (71).

McMahon, Halner, and King (72) described in 1949 a
transmission cold cell for Infrared studles. The sample was
introduced Into the cell as a gas and condensed onto one 4
slde of the vacuum tlght infrared window whlch was bathed on
the inner slde by cold hellum gas. The heolium gas removed
energy absorbed by thes sample and transferred it to the walls
of the container which was Ilmmersed in liquld hellium. The
vwindows were made of sllver chloride.

In 1950 Holden, Taylor, and Johnston (50) designed a
metal cold cell. The metal Dewar was similar to that of
Henry and Dolecek {l;7). The cryostat was made of brass
Dewar. The absorption cell was supported from the bottom of
the inner can. A hlgh vacuum was maintained in the space be~-

tween the cans by means of a metal diffusion pump, Thermol
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contact was established betwsen the cell and the refrigerant
by & "heat valve", which consisted of a thin metal wall sur=-
rounding, but not in contact with, a metal block., The wall
and block were soft-soldered to the cell, but only the monel
wall was soldered to the base of the refricerant containers.
Thermal contact between the refrigerant and the cell was
varied by evacuating the thin space between the upper face
of the block and the base of the container or by introducing
helium. A metal bellous connected ths rofrigerant vessel to
the hand of the cryostat, Since the head was essentlanlly

at room temperature, an ordinary gasl-ot permitted a vacuum
tight seal to be made between it and tho outer can.

The sample was Aintroduced into the cell as a gas after
the cell was cooled to a temperature at which the gas would
condense. The cell was malntained at constant tenmerature
while the infrared absorption spectrim was obtained.

" Dueriz and Mador (31) in 1952 designed a mebal cryostat
which could be adapted for a variety of operations. It was
a portable unit thirty four inches tall consisting of the
outer vacuum jacket includinz epproprizte windows, liquid ni-
trogen container, and rsdiation shield, stainless steel 1li-
qulé heliuwm container, and coprer e¢rystal holder, which was
in direct contact with the coolant. Alkali halides were
used for optical materials between or on which the sample
was deposited. To improve the thermal contact between the

crystal and the copper holder, silicone srease losded with
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gilver dust, silver conducting paints, and soldering with in-
dium were used to bring the temperature of the crystal to
five to eight degrees Kelvin. A novel feature was the Syl-
phon bellows mounting of the helium vessel which permitted
the whole assembly, including sample holders, to be moved up
two inches. This permitted either of two samples or a blank
to be aligned with the beryllium X-ray windows for irradla-
tion or the rock=salt windows for spectral absorption meas-
urements. The cell was used also for a study of the optical
properties of the alkall halides at varlous temperatures.
Such a study was carried on at the same time by Kalser (53)
and Dutton and Maurer (32). |

. Cylinders of Monel metal sllver were soldered in such a
way as to form a double Dewar by Becker and Pimentel (10).
Iigquid hydrogen or helium was used in the inner reservoir as
refrigerant and liquid nitrogen in the outer reservolr as a
radliation shield. A silver chloride window was held in con-
tact with a thin silver sheet and a copper block by a screw.
The. copper block was cooled through a copper rod protruding
into the refrigerant. Temperature was measured with a copper
constantan thermocouple held by Wood's metal in a gold tube
embedded in the silver chloride window. With liquid hydrogen
as the coolant, the window temperature was 20°k ¥ 3°, The
sample was deposited on the window through a glass tube di-
rected at the window. Gelger (38) designed a similar cell

for cold temperature studles.
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. Fateley and co-workers (33) designed an easily demount-
able cell using three separate sections made of stalnless
steel. Leaks could be easily found. Ring seals were used
to make each section vacuum tight.

De More and Davidson (27) performed cold temperature
studles with 2 cell which could be used to obtaln pure ab=-
sorptlion spectra or for reflectance techniques. The cell
consisted of a windowed cold finger suspended in a vacuum
chamber in such a manner that gases from storage vessels
could be effused onto one of the cold windows. The cell was
suitable for use with liquld helium, nitrogen, or hydrogen.
The coolant containers were constructed of brass, the neck
from stalnless steel, and the outer jacket from aluminum.

Vacuum seals were made by means of O~rings., Silver solder-
ing was used throughout except for the seal where Pyrex
rarts were used. Soft solder was used there. During ef-
fusion the cold finger was rotated to face the jJets of gases
which were deposited on the sample window. The cases where
reflectance techniques were employed, the sample window was
aluminized.,

White (102) made his cell from #316 stainless steel.
The outer jacket contalned four windows, two of which were
sodlum chloride and in line wlth one another for infrared
studles. The other two were positioned at 60° angles with
respect to one of the infrared windows: One contained the

spraying nozzle, the other was quartz or sapphire for ultra-
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violet studles, In cases where frosting or condensation of
water appears, dry snd de=olled air can be sprayed on the
outaide windows (66) or small heating wires can be inserted
in the windows to cancel the cooling frum within the cell
(37). | |

One of the earlier glass type cold cells for infrared
spectroscoplo studies of molecules was designed by Wagner
and Hornig (99) in 1950. The cell could be inserted into
the beam of the spectrophotometer without changing the optl=-
cal path., The cell was composed of a copper cooling block,
a coolant reservolr, and a glass enveloping jacket. The
cooling block consigted of a plece of sollid copper throush
which a rectangular hole had been machined in such a way
that a shoulder exlsted 1n the center of the block. The
rock salt plate rested agelnst this shoulder and was held in
position by means of an annular copper plug. Thin films of
the sample were obtained by subliming the salt to be studied
onto the polished rock salt plate. A thin layer of vacuum
grease between the shoulder and the salt plate was found nec-
essary to obtain adequate thermal contact. The temperature
was measured by a thermocouple. The glass coolant reservoir
was attached to the cooling block by meana of a copper to
glass housekeeper seal whilch gave an extremely satisfactory
vacuum tight Joint. The rock salt or silver chloride win-
dows were sealed onto the flat ground ends of the glass

Jacket with clear Glyptal lacquer. A similar cell was con=-
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structed by Dows (30) but he amdded a radiation shield made
from a copper sheet. The sample was deposited on the cooled
window through a glass tube and condensed on the window,

Walsh and Willis (101) described a cell which could be
used for the study of materials which are liquids or solids
at room temperature. The specimen to be studied was carried
on a one inch dlameter rock salt plate which was inserted
Into a brass holder amd held firmly by screwlng the two .
halves together. A thin lead wgsher was‘between the brass
holder and the plates to ensure goocd heat transfer. The in=-
side surfaces of the cell were silvered. A copper rod was
connected to the brass holder, The inside container was
sealéd into a Pyrex tube, and the space between bhem was
evacuated. The coollng agent was poured in the lnside tube.
The sample was placed on the rock salt plate by sublimation
techniques or by placling a drop of liquild betwsesen the salt
plates and inserting them in the holder,

A glass tube with windows ingerted in a styrofoam con-
tainer contatning liquid nitrogen was used by Nelson (75)
for low temperature studlies. Although this type cell hed
many limitations, i1t had an advantage in the wniformity of
the temperature throughout the sample because the container
was surrounded by the coolant. Fontana (36) produced a
"cold well® cryostat which had the same advantage but could
not be used for absorption studies. '

Lord and co-workers (65) and Linevsky (6l.) described a



glass Dewar type cold cell which contained a cold finger
with a window on which the sample was deposited. About the
sams ce6ll with modifications was desiscned by Stewart (93).
The sampls again was condensed as a thin film on the cold
salt plate at low temperature. The cell used silver chloride
lenses as beam condensers {l.). The sample was introduced in
the cell through a polyethylene tubing. Because of the amall
diameter of the lenses, it was necessary to install two mov=-
able biadGSion the slit holder to. avold vignetting. The
csll had to be cooled thirty to sixty minutes before the
sample was introduced,

