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ABSTRACT

The research herein investigates two primary nuthoto synthesize
trifluoronitromethane, Cf;NO,. The first method, a photochemical synthesis, aiasovered by
the Thrasher group and published in 2002. Thigqa@mical method was the first one-step
method for generating GNO, and uses trifluoroiodomethane, {LFaNd nitrogen dioxide, -NQO
as the reactants. This process is initiated by2@ @m blue light apparatus that splits the
C-lI bond. The optimization and scale-up of thiacten had not been previously investigated.
The production of multiple grams of gNfO, in a single reaction turned out to be impractez
to the equilibrium of 2 -N&=—N,0,. However, the ideal conditions for the maximum
generation of CiNO, were found to be a total pressure of 0.3 atm,o&tsbmetric ratio of
1.1 : 1 of -NQ : CHRil, a temperature of at least 55 °C, and a readtioa of 18 hours. Even
though this method could not be scaled-up, it séffresents the fastest and least expensive
method for generating lab quantities of 1-3 graiSEsNO, via multiple reactions.

Because of the aforementioned limitations of thetpchemical method, a new method
for generating larger quantities of O, had to be discovered. This new method involves th
homolysis of the C-1 bond in GFat approximately 200 °C in the presence of ;NOa pressure
vessel. The increase in reaction temperature alltow the previous limitations due to the
2 NGO, ==N;04 equilibrium to be overcome, allowing for largeramtities, 10-100 grams, of
CRNO, to be produced in a single reaction. This metbhad be carried out over a large
pressure range, 10-60 atm; similar reaction tirhi8s24 hours; and with a modest increase in the

yield to 35-50%. A detailed kinetics study of tlmew preparative route was carried out by



following both the disappearance of {LBnd the appearance of £O,. The results yielded a
C-I bond energy for GFthat is in agreement with literature values. @awnpurification method
was also developed for the larger quantities ofNCF,, and the thermal properties of DO,
were investigated using an accelerating rate cakiry (ARC). The molecule GNO, was

found to be stable to almost 300 °C.
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CHAPTER ONE

INTRODUCTION

1.1  Background: Uses of CENO,

Trifluoronitromethane, CINO,, has been a characterized compound for at leagt&G.
It was discovered soon after trifluoronitrosometha@izNO, by oxidizing CENO with a variety
of different oxidizing agents>? Trifluoronitromethane existed in relative anongymfor
almost half a century with the occasional papeproposed use, but very little chemistry was
performed on CENO, due to the absence of a simple and scalable siath®ver the years
several uses have been proposed fogNCE, which include: (1) a solvent for optical
recording™ (2) a heat transfer fluiti* (3) a gaseous ultrasound contrast médig) a gas and
gaseous precursor-filled microspheres as topicdlisaibcutaneous deliver vehicfes(5) a solid
porous matrix for pharmaceutical usés(6) an acoustically active drug deliver systefrand
the two most promising uses, (7) a refrigefaamd (8) a dielectric gas or mixture gas for the
replacement of sulfur hexafluoride, SF'**°

The research presented in this dissertation willestigate the scalability of the
photochemical synthesis of @¥O, discovered in the Thrasher grotfd, a new high

temperature/high pressure method developed fopteparation of CINO, and how to scale

' No references were found for this proposal, betrthysical properties are similar to many refrigesa



this synthesis as well as a new purification methbdrger amounts of pure e¥O, are needed
to study some of its physical properties, such hes dcompound's thermal stability and its
atmospheric lifetime with respect to reaction whitydroxide radicals. We studied the thermal

decay of CENO, using an accelerating rate calorimeter (ARC).

1.2  Preparative Methods for Generating Trifluoronitromethane

Trifluoronitromethane, CiNO,, is a difficult compound to synthesize. Very few
effective ways to generate €O, have been reported over the past 50 years. Gbnevhen
synthesizing a compound, the number of steps, avbiyy of starting materials, conversion
factors and ease of purification need to be opehin order to have a potentially cost effective
preparative method. Several methods for gener&@irfO, have been reported, but most of
them fall short of an ideal synthesis in one waywother. The synthetic methods include the
following: (1) oxidation of trifluoronitrosomethan CENO, (2) thermal generation using
trifluoroacetic acid, (3) thermal decomposition ©FN(O)NCF;, acyl nitrates and molecules
formed from reactions with fluorine nitrate, (4)eefrophilic trifluoromethylation of sodium
nitrite, NaNQ, using Umemoto’s reagent, (5) random methods dhatnot easily categorized,
(6) photochemical generation using trifluoriodonagth, Ckl and nitrogen dioxide, -NQOand

(7) thermal generation using @fnd -NQ, which will be discussed in detail in Chapter 3.