- A cold cell with two windows on each side was described
by Nikitin (77). The vacuum jacket was made of molybdenum
glass with the windows cemented to it. The copper cold fine
gor was welded to a steel tube with a channel drllled in 1%
which contained the refrigerant. The water and carbon diox-
ide present In the Jacket froze on the stesl tube. The win-
dows were free of condensation when this was done. In thils
way the cell could be cooled to -120°C. For further cooling
to =1609C the cell had to be evacuated. A heating coill was
wrapped around the steel tube with which the temperature of
the ocell could be increased to +300°C,

A rather complex glass cryostat was designed by Schoen
and co-workers (88) for studies of absorption spechroscopy
of short=-lived intermedlates. One of the important features

of this design was a moveble and removable liquid helium res-
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ervoir with an infrared transparent cold surface affixed to
it. Standard taper and ball-and=-socket ground Jjoints were
used to achieve flexibllity and interchangeabllity of acces-
sories. The central hellum finger was insulated by a separ-
ate vacuum jacket, which terminated in a ball sectlon of a
large ball=gnd~socket joint. This Joint remeined at room
temperature and permitted rotation of the helium Dewar a-
round a vertical axis during the experliment, The glass bele~
lows permliibted expansion and contraction during temperabture
shanges. A stopcock was provided for perlodic evacustion of
the vacuum jacket to remove helium that diffused throuzh the
glass. - The tip of the helium finger terminated In a Xovar
metel cup., A thin-walled copper box wilith a one inch diameter
tube through 1ts center was soldered to the cup. The copper
box was connected to the hellum reservoir by several holes
in the Kovar cup. The tube through the box was internally
threaded and equipped with copper washers and screw rings
s0 that disks of various window materials could be Installed.
The window could be turned to any point for deposition or ob-
servation.

The base of the Dewar was made from a two llter round-
bottom flask with female sectlons of standard taper Joints,
gset in at 90«degree intervals. This arrangement permitted
the use of various pluz~In windows, observatlon ports, wilre
leads, and gad carrlers. | |

A copper shield, silver plated and highly polished, was
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cemented to the walls of the nitrogen reservoir.  To reduce
the heat leaks, the inside of the outer vecuum wall and the
outalde of the nitrogen container were silvered, and a cop=
per sponga was Inserted in the neck of the finger Jjust above
‘the surface of the liquid helium., Measurements could be
continued for 15«60 minutes without refilling.

Roberts (BlL) described a c¢old cell designsd for the ab-
sorbance measurements of solid samples, whose mounting ale-
lowed the sample In the cooled state to be moved out of the
beam snd brought back again into the same position., This
movement was done by an alr-tight push rod connected by a
bellows~fitting to an.operating lever outside the cell cas-
ng. '

A cold temperature cell for studles of liquid samples
and their reactions was designed by Nencini and Pauluzzi (76).
The sample was circulated from the reaction vessel to the
steinless steel absorption cell. The solution was pumded
back to the reaction vessel. The whole wnit was immersed in
a constant temperature bath. The temperature ranse for this

cell was =60° to 100°C,
- Janz and Fltzgerald (52) and ILovell and White (68) made

cells from modified standard liquid cells for the study of
spectral changes for liquld-solid transitions.

II. Isoprene-Nitrogen Dioxide Reaction

The olefin and nitrogen dioxide reaction 1is knoun to be
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of a significant importance, particularly in the study of at-
mospheric pollutants and effluents from automobliles, buses,
trucks, various types of incinerators, and perhaps from
other types of combustlon devices as well (1). The reaction,
which reportedly undergoes several steps, must be slowed
down to negllglble rates in order to examine the Intermediate
reaction products which are unstable at room temperature.
One suitcble means for this 1ls the use of a cold temperature
cell.
A, Isoprens

Isoprene (2-methyl=~l,3=butadicne) is a colorless liquid
at room temperature with the boilinzg point +31..1°C, and the
melting volnt =169 (56). 8ince the discovery of isoprena
in the olly distillate of caoubtchoue and guttapercha by
Bouchardat in 1837, a large amount of work has been carried
out in the polymerization of this hydrocarbon (5l). Polymer-
ization, to a small degres, occurs in the liguild isorrene at
room temperature as evidenced by the appearance of a yellow
color, Some investigators, who studied the subject, obtained
and ldentified some low polymers. Xomarewski (5L) made iso-
prene polymers which were ldentifled as mixtures of dipen=-
tene and an aliphatic dimer, D!'Ianni (29) described three

posslble structures for lisoprene polymers

CH, ’
1, addition

~C Hp~C=CH-CH2-~
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~CHp~CH-=

C~CHy ' ' 3,0 addition

Gl

Hy

- 1,2 eddition

—t

CHp=CH
Hy

—_—y—

Relrova and Korotkov (80) determined that when polymere
1zed singly, lsoprena was more reactlive and copolymerized
at m rate three times greater than butadilena,

- -Althoush several infraered spectro of 1soprene have been
publlshed, a detailed study of the sbsorbance bands has not
been made (9, 62). The isoprene iInfrared absorbance band as-
signnents were made according to Bellamy (12) and will be
discuased further in the experimental section,

Iow temperature studies of polymerization of isonrene
have not been made in connectlion with infrared studies. Ind
group analysis of the large polymer molecules of lisobutene .
was attempted by infrared methods at low temperatures, This
was not successful, However, in the shorter isobubene poly=~
mer molecules with molecular,weight less than 3 X 104 greans/

R
mole tbe~R:::C=CH2 group was noted by the absorbance bands

at 1730 cm™t, 1642 cm™l, ana 895 em=l (33).
. Avery and D11ls (5) stated that the separation of the
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maxima of P and R branches of the hydrocarbon infrared bands
should be proportional to the square root of the absolute
‘temperature of the sample. This relation holds for propane,
‘propene, and trimethylpropans in the temperature range from
+25%C to =195°C, The band positions of trimethylpropane
seemed to be independent of temperature. Some of the pro-
pene bands changed in intensity as well as position. They
reported narrowing of the band width with decrease in temper-
ature. The same phenomenon was noted by Sutherland (96) and
Walsh and Willis (100), who attributed 1t to the interaction
between neighboring chains in the crystalline lattice or
changes in the crystal structure.

B. Nitrogen Dioxide |

' The red fumes of nitrogen dioxide were referred to in

1670 by Clark who called the vapors by the alchemical name
"the flying dragon." A century later in 1777 the gas was
‘prepared by Priestley, and in 1816 its empirical formula was
aestablished independently by Dulong and Gay-Lussac (ué).
From these beginnings nitrogen dloxide has grown in techni-
cal importance to the central position which it occuples to-
day in the chemical industry.

. The chemistry of the NOp-Np0j, system is very complex. At
high temperatures in the gas phase nitrogen dioxide is over~
whelmingly the principal specles present, whereas the liquid
13 almost pure dinitrogen tetroxide. Nitrogen dioxide,
molecular weight 46.01 grams/hble, has a boiling point of
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4+21,3°C and a melting point of =9.3°C (55). At low tempera-
tures nitrozen dioxide is a colorless solid. Between =20°C
and =-30°C it is pale yellow. At the melting point it becomes
honey colored. The color darkens as the temperature 1s
ralsed. The color of the zas phase nitrogen dioxide is
brownish=red. Pure dinltrogen tetroxide liquld 1s stable,
under atmospherilc pressure, from the freezing polnt to the
bolling polnt. Dilssoclation to nitrogen dioxide is small
{the cpnoentration of nitrogen dloxide in dinitrogen tetrox-
ide 1s less than one percent).

. Nitrogen dioxilde has been one of the favorite molecules
studied by infrared spectroscopists. The early work in 1933
by Balley and Cassie (7, 20), Harris and co=-workers (LS, L6},
Sutherland (94, 95), and Schaffert (85, 86) dealt with the

determination of the nitrogen dloxlde and dinltrogen tetrox-
ide absorbance bands and the molecular structure of these
molecules, Although there were some disagreements between

these early workers, the conclusions of Harris and King
(LL6), based on the spectra of nitrogen dioxide and dinitrozen
tetroxlde, have been accepted. They concluded that the ni-
trogen dloxlde molecule is angular, and that the dinitrogen
tetroxide molecule has the. 0pN~N0p gbructure. The dinitro=-
gen tetroxide structure has been discussed in detail by Gray
ard Yoffe (L2) who stated that the

o. _o0
NN
d Do
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model of dinltrogen tetroxide is the accepted type.

In the last ten years a large number of spectroscoplsts
have studled the nitrogen dloxide molecules by infrared
spectrophotometry. The fundamental frequencies of gaseous
and so0lid nitrogen dioxide were studied and assigned to the
various vibrational modes by Wilson and Badger (104), De More
(26); and Fateley (33). The data of the varilous infrared
studies of nitrogen dioxide were compiled and discussed in de-
tail by Herzberg (48) in 1945. Fateley obtained a rather
pure nitrogen dioxide solid film by usling dilute mixture of
nitrogen dioxide in an inert gas, slow desposition rate, and
a rigid matfix. .The relatiVe intensities of the absorbance
bands were dependent on the procedure used in deposi ion pro-
cess, |

Perkins and Wilson (79) ‘assigned eight dinitrogen tet-
roxide fundamental frequencies. In 1954 Gray and Yoffe (U2)
raported tWeIVe possib ) fundgmental frequencles of dinitro-
gen tetpoxiqe. Qne of thése frequencies,‘vs, did not agree
ﬁiﬁh‘Perkihs and Wilson assigned frequency.

Wiener and Nixon (103) studied the infrared spectrum of
dinitro;en tetroyide at -18000. When dinitrogen tetroxide
was condensed at =-78°C in a vacuun system, a bluish tinoe in
the solid was nobtlced which indicated ‘the presence of dini-
trogen trioaide and hence nitric oxide. A pure sample was
obtained by fractional distillation. -

Snyder and Hisatoune (91) stabted that at low tempera-
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tures the solid 1s entirely dinitrogen tetroxide and thus of-
fers an opportunity to isolate the dinitbogen tetroxide ape=
cles in a simple mamer. They also studied dinitrogen tet-
roxide in gas and llquid states, These workers observed that
the spectra of dinltrogen tetroxide in the three different
physical states remained practically undaltered in going from
one phase to mnother. The liquid dinitrogen tetroxide spec-
trum showed & band at 1617 em™l (strongest of nitrozen diox-
ide) provinz that nitrogen dioxide exists in the liquid.

' When the sample, dinitrogen totroxide, was deposited

slowly on a silver chloride window cooled to =180°C, the
film formed was transparent and in evidence only from the in-

terference patterns of reflected visible light. The film be-
came cloudy, chalky white, when warmed up to =120°C remaining
80 untll the distillation occurred at ~40°C. Such behavior
seems characteristic of an amorphous to crystalline state
change and has been reported for other compounds similarly
treated by Giaugue and Kemp (39) in 1938 and Comeford and
Gould (23) in 1960.

Further evidence for assuming an amorphous phase before
warming was that the spectrum of the film did not exhibit
the doublet splitting of absorbance bands to é large degree
which is characteristic of a crystalline solid. The fact
that the doublets appeared at all seemed to indicate that
the prewarmed state of the sample was a mixture of both the

emorphous and crystalline states. The 196l em™1, 1680,cm“1,
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and 1581 em™t bands disappesared or weakened upon warming,
whereas other bands (1400 cm'l, 1109 em™L, and 815 em™t)
wesk or non-existant before warming increased in intensity.

Hisatsune, Devlin, end Wade (49) and Fateley (33) also
noticed the disappearance of many bands of dinitrogen tetrox-
ide upon annealing. When the sample was recooled, the bands
were still missing. Therefore, they concluded that the bands
could not arlse from any phase transitions in the solid but
must be associated with some unstable species of dinltrogen
tetroxide. Malherbe and Bernstein explained this phenomenon
as being caused by unstable rotational isomers (70).

Begun and Fletcher (11) in their study of dinitrogen
tetroxide in liquid and gaseous states noticed a brownlsh

color appear in the liquid dinitrogen tetroxide at +38°C
which they attributed to nitrogen dioxide. No large fre=-

quency changes between the absorbance bands of liquid and
gas were observed.
C, Review of Olefin and Nitrogen Dloxide Reaction

. The chemlistry of the nitrogen dioxide-dinitrogzen tetrox-
ide ;ystem is very complex. In analyzing a particular reac-
tion, the first problem 1s to determine whether nitrogen di-
oxide or dinitrogen tetroxide 1s the reacting species. Often
distinction 1s not difficult. Thus at high temperatures in
gas phase nitrogen dioxlde is overwhelmingly the principal
species present, whereas the liquid at low temperatures is

almost pure dinitrogen tetroxlde. Thorefore, liquid phase



25.

reactions at low temperatures involve dinitrogen tetroxide,
and gas phase reactions at high temperatureg involve nitro-
gen diéiide{/’There are exceptions to the above statement. In
the reéétioné‘with unsaturated hydrocafﬁoﬁs-in the liquid
rhase 1t is believed that the reactlons are of niltrogen di-
oxide and not dinitrogen tetroxide type (L2).

" Nltrogen dloxide 1s an odd electron molecule and a num-
ber of its reactions belong to classes typlcal of free radi-
cais, ‘s:u‘ch as assoclation with other radicals, its own di-
méfizétion, and addition to unsaturated compounds., When ni-
trogen dioxide 1s one of the radicals two distinct associa-
tions are possible:

a) nitro compound formation

b) nitrite formation
In the first case the association to nitro compounds is easy
and the stabllization is easy. 1In the second case, the as~
soclation to the nitrite is easy, but the stabilization 1is
difficult, because to prevent subsequent 0-N bond fission,
energy equivalent to 20K cal./mole has to be dissipated.
Therefore, nitrites are not formed directly in the gas phase
thouzh they may be formed in solution (41).

‘Detailed studles of the products of dinitrogen tetroxide
and unsaturated hydrocarbons have been conducted in the lig=
uid state and in the absence of any large amount of oxygen.
Under these conditions addition products are formed. Levy
and Rose (60) and Brown (19) in 1947 postulated that the
first step in these reactions 1s an addition of nitrozen di-
oxide at the double bond to form a nitroalkyl radical
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Schechter and Conrad (87) determined that the addition of
first nitrogen dioxide at the terminal position of the un=
saturated hydrocarbon molecule occurs exclusively by the C=N
bond formation, The second nitrogen dloxide forms elther

0
C=0~N=0 or CeN_ .

0

Levy and Scaife (61) stated that the nitro nitrite

formed in the dinitrogen tetroxide and olefin reacsion is un-
-Stable ahd with water fofms a nitro alcohol, Other products
found in this reaction were dinitroparaffins and nitroallkyl
nitrates in good ylelds., Baldock, Levy, and Scaife (8) re-
acted cyclohexene with dinitrogen tetroxide and formed

Hy
OH H H
2 -No,,
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Levy.and co~workers (62) conc¢luded that in solutions normal
addition took place. The primary products formed were di-
nitro compounds and nitro nitrites. The secondary reactions
gave nitro olefins, nitro nitrates, and nitro alcohols.
Demyanov (28) reported that the products of dinitrogen tetrox-
ide and unsaturated hydrocarbon form sollds which are stable
and 1liquids which tend to decompose, sometimes violently.