1.2.1 Method 1. Oxidation of Trifluoronitrosomethane

Trifluoronitrosomethane, GRO, is a royal blue gas with a boiling point of -84 and a
melting point below -196 °C and is most commonlgtigsized by irradiating GFand -NO in
the presence of mercuty. Many different oxidizing agents were reacted wW@RsNO with
varying degrees of success, producing a trace t6o~¢@lds of CENO, and the results are
summarized in Table 1. Often during these oxidatreactions, byproducts are formed

complicating the purification.

Mn207, KMnO4, MnOZ(Hg), PbOZ, Cr03, Hzoz, 02, SzFlo CF3N02
CF,NO > Traceto
NaOHgqy, NaOCl, NaHPQ CH;PHO,Na, NO or Heat 90% Yields

Most of the reactions require multiple purificatisteps in order to isolate the £DFO,.
In most cases, temperatures above 100 °C are eeqtor the reaction to proceed. Since
trifluoronitrosomethane, GRO, is expensive and not readily available, a besignthetic

procedure is desirable.



Table 1.1. Successful Oxidizers of GNO

Oxidizer % Yield Listed Byproducts References

Mn>O; 49% NA 1.12, 1.13

CrOs 38% NA 1.12, 1.13

PbG 37% CQ, Si/, COR 1.12,1.13

PbQ trace NA 1.13,1.14
S;F1o NA CRN(SK)OSk, SOR, SK;, 1.15

CRNNCR;

O, 80% 1.1,1.13
H,0, 80% 1.1
NaOH 80% CENN(O)CHR; 1.16

NaOH NA CRENNOCK 1.1,1.19
Heat/Carbon 100 °C NA CQFCENN(O)CHR; 1.1
Heat 250-300 °C, 1-2 min NA NO, (@ENOCH;, (CRNF),, 1.17

COR,

-NO NA (CEF3)NONO, -NQ, N,0 1.13,1.18

NaOCI 90% NA 1.19

1.2.2 Method 2. Thermal Generation Using Trifluor@cetic Acid or Trifluoroacetic

Anhydride

Two similar thermal methods for generatingsNB, were reported by Boschaf! and
Scribner-?*22 Their synthetic pathways exploited the thermalageof a trifluoroacetyl nitrate,
CRCOONG, an intermediate formed from either trifluoroaceanhydride (Boschan) or
trifluoroacetic acid (Scribner) and -N@s the starting materials. Both reactions prodeexsligh
a very similar mechanism as shown in Schemes H1 1%

The Scribner reaction was carried out at 200 °C~@rhours; no isolated yields were
given, but analysis of the product mixture by GC/M&s chromatography-mass spectroscopy,
gave a conversion of ~30%. Attempts to reproducebBer’s results will be discussed in

Chapter 3. This reaction was also applied to lopgefluoroalkylcarboxylic acids, i.e., adding



the nitro group to the end of perfluorocarbon rabichains, and the results indicate that the

mechanism is probably the same as for the thersaakion of perfluoroalkyl iodides with -NO

CF;COOH + 2 NQ———| o= J{ N + HNO, ——> CR3NO; + CO, + HNO,

Scheme 1.1. Proposed Mechanism for the Generatiori €F3NO, Using Trifluoroacetic

Acid and -NG,

(CF5C0),0 + HNO3 ==== CF,COOH + 1/2 (CF5C0),0 + 1/2 N,Os =——=

. +/
CF,COONO; >|o—c( )Q — > CRNO, + CO,

O
Fs

Scheme 1.2. Mechanism for Cf;NO, Generation Using Trifluoroacetic Anhydride

The Boschan method follows a similar mechanisntheo Scribner reaction with a few
notable exceptions. The reaction is performed itricnacid at 100 °C, and both reactions
progress through the same trifluoroacetyl nitratermediate once the trifluoroacetic anhydride
has been split and protonated by the nitric acithiog trifluoroacetic acid. Boschan’s method,
Scheme 1.2, produces very little 8F0,, 7% yield, due to formation of J0s, which decays at
100 °C. The formation of )Ds reduces the amount of trifluoroacetyl nitrate fednand the

nitrate intermediate must be formed in order fazastboxylation to CENO, to take place.



Scribner’s synthesis is proof that 8fO, is stable at 200 °C, and the Scribner reaction

allows for a broader application to perfluoronilkaaes.

1.2.3 Method 3. Thermal Decomposition of Molecules

Another method used to synthesize3;l®6, is the pyrolysis of large molecules into
smaller components including the desiredsDB, molecule. Examples of this method include
(1) the decay of the product from the reaction leetwfluorine nitrate and tetrafluoroethylene
and (2) the pyrolysis of GN(O)NCF.

The decay of perfluoroalkyl nitrates into 45/, was demonstrated by Caey al.**
They found that small quantities of fluorine nigaFONQ, react almost quantitatively at room
temperature with tetrafluoroethylene;Rg; forming CENO, and COFE from the decay of the
intermediate gFsONO..