"In gas phase reactions at elevated temperatures the ni-
trogen dioxide and olefin reactions follow an addition mech-
anism which is followed by complete oxidation (60). Cottrell
end Graham (25) in 1953 studied the ethene and propene re-
actions with nitrogen dioxide, The reaction produced a high
boiling o01l, a dark solid, carbon dioxide, carbon monoxide,

nitric oxide, and :unchanged ethene or propene. These re-
sults suggest that the addition reaction forms nitro com-

pounds and nitro nitrites which decompose to fragments which
in turn sre completely oxidized by more nitrogen dioxide.

Becauae of the complexity of the reactions, the calculations
of the reaction rates are difficult (57).

Schoenbrunn and Gardner (89) produced alpha-hydroxylso-
butyric acid by reactlng isobutylene in the presence of ex-

cess dinitronen tetroxide. . The yleld was 69-7L4%. Vhen e~
thers or esters Were used as solvants, the reactlon proceed-

ed by the free radical mechanism forming a primary nitro
compound. In the absence of ‘these solvents the products

Were chiefly the derivatives ‘of isobutylene nitrosonitrate
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which has not been isolated due to its high reactivity. The
dimer, however, has been lsolated, and this was talken as
part of the evidence for the transitory existence of the
monomer, - Riebsomer (83) reported the formation of nitroso-
nitrate -in 1945 in his studles of olefins and oxides of ni-
trogen.

Alshuller and Cohen (2) studied the isoprene and nitro-
gen dioxide reaction in gas and liquid phases., Oxldation as
well as nitratlion was observed in the gas phase reactlion.

In the liguid phase reactlion only nitration appeared to be
the type of reaction leading to organic nitrates and nitroso
Qomﬁpunas. The oxidation products seemed to be ketones and
acids,

.This conclusion was in partial agreement with Lelghton
(59) who stated that in tha nitro gen dioxide and olefin re=-

aqtion, in the majority of cases, the aldehydes and ketones
éorr68ponding to additlon of an oxygen atom to one end of
the olefin moleculs with aksplit at the double bond are among
theAproducfs. In some caées sﬁall amounts of aldehydes with
the same number of carbons as the olefin were formed.
Alshuller and Cohen also reported that the infrared
spectra of the products of isoprene and nitrogen dioxide re-
action showed weak bands In the 8«9 micron region which could
be the strong C-0 bands of nitro alcohols, The presence of
1,2« or 2,3~ dinitro compounds was not proved conclusively.

Alshuller (1) in 1958 noted a white condensation product
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on the walls of the olefin and nitrogen dioxide reaction ves-
sel. An oily component was included in the white condensate
which contalined primary and secondary nitro compounds and
alkyl nitrates. The alkyl nitrates most likely were formed
by the associatlon reaction of alkoxyl radical and nltrogen
dioxide

RO* + NOp =——— RO-NOp (58)
Alshuller (1) also observed aliphatic alcohol absorbance
bands 1n the infrared spectra of the condensate. The react-
ivity of isoprene with nitrogen dioxide in the gas phase was
compared wlth other olefins. It was determined that the di-
olefin; lsoprene, was more reactive with nitrogen dloxide
than ?hé dlefin with an internal double bond, 2-methyl-2-
butéhe; and both of these compounds were more reactive than
the:externally double bonded olefin, l=pentene. Thils was
proved by the more rapid and complete disappearance of the
olefin from the gas phase and the concurrently greater

quentity of condensation product formed.
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X PTR TMRNTA T,
I. Reagents and Apparatus

; The compounds listed below ﬁere used in preparing sam-
ples fof infrared spéétrdphotometric}analysis and fér obé
taining data with the low temperature infrared cell pro=
radnma_ ‘ |
. isopfene (2-methyl~1,3-butadiene)
dpura'gfadé, 99 mole % minimum,
Special‘Products bivision,
Phillips}Petrblepm Company.
. Nitrogen dioxide (dinitrogen
tefrdkidé),‘99.5 méie %'minimum,
Matheson Comﬁény; Inc.
Perkin~Elmer Corporation Modél 221 Infrared Spectro=-
photometer equipped with scale expansion and a sodium
chloride prism.

' Cold cell (described in later section of this thesis),
" Varian Assoclates Model G-10 Graphlc Recorder,
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IXI. Development of the Cold Cell

The cold temperature cell for infrared spectrophotoe~
metric studles was designed in such a manner which would per-
mit the cell to be used for trapping gas chromatography
fractions, obtaining infrared spectra of samples at various
temperatures, and studying chemical reactions. The cell
consists of two basic sections: 1) the liquid coolant res-
ervoir with the "cold finger" and 2) the outer jJacket with
appropriate windows as shown in Figure 1. The outer jacket
i1s constructed of type #30L stainless steel which has a sim~
1lar coefficisnt of expansion to copper and a low thermal
conductlivity so that the cold from the ligquid nitrogen is
not transferred to the windows. The walls are %" thick
welded to withstand L0 psi. Two 3/4" thick metal plates are
wolded on the inside of two walls and threaded to receive the
windows, the gaskets, and the lock nut., The base dimensions
are 4=3/4" by 5", The outer shell is 19-5/8" high, Holes
were tapped in this outer jacket to permit connections be=
tween the cold cell and the sample inlet, the vacuum pump,
and the manometer. The connections are made! by using glass
ball and socket joints and Swagelok seals, produced by
Crawford Fitting Company, Cleveland, Ohio., The top portion
of the outer shell of the cold cell extends outwards 3/4" on
all sides. Thils extended portion is designed to seal the

outer jacket and the coolant reservoir. They are held in



FIGURE 1

‘The Outer Jacket and the Reservolr with
the "Cold Finger" of the Low Temperature
Infrared Cell






LI

place by sizteen cop sercus. Tellon oyl silicone rubber [a0w
keto are used to menl the Joint (SC). Tho outor shell is 4i-

luptrated in Figuwe 2., The stainless gteel jockot waa beolted

;J

for U8 hours at £009C to remove oil.

The coolant reservolr (Figurc o) 1o constructed of olece
trolytic copper 99.77 pure, quenched at 1330°F which will
prevent deterioration up to =253°C. The reservoir consists
of a flat plato, bolted to the ouber jaclzet by screws, and
the coolant container with a "cold finor." The coolant »es=
orvoir 1s made from a 33" 0.D. coppor »ino, 11" lons, 3/5"
thick. Because conper 18 easlly silver soldercd to produco
Jointa that are lenk free abt lov termeratures and hog n high
thoermal conductivity and low emissivity, Lt was chosen fore
the asscmbly of the coolant rescrvoir, Thie minimum transler
of the cold is achioved by evacunting Letiwroon the outer ghell
and the regervoir.

Bocauge iz function of the "cold finser" (Figure L) is
to bring the sampie to the desived low temperatiure, the chos=-
o nmatoricl has €o have o hizh thermnl conductlvity. 2Acein
electrolytic copper, 99.7% purae, was chosen as tho maberi
suitable for this purpose. The lowor portion of the "cold
finger" is mnde from a 2" 0.,D, and 8" long copper rod. An
opening 13" X 1" through this rod nprovides space for tho
sample container and allowa the encr;y beam to pass throu-h.
On the bottom of the "cold finger" two holes were drilled

vertically in tho copper rod to provide space for the Chrome



FIGURE 2
The Outer Shell
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FIGURE 3

The Coolant Reservoir
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FIGURE I

The "Cold Fingcr"
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alox cartridge elements, 120 v, 250 watts, which are used as
heaters, Another small opening asbove the sample holder
serves as the exlt for the 36 gauge copper constantan ther-
mocouple leads.

The lower portion of the "cold fingcer" is silver solder-
ed to the coolant container and to the upncr portion of the
eold finger" which passes through the center of the coolant
reservolir. The upper portion of ths "cold finger" 1s 1"

0.D. and has " hole in its center through which the thermo-
couple leads and the elsctrical wires for the heaters pass.
The copper rod extends 6" above the top of the coolant con-
tainer at which point it is connected to the "cold finger"
cap by six cap screws. This final portion of the 1" 0. D,
copper tubing is 6" high. The cap seal is made with two Tef~
lon gaskets. The Teflon is used to prevent the cold from
reaching the final portion of the "cold finger." The open-
ing for the electrical wires is sealed with the Stycast
#2651 epoxy resin which i1s rated for use between ~100°F and

+};00°F,
The semple holder, on which the sample is condensed and

frozen, is an Irtran-2 window manufactured by Zastman Kodak
Company. It was selected because of its hish thermal con-
ductivity, shock resistance, non-reactivity with nltrogen di-
oxidé;4£ransmittance of enerzy in the 2-1; micron region, and
insolubility in water (l)i). The more common optical mater-

ials used in infrared spectroscopy, such as sodium chloride
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and cesium bromlde, react with nitrosen dioxide,producing sod-

: lum nitrate and cesium nitrate, respectively, which interfore

with the snalysls (3, 102), Sodium chloride also 1a affected

by thermal shock,

The sample window 1s held closely in the copper mount by
two microscope clamps. To obtaln a zood thermal contact be-

tween the gample window, the copper mount, and the coolaont,

Dow -silicone grease coating is pubt on the copper mount where

-the Irtran-2 window ¢omes in contact with 1t. Theo sample

window is 1 mm thiek, 38 mm long, and 15 rm wide.

The outsilde windows also are made of Irtran-2 materieal,
The entrance window 1s 9.5 mm In diameter and 3 mm thicl.
The exit window 1s 25,2 mn in diameter end 2 mm thiclk, Both

windows ere hermetically molded within an encircling anmnuler

'Steinless steel ring. The windows are held in ploce by u

lock nut. A silicone rubber gasket 1ls placed between the

’outer;hcket and the stainless steel rinb. A neoprens rubber

gasket is placed between the stainless ateel ring and the

lock nut to obtain a vacuum seal. The windows are useful in

in

the 2-1& micron wavelength range. From 44=9 microns a %

‘thick Irtran-2 plate transmitted 72% of the energy. From

2-l4 and 9-1; microns the materlal has a lower transmittance.

I1I. Study of Nitrogen Dioxide end Isoprene Reactlon

A, Reaction at 25°C.

The nitrozen dioxlde-isoprene reaction was studled in a
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10 em commercial gas cell with silver chloride windows. The
windows were sealed to the gas cell with Fluorolube obtained
from Hooker Electrical Company, Buffalo, New York. The cell
could be cleaned and reassembled rapidly with this sealing
agent. 'Also, the Fluorolube did not react with the nitrogen
dioxide. ‘ '

" The cell was connected to a vacuum pump and to the sam-
ple container. The samples, nitrogen dioxide and isoprene,
were in 500 ml round bottom flasks with stopcocks, The
flasks were joined to a glass tube with a three-way stop=-
cock which permitted the introduction of both gases through
the same inlet system without coming 1ln contact with each
other before entering the cell, The cell was evacuated while

in position in the infrared spectrophotometer for immediate
analysls. The connection was opened between the cell and

the flask with the nltrogen dioxide. A sufficient amount of
nitrdgen dioxide was collected in the cell to get a good in-
frared spectrum of the gas in the 2~15 micron region. The
frequencles observed of the nitrogen dioxide zas are listed
and compared with other workers® data in Table I. The same
procedure was followed In obtaining the isoprene infrared
spectrum (Table'II). The two spectra were compared and the
én;que'abéérbancé bands of each compound selected to be mon-
itbred‘during'the reaction (Figure 8,9). The absorbance bands
éélaqtéd forv£h18 purpose were at 11.20 microns, the strong-

est uniécmponent absorbance band for isoprene, and 7.95
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microns, one of the strongest nitrogen dioxide bands without

interference.

- Nitrogen Dioxide Added to Isoprono.. Isoprene Band
Monitored. Isoprene was placed in the 10 ecm gas cell, The

pressure exerted by the sample was 100 mm Hz. The nitrogen
dioxide Qoﬁtainer was connected to the cell, but the con-
nection ﬁaé kept closed. The infrared spectrophotometer was
set on tﬂeill.zo micron wavelength and the sodium chloride
prism 1ockéd in a stationary position to monitor the decrease
of isoprehé on addition of nitrogen dioxiée. The instrument

controls were as follows:

Resolutior 950

Gain Normal
I'Suppfession -

Drum Speed _f’ 1 cm/2_sec§nds

The drum was set In motion. ' Isoprene in the cell produced a
straight base line (point 1) since the concentration remained
unchanged. An-excess of nitrogen dioxide was added to the
lsoprene at point 2. A decrease 1in the concentration of iso-
prene, caused by the reasction with nitrogen dioxide, started
after one second (point 3). Part of this time was consumed

by nitrogen dioxlide reaching the cell from its container. A
white cloud was formed inside the gas cell from the reaction.

It is believed that this was the reagson for the increase in

abgorbance:(pointAh).n As the cloud cleared,. the absorbance
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decreased. However, the cloud prevented the determinatlon
of the rate of reaction. No change in the absorbance took
place 170 seconds after the addition of the nitrogen dloxide

(point 5).
0.0

Absorbance

H
"

0.1 ' 170
Time (seconds)

At this point the sodium chloride prism was unlocked and
the 2-15 micron range scanned. No remaining lsoprene was de-
tected in the cell. However, nitrogen dloxide was detected,
Therefofé}hit ﬁééUQVidehﬁlthat4iébﬁfena aid noﬁ'éxiSt in the
presence of excess niﬁrogen dloxide, at least not in large
enough quantities to be detected by the infrared methods
used.

 'Mitrogen Dioxide Added to Isoprene. Nitrozen Dioxide

Band Monitored. The instrument settinss were the same as in
the previous experiment except that the wavelength was set at

7.95 microns (location of one of the strongest nltrogen diox-

lde absorbance bands without interference). The same amount
of lsoprene was in the gas cell as before,and nitrogen di-
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oxlde contalner was connected but closed to the cell; The
drum was set in motion. No absorbance was present at 7.95
microns (point 1). Nitrogen dioxide was added,this time not
in:excess. (point 2)., There was an instantaneous increase in
the absorbance caused by the presence of nitrogen dioxide
{(point 3), The concentration of nitrogen dioxide decreased
0.7 seconds after the nitrogen dioxide was added (point ).
The white cloud appeared again in the cell (point 5), Equi~
librium was reached 56 seconds after the nitrogen dioxide

was added (point 6).

]

s .

8§

0 .

~

o]

2}

2
0 56
0.7

Time (seconds)

Examinatiop of the contents of the cell after the react-
1on‘refealed that pitfbgeﬁ'diéiidé was absent at the end of
reaction. waevef, isoprene was present. This proved that
nitroggn dioxide is not present, at least not in sufficient
quantity to be detected by the'infﬁared spectfoﬁhotomeber,

when isoprene 1s present in excess.
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Nitrogmen Dioxide Added to Isoprene. Reaction Product

Band Monitored. WNext, the formation of the reaction product

wag monitored, In order to do this, a spectrum of the re~
actlion product was obtained in the 2«15 miocron region and a
suitable band selected for the study of the formatlion of the
reaction product. The selected wavelength was 6,43 microns,
the atrongest unicomponent band of the reaction product,.