The pyrolysis of CEN(O)NCF; occurs slowly at 300 °C, cleaving the N=N bond
ultimately forming CENO,, (CR;N), and CENCF, among other products® The temperature
at which the pyrolysis occurs may be problematictifie formation of CENO,, which begins to
decompose at temperatures between 275-290 °C (saptef 5). Any preparative method
involving elevated temperature must avoid tempeestwhere the desired product itself decays;
however, more detailed information on the thermabiity of CRNO, had not been reported
prior to this dissertation.

The thermal reaction described in Method 2 can dsodescribed as a thermal

decomposition reaction where the trifluoroacetytate intermediate decays into 45FO,.



1.2.4 Method 4. Electrophilic Trifluoromethylation Using Umemoto’s Reagent

This referenced method developed by Shre\a. is the latest published procedure for

+n

preparing CENO,. This method is a one-step reaction that utilibes"CF"” transfer ability of
Umemoto’s reagent, S-(trifluoromethyl) dibenzothhepium tetrafluoroborate, in an
electrophilic trifluoromethylation transfer to sadi nitrite, NaN@, in DMSO at 80 °C:* This
reaction gives excellent yields, 90%, and has & \w#mple purification method involving

vacuum removal of the gaseousz;NB, from the DMSO solution (Scheme 1.3).

80°C, 12 h
+ NaNO,

CF3NOZ + Na+BF4-
DMSO

S\

S
BF,

F3

9]

Scheme 1.3. Generation of GNO, Using Umemoto’s Reagent

The main downside to this method is the very hight of Umemoto’s reagent; at ca. $50 per
gram (SynQuest Laboratories, Inc. 2007/08 catalpthes cost of a large-scale synthesis would

be prohibitive.



1.2.5 Method 5. Random Methods for Generating CGINO-

In several published procedures,sNB, was produced only as a byproduct. The yields
are typically low, and no attempts were made tanupe the reaction conditions for making
CRENO..

An early example involved condensing NOCI intdask containing liquid oxygen and
slowly adding CECO,Ag. This mixture was then warmed to -10 °C, shalegd any unreacted
NOCI was removed by distillation. After severagsto-trap distillations, a 13% isolated yield
of CRNO, was recovered?®

A second example was performed in an autoclav&@t°C and involved the mixing of
BrCFNO; and CIk, which produced only trace amounts of38B,. This finding was not
investigated furthet*

A third example involves reacting trifluoronitrosethane, CENO and ammonia, N
in ether at -115 °C. In this reaction, the3NP is acting as the oxidizing reagent. Trace
amounts of CENO, are formed. The major products are hexafluoroamgeethane,
CF3(NO)NCFs, NH4F and (CE).NOHE®LO.*?’

A fourth example involves the conversion of AR — 2RNO,; + RN=NR; (R = CRK
or n-CsF;) by decomposition of the free-radical copolymerngmated from reacting
hexafluoropropylene (HFPO) with an excess of pertit2,5-diazahexane 2,5-dioxyl producing
the polymer shown in Scheme 1.2 Pyrolysis of this polymer gives a 62% yield of 89,
but it is obviously problematic due to both thetcassd the huge amount of byproducts formed
during the reaction. The exact decay mechanism masconfirmed, but three possible

mechanisms were proposed, and they are summarmz&theme 1.4. The major difference



between mechanisms is the number oM molecules that add across the polymer. In this
reaction, heat is also required to propagate tlwaydef the polymer, and the only other major

decay product is (GJNON(CFs),, which can be easily separated fromsl6, by distillation.

CFgNO 'CF3NOZ
VW CF,CF,N(CF3)0e —>—3 W\ CF,CF,N(CF3)ONCF3 ——————>

o

NN CFZCFZI:ICFS
Scheme 1.4. Proposed Mechanism for the Formation &fFsNO, from Free Radical

Polymer
1.2.6 Method 6. Photochemical Generation of GNO,

In 2002, Lu and Thrasher introduced a one-step odetbr generating GJNO, from
commercially available GFand -NQ.>** The activation energy for this reaction was pied
by a diazo blue light. The diazo blue light'gsax is centered at 420 nm and is sufficient to break
the C-I bond forming the trifluoromethyl radicaCFs, which reacts with the nitrogen dioxide
radical, -NQ. The single electron of the -N@adical is delocalized over all three atoms and
forms both (1) the O-bonded and (2) the N-bondetkoute.

The N-bonded molecule is the stables86, product, while the O-bonded molecule,
FsCONO, is not stable at reaction conditions and quiickly and irreversibly decay into CQF
and FNO.(Scheme 1.8)'* This reaction was discovered to not be scalaklohd 3 g of
product in a 16-L reaction vessel due to the teatpee and pressure dependent equilibrium

between 2 -N©@=—= N,O4, which will be discussed in detail in Chapter 2.