The drum was set in motlon. The lsoprene in the cell did not
absorb at 6.43 mlcrons., A straight line (point 1) was ob~
tained since the contents of the cell remained unchanged, Ni-
trogen dloxide was added (point 2)., An increase in the ab=
sorbance was caused by the immediate formation of the react-
lon product. The time which elapsed between points 2 and 3
was 2.3 seconds. During this time the white cloud was formed
which contrilbuted to the absorbance of the reaction product.
No change'ih the absorbance was noted 35 seconds after the

addition of;the nitrogen dioxide to the isoprense.

o
[ ]
(]

Absorbvance <«— —

et
-

0 2.3 ' 3.5
Time (seconds)
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Isoprene Added to Nitrogen Dioxide. The 7.95 Micron .
Band Monitored. The gas cell contained nitrogen dioxide, and

the isoprene was in the connected container. The nitrogen
dioxide 7.95 micron band was monltored by the same procedurs
as baefore. B The drum was set in motion. The nitrogen dloxlde
abgorbance gave a straight line (point 1) since no changes in
the concentratlion of the nitrogen dloxide took place at thils
time. 'Isoprene was added (point 2). There was an Immediate
reaction with a decrsase in the concentration of nitrogen di-
oxlde {point 3) due to the reaction with isoprene. The in-
crease in absorbsance, which was attributed to the white cloud
formatlon, started 0.7 seconds after the 1soprene was added
(point L), Equillbrium was reached 12 seconds after the iso=-
prene was added to the nitrogen dioxide (point 5).

(o]
[ ]
o

ft

Absorbance <«—

-
.
Ul

0 0.7 12
Time (seconds)

The variation in the time the equilibris were reached
was caused probably by the varilation in the amounts of the

reactants used. The gas cell was disassembled and cleaned
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after each exneriment because the walls of the cell were
covered with a yellow brown liquid, the reaction product of

nitrogen dioxide and lsoprene.

Isonrene and Nitrocen Dioxide Reaction Product. An Ine

frared spectrum was obtained between 2-15 microns after the
nitrogen dioxide and isoprene had reacted. The 10 cm gas
cell was left intact, and the reactlion product was analyzed
as 1t had settled on the sllver chloride windows of the zas
cell, The excess lsoprene was removed from the cell to
eliminate 1ts interference with the infrared spectrum of the
product. The product was a light yellow,'viscous liquid
which became darker and more viscous on standing. The pro-
duct eventually became a dark brown solid.

The infrared spectrum of the reaction product (Fig-
ure 5) had a strong absorbance band at 1553 em™! and 1380
cm™! along with medium bands at 3400 em™1, 2900 cm~1, 1650
em™l, 1460 em™l, 1320 em™l, 1280 em~l, 1200 em=%, 1020 em~1i,
950 em~l, 855 cm~l, 837 ecm~l, and 755 cm=l.

The reaction product definitely contains a nitro com-
pound as shown by the color, the solubility in sodium hydrox=-
ide, and the infrared spectrum (21, 90). In fact, the nitro
compounds constituted the majJor portion of the product. The
strong absorbance bands at 1553 cm™! and 1380 cm~l and the
medium band at 160 em~l showed that one of the reaction pro-
ducts is a primary nitro compound. Primary and secondary

nitro compounds exhiblt two extremely strong absorbance bands



FIGURE 5

Gaseous NOo~Isoprene Reaction Product

\ Inmmediately after Reaction at 25°C
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in the 1565~-1545 cm=l and 1383-1360 cm=l regions (1L, 18, 81).
Primary nitro compounda also have a characteristic band at

1160 om=l which 1s caused by the active methylene group.
This band is a valuable adjunct to the 1553 cm=l band in the

identification of primary nitro campounds (18),

The broadness and the shoulders on the bands suggest
that other nitro compounds also are present of which some
could be unsaturated. The =-NOp2 group has little or no ef-
fact on the C=C stretching frequency. However, the band is
intensified in both the alpha and beta nitro olefins. Con-
Jugation of the nitro group by attachment to an ethylenilc
double bond leads to a fall in the asymmetric and symmetric
-NOp stretching fregquencies, The -NOp stretching frequen=~

1 and

cles of donjugatéd nitro alkenes are at 155041525 cm”
1363#1333 em™1 respectively. The symmebtric stretching bands
is neariy as strong as the asymmetric stretching band in the
nitro alkenes, although in‘the nitro alkanes it 1s only one
fdﬁrthfas strong as ﬁha.asymmetric stretching bands. The
symmetric stretching band of =NO2 in the reaction product
waélstrong end had shoulders in the 1363-1340 em~l range,
indicating the possibility of the presence of a nitro olefin.
" 'The presence orf dinitro compounds could not be Verified
wiﬁhout furﬁher separdtion., The symmetrical -NO2 stretchihg
5and nofmally 1s split in the dinitro compounds (18). |
:The 1650 em=1l, 1280 em=~1, 855’cm41, and 755 cm=1 bands
were assigned to an alkyl nitrate compound. The alkyl ni-
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trate frequency range is 1639 t 13 em~t and 1279 X 7 em~1
(18), Other compounds indicated in the mixture were primary

aloohols by the 3400 ecm™%, 1320 em~%, and 1020 om™L bands
and a small smount of a carbonyl type compound by the
1730 em~1 band (13).

The mass spectrometric analysis of the yellow liquid
indicated that the mixture contalned a nitro compound with
the molecular welght of 113 grams/mole and with the struc-
tuwal formula

CHpo=C«-CH=CHNOp
CHj
The peaks in the lower regions and the peak at m/e 30 indi-
cated other nitro and unsaturated campounds (98). However,
the conjugeted unsaturation was not shown by the infrared
spectra.

The reaction product of gaseous lsoprene and nitrozen
dioxide was allowed to stand for one hour and then re-~exam=-
ined. Thils time the infrared spectrum (Iigure 6) showed
that definite changes had taken place during the one hour.
The -OH band at 3400 cm~! and the C=0 band at 1740 ecm=1,
shifted from 1730 cm=l, had more than doubled in intensity
proving that the reactlon product was undergoing oxidation.
The broad bands at 1090 em~l and 1020 cm~l indicated second-
ary and primary alcohols respectively. The largest increase
was in the organic nitrate content as indicated by the ex-

tremely lerge increase in the 1650 cm~l, 1280 em=1, 855 om~l,



FIGURE 6

Gaseous NOo~Isoprene Reactlon Product

One Hour after Reaction at 259
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755 cm™l bands. The 1553 cm™l band did not show a notice-
able decrease but the 1380 cm=1 and 1160 em=1 bands had
changed their shape, indicating the possible decrease in the
primary nitro compound content.

The conclusion from the infrared data of this study is
thaﬁl&t,25°c gaseous isoprene and nitrogen dloxide In the

preéence of a small amount of oxygen react rapildly and under-
go nitration as well as oxldation processes, forming numer-

ous compounds. This 1s 1n asgreement with the work done pre-
viously with nitrogen dioxide and olefins (1, 2, 19, 25, 73,
).
B. Isoprene in the Presence of NO2 at ILiquid Nitrogen

Temperature

The reaction of lsoprene and NOp, which was rapid at

250C, was studied at liquld nitrogen température. The low
temperature cell (Figure 7), described in an earlier section,
was used to cool the materials to the deslred temperature.
The cell was evacuated before the coolant, in this case
lJiquid nitrogen, was poured in the reservoir, The tempera-
ture of the Irtran-~2 window which served as the sample hold-
er was measured by the copper-constantan thermocouple with
a cold junction at 0°C, The temperature readings.were taken

from: a Varian Associates recorder. The thermocouple was calf
ibrated before use with liquid nitrogen, dry ice-acetone mix-
ture, and ice water. The readings obtained using these sub-

stances matched those in the copper~constantan calibration



FIGURE 7

Low Temperature Infrared Spectrophotometric Cell

in Opseration
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tables. The lowest temperature obtained was -1880°C, Thg_ 
cooling time from room temperature to =-188°C was 12 minutes
using liquild nitrozen.

When ths temperature became steady, the sample, stored
in a 500 cc flask, was introduced on the sample window
through a glass nozzle with a one millimeter opening direct-
ed on the Irtran~2 window. The infrared spectra of NOgland
isoprene were obtained in this fashion and compared with
thelr gas and liquid phase spectra, No NOp was observed in
the solid film deposited on the window (Figure 8). The ob=
served frequencies of the Nan bands are recorded in Table I.
The isoprene bands, when recorded immedlately after deposit-
ing the sample, were broad in the 11.2 micron regilon. Hotr=
ever, upon warnming the sample slightly, the bands became
well defined and split in meny instances (Fizure 9). The
frequencies of many fundamental vibrations shift toward a
higher frequency (Table.II). No chances in the frequenciles
were noted upon recooling.

After the indlvldual spectra of isoprene and Np0) at
~188°C were recorded, the reaction between the two compounds
was investipgated. Isoprene waa deposited on N20) at -188%C
while the infrared spectraphotometer was cycling between 5
‘and 8 microns at a rate of 70 seconds per cycle. In this
reglon isoprene, Np0y, NOp, R-NOp, and R~ONOp bands appear.
No decrease in isoprene was taking place. The infrared

spectrun of NpOj was superimposed on the spectrum of isoprene



FIGURE 8

A, NO2 Gas at + 25°%

B. Np0, Solid at -188%
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FIGURE 9
Isoprene Infrared Spectra
A, Gas  at +25°
B. Liquid at +25%
C. Solid at =~188%
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when the 2-15 micron region was scanned and recorded (Fig-
ure 10).’ No change was observed in the infrared spectrum
after 30 minutes.

Therefore, 1t was concluded that Ngcu and 1soprene do
not react at -188°C at a rate detectable by infrared tech-
niques.

C. Isoprene in the FPresence of NOp at -135°C and ~123°C

The sample was deposited on the Irtran-2 sample window
in the same mamnner as in Section B. As the sample was warmed,
infrared spectra of lsoprene and NpOj were obtalned in order

to record any changes taking place. At =-146°C to -142°C a
change in the infrared spectrum of isoprene was observed.

The change was in the frequencies observed in the crystal=-
line state to the frequencles measured in the liquid state
(Figure 11). The sample was warmed to -135°C. However, no
reaction was observed at this point.

Isoprene was added to NpOp at -1239C. The melting
point of isoprene is -16°C (56). Therefore, evaporation or
migration of isoprene down the sample holder could have
caused the decrease 1n the absorbance bands of isoprens
without 1ts reactlon with NZOQ’ The gas phase 1soprene in-
frared spectrum can be obtalned using this cold cell, but,
even though the volume of the cell was kept small, the vap-
ors of the sample are distributed throughout the cell and
most of the gas sample is not in the enerzy beam.

Because the lsoprene bands decreased without actually



FIGURE 10

A, Infrared Spectrum of Solid Néou on Top of Isoprene at

-188%
B, Infrared Spectrum of the Product of the o, Reaction

with Isoprens at ~75°c
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FIGURE 11

Isoprene at -lL;l;OG
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undergoing a resction, it was necessary to observe the form=
ation of the product band. The 5«7 micron rezion was selec=-
ted for monitoring the reaction as the decrease of the iso-
prene and Np0), bands as well as the increase in the reaction
ﬁrOduct’baﬁds'ccd1d be'observed at the same time. The ap-
pearance of the product bands was taken as evidence of the
reaction between isonrene and NQOM‘ The 5-7 micron region
wés é¢ahned"at}é spée&’of u# sécOnas,per cycle. No reaction
at -123°C was noticed.

The ﬁéoa;and 1soprens spectra obtained at =-1239C were
comnarad with the avectra obtained at lower and hicher temp-
eratures. The isoprene was a liquid at this temperature and
resembleduclosely the spectra of the isoprene at +25°C and
of the amorphous solid of 1sonrene at -1809°cC,. INER three -
spectra showed that the bands at ~ 890 om "l haa fused to-

gether. The crystalline iSOprene from -188% to 11;60
shcwed three well resolved bands and two’ definite shoulders

in the ccrresponding region. The spectrum of liquid 180Drene

at —123°C had wall defined narrow bands in tha 1500-1L00 em™%

region.k At +25“C these bands appeared as shoulders.
‘The N0k spectrun at -1239C showed that the 772 cm™t
and 782 cm -1 Yands presenb at -1889¢ had disabpeared. A

weak band appeared at 812 em™t

which was nct present at
lower temperatures; ThiS‘phenomenon also‘was obaerVed by
Snyder and Hisatsune (91). Otherwise no changes in fhe(NéOu

frequencles were noted upon warming the ‘solid phase sample.
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The Irtran-2 spectrum did not hinder the examination of
the N 0, and isoprens spectra. The only possible interfer-
ence was the broad, medium band between 1000—850'cm“l. The
absorbance of energy increased going from 1000 om™! toward a
lower frequency region.

D, Reaction at -111°C
Since the reaction of isoprene and NpOj had not taken

place at ~125 C, it was necessary to heat the sample above
this temperature. It was not desirable, for obvious reasons,

to warm the ﬁcqld finger" and the sample with ths electric
heaters from ~188°Q to abqve -125% using liquid nitrogen as
the coolant . Therefore; a new coolant, a mixture of ethyl
alcohol‘énd 1i§uid nitrogen, was used. With bhis mixture
the study of the reacticn was continued in the —135°C to
-759C range. ”

- The‘sample; Ngﬁu,’was deposited on the cooled sample
window abt ~188°C as descrlbed previously. Thén the coolant
was changed to the ethanol-liquid nitrogen mixture. The .
warming of the samble was conbtinued to -11100. Isoprene was
dapcsited on top of the Né " at this point ,A small,increase
in the 1650 em™t ‘band caused by the formation of the product
and a decreaae in the NQOM band were noted.

| This was considered the point where the isoprene-Naou
reaction started at a rate measurable by infrared methods.
However, the reaction was very slow and after 15 minutes a-

bout 904 of the reactants were still present.
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Es Reaction at —?SOC

The lsoprene spectrum obtained at ~75°C showed no dif-
ferences from the spectrum obtained at -125°C. The Np0)
spectrun, however, showed the disappesramce of the 1293 et
bend. This band was abtributed to an impurity, possibly NoO
(102).

The reaction between isoprene and NEOu became rapid at
=75 C. The reactlion wasg monitored as followa: The NEO& 5 oM
ple was frozen on the Irtran~2 window as before. The sample
was warmed to ~75°C and isoprene deposited on top of the
chu layer. The 5«7 micron reglon was scanned using the
cycling procedure with a speed of lJ. seconds per cycle.

The combinatlon spectrum of Isoprene and Np0) and the
spectral evidence of the reactlion is presented in Fijure 12.
The NgOb_bnnd is at 1725 em™l and the isoprene band at 1530

em™l. The decrease in the isoprene and the NpO) bands with

. -l
1, 16h0 en™, and

the appearance and increase in the 1706 cm”™
1550 cm"1 banda due to the reaction product illustrate the
reaction. The reaction can be prescnted as a concentration,
shown by the sbsorbance, versus time of reaction plot. The
concentration of HEO& (point 1) starts to decrease when iso-
prene ls added (point 2). At first the reaction is rapid

and then levels out until it reaches completion (point 3)

308 seconds after isoprene addition to ﬁzou.



FIGURE 12
Reaction Study Curves at ~75°c

Infrared Spectrum of Isoprene on Top of N20y

at the Beglmning of the Reaction
wemwwmweaw= Infrared Spectrum at the End of the Reaction

B. The Changes in the Infrared Specira from the Beginning
to the Ind of the Reaction
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The infrared spectrum of the product was obtained in the
2«15 micron region. It showed that isoprene was atill prés-
ent but Np0O) was absent. . A nitrate and & nitro compound
were shown by the 16l em™l; 1285 cm™t and 1552 em™i, 1380
em™1 bands respectlvely, The mizture of reactlon products
was no% stable as the band ratios changed upon standing and
upon warming of the sample. The 1708 cm"l band :could be
caused by a ketone. Ketones have been identified in the gas
phase reactions of NOo and olefins (2, 57). This band did
not appear in all cases of the low temperature reactions of
Nzoufand_isoprene;v;The Pfrequency is higher by sboub 3o-cm“1
than the one observed in nitrites..