® N02 _— N204

CRy 4200 e L,

2 Jo——> |,

2+Ch CoFe Not typically

eNO, + Ie INO, observed pathway

CRNO,
33%

«CF; ++NO,

FsC——ONO > COF, + FNO
66%

6 FNO + SiQ —— (NO),SiFg + 2¢NO + 2 NQ

Scheme 1.5. Photochemical Generation of GRO,

A similar photochemical reaction was found by Jareleal. Shaking and irradiating
trifluoroiodomethane, GJ, with an excess of -NO and a small amount of omgravith UV light
generates GINO. If the reaction was not shaken and the pressuas kept under an
atmosphere, GJNO, was generatetf?®

A series of kinetic studies were done in the 198Dl 1990s investigating the
combination of the -GFwith -NG, radical using ultraviolet light or a pulsed lassran energy
source of the C-X bont®®**° The photolysis was achieved with 248 nm waveletight,'*°
while the wavelength of the lasers was varied facheexperiment. Surprisingly, very few of
these studies observed evidence for the generafi@~NO,. All agreed that the O-bonded
product is the major pathway, which decays into ¢@fd FNO, even though FNO is not
typically detected due to its high reactivity. TRRO molecule is isoelectronic with ozone;; O

and similar to ozone, FNO is a strong oxidizer.otder to handle FNO, special materials such
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as Monel or PTFE are necessary. The studies seegrée that once formed, the O-bonded
molecule decays before it has a chance to dissobatk into -N@and -Ck radicals. The best
explanation for the lack of GRO; in these experiments is the photo sensitivity 65ND,.
Rossiet al. found that CENO, absorbs light at 277 nm, and shorter wavelengthdergoing a

n — 7* transition followed by the cleavage of the C-Nnkdd*° With the N-bonded product
being the minor product, it is quickly destroyeddeang to the eventual formation of only FNO

and COE.

1.2.7 Method 7. Thermal Generation of CENO,

Perfluoroalkyl iodides are known to break up andfdom perfluoroalkyl and iodine
radicals at elevated temperatures. At 200 °@)iNs entirely dissociated into -NQadicals.
Therefore, it was reasonable to give this direcutgoa try. Thermal cracking of
trifluoroiodomethane, G, in the presence of an excess of ;,N@ms CENO, with isolated
yields between 37-54%. This method leads to theedayproducts as the photochemical method
namely COE, FNO, andJ. The thermal method has been used in batchgs tf .10 moles of
CRsl. Since the reaction is not exothermic, the am@amerated is limited only by the size of
the reactor. With this new synthetic method foneyating larger quantities of g/O,, a more
effective method of purification was needed. Thecpdure that accomplished this task will be

discussed in Chapter 4.
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1.3 CF3NO; as a Replacement for Refrigerants or Dielectric Gses

With the high temperature/high pressure synthatthod, large quantities (e.g. 300 g) of
CRNO, can now be prepared. This will allow the testofgsome of the proposed uses of
CRNO; in the aforementioned pateﬂts.ln order to determine if GRO, will be a viable
replacement for the current or dielectric gasegerse properties need to be measured. These
include cost, environmental benefits/detrimentsGé#:ENO, compared to the currently used
compounds, and the range of its stability overtémeperature, pressure and electrical conditions
that will be applied.

A major sticking point for new compounds to beeesled into the environment is their
global warming potential, GWP, their ozone deplefmtential, ODP and the radiative forcing,
RF, must be assessed. Calculating the GWP is depeon the RF, and these values are closely
related. A high value of any one of these propsrtan result in detrimental effects on the
environment. This means the compound would prghbabt be suitable for commercialization.
Another important variable is the reactivity of tmlecule with -OH in the atmosphere. If the
-OH radical can break down a high GWP molecule mtdecules with lower GWP. This would
offset the damage caused by the initial molecutmnahg for the possibility of that molecule to
be used more liberally. All these factors mustimeestigated before mass producing a new
compound that has the possibility of entering tdrenment.

There are two types of radiative forcing: adjus#®BF, and instantaneous, IRF. ARF is
calculated with the assumption that there is adfixatial tropospheric temperature and a
radiative equilibrium in the stratosphere. Witlegh two variables made constant, ARF is now

the change in the net total of IR, visible and WAdiation flux, F, due to the changes in gas

" Several specialty catalogs list {5, for sale, but upon inquires, no orders for anynijtawere accepted.
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concentration. The IRF is calculated when theiahistratospheric temperature is fixed as
well M4

Global warming potential, GWP, has been integratéaol the RF concept to create the
absolute global warming commitment, AGWC, calcwiati