Nitrites have been reported to be products-of.Nzou aﬁd».
olefin reactions (19, 60, 61), The nitrites have the N=0
frequency at 1681-1653 cm™! and 1625-1613 cm™, Both bands
are almost always double due to the co~sxistence of cls~ and
trans- forms (15). The nitrites are unsteble and in the -

presence of water form nitro alcohols (61). The weak 1660
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em™ band which‘degreased in Intensity could have been
caused by a nitrité;‘bﬁt poéitiﬁe préof cannot be made from
this study. The nitroso campounds which have a single band
at 1600 em~t also were not found at this time (16).

The reaction product of isoprene and NEOM obtained at a
low temperature had one outstanding difference from the pro-
duct of these two compounds on reaction of the gases at 
room temperabture. The products from the gas phase reaction
showed an extremely strong ~NO,> symmetric stretching banﬁ
which was of medium intensity in the low temperature re-
action. The nitro compounds were the predomlinant products
in the gas phase reaction, whereas a nitrate seemsd to be

the major product in the reaction at —7590. The broad, not
well defined, band at 130 cm™t in the low temperaturs pro-
duct suggested that a large mixture of compounds was present.
The products, when left overnight in the closed low temper-
ature cell at room temperature,produced carbon dloxide and;
nitrous oxide as evidenced by the absorbance bands at 2330

en™t and 2225 cm™t. The rest of the infrared spectrun re-

sembled that of the product analyzed right after reaction

but lacked definition. This could be caused by the formation
of many products, polymerizatlon, or the formation of soiids
which would cause light scattering. The products, viscous-
liguids and solids, were removed from the Irtran-2 window

by placing the window in a dilubte NaOH solution. Most of



the product was removed from the window by this treatment.

The remainder was scraped off gently.
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SUMMARY

A low temperature cell was designed for infrared spec-
trophotometric studies.” The cold cell consists of a stain-
less steel outer shell and a copper coolant reservoir with
a copper "cold finger." An Irtran-2 plate, used as the

sample holder, can be cooled by the "cold finger" to -188%
using liquid nitrogen as ths coolant., Electrlc heaters are

incorporated in this cell which permit an increase in tem=
perature during the sample study. The outside windows alsd
are of Irtran-2 material which does not react with the com~
pounds studied ‘and which ls extremely well suited for cold
tampetature work. This cell can be easily disassembled for
cleaning. The cold cell can be used for gas-liguid-solid
transition studies, reasction studies at low temperaturés;
and collection and examination of’gas chromatographic‘frac—
tions.

The low temperature cell was applied to the study of

isoprene and nitrogen dioxide infrared spectra in the +25°C



to ~188%C temperature range. It was observed that the ab=
sorbance bands narrowed upon decrease In temperature. In

the case of the crystalline isoprens, a change was noted in
the CH and CHé out=of-plang deformation frequencles of CH?&#
CRyR, and CH =CHR,. The change was toward a higher frequéﬁcy,
In numerous cases the crystalline samples exhlbited split
absorbance bands. The infrared spectra of the amorphous
solid samples resembled those of the liquid samples. No
changes in frequsncies of NOp and Np0) wers observed upon
changing the temperature.,
The low temperature cell was applled also to the pre-

lininary sbudy of isoprene-NOp reaction. The reaction be-

tween lsoprene and NO2 in the gas phase at +25°0 was rapid.
On addition of elther reactant in excess, The other reactant
was found to be absent. The reactants underwent nitration
and oxidation processes with the major products belng nitro,
nitrate and aleochol type compounds. | '

‘No reaction between isoprens and Np0y was observed be-
tween =188°C amd -115°C. At ~111°C the reaction was ex=
tremely slow. At ~75°C‘the reactlion was oonsidefably faster
then at -111°C. The major products included nitrates and
nitro.compéunds. Oxidationvaiso was noted in thavpréduéts

but to a smallexr degree than In the gaseous reaction.
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TABLE I
INFRARED SPECTRAL DATA FOR N02 AND Nzob_

Dinitrogen Tetroxide (Solid)

. Frequencies in cm -t

Wiener, R. N.,

o . ‘hsnyder, N 1% ) Fateley, This

‘hsaignment R.G.(91) 2 Nixon t al Work

Vo »O em™>

' (T 15 om™1) .

v12 asym. 738 738 em™* 739 em™t 741 .8

};502 b&nd (\T. so )

vis + R 756 756 (V.8.) 759 758 (s)

772 (s)

L %782 (s)

vy 1256 1256 (V.S.) 1253 1260(s)

NO stretch 1280 (m) 1283 (m)

Vg 1728 1734 {v.s.) 1735 1737(s)

NO. stretch H . S o

vg + R 1749 1760 (V.S.) 1747 1756(s)

# Bands disappeared upon warming.

Dinitrogen Tetroxide (Liquid)

Assigment Hisatsune (49) Bagun,'G;M. . This Uork
(11) -1,0°C

vy ~ 138 cm™t

Vio deformation W3 743 em™t

vy NO stretch 1253 1257 1260 (s)

vg NO gtretch 1737 1733 (broad) 1737 (s)



‘TABLE:i‘(conﬁinuéd)

Dinitrogen Tetroxide (Gas)

A%éignﬁent .Grazé P. , Perk%g?, WD, %??SG M, gggg
vy 160 om““

vy 265

Vé. 320

Va4 430

Vg 500

v, 68l 68l et

vipg 748 748 750 (V.S.) 749 m
deformation ,

vo  en 811 |  ~810 bu
vy 1133

Vi 1240 1260 1262(s) 1260 s
NO stretch

v 133L 1342

vy 1722 1722

v 177 1747 1748(s) 17Uk s

NO stretch




TABLE I (continued)

Nitrogen Dioxide (Gas)

Assigmment {(48) Schaffert, R. Herzberg Ds More, This Work
(86) (48) W.B.(26) 25%
L (al) 61 6L8 (s) .
755
v, (a )2 v, NO | o
1'% 1YY 1320
symmetrical {from 1306
stretching U.V,.) ~
(2 vo 27) 1373 1373 {w)
vy (by) v5 NO,
assymetrical 1628 1621(V,S.} 1621 1622 V.S,
stretching '
O (b,) 2220(m) 2215 m




TBIE IX

TERARED ABSQRBAICE RADS 0F ISOrRIND

Frequencies in cm™

w687 (1)

Apsignment e %
CiCH,(vinyl) CH abtretehing 3030 () 200 (s8) 8070 (m)
oy """ 2045 te) 2940 (s) 2965 (m)
oy " oo | 2905 (a) 2925 (m)
CI=CH-~ (vinyl) overtone 1835 (w) 1010 (m) 1839 (m)
CB=CH, (vinsl) overtone 2798 () : 1828 (m)
"calﬁz = oM, overtone 1780 (o) 1787 {m) 1800 (w)
=0 gtretching 1610 .(m) '15&0 ()

6=0 conjucated stretchin: 1660 (Y 1600 (8) 1599 (3)
CHy«C  asyrm, deformation w62 {q) 6o (m)‘ 260 (m)
Whi () 139 (m) ’1131;0 ()
Cll» in »lnno defavmation Wt {wr 113 (m) 125 (n)
1390 () 1380 (w)
Cll3=C  syrm. deformntion 1370 (u) 1372 {m) 1370 (m)
| 1329 (w)
1315 ()
CH in plane defommabtion 1300 (inr) 1308 () 1305 (w)
1298 (u)

1388 () 1177 (bw)

2073 (w)

1070 (w) 3067 (m) 1070 (m)

1037 {w)
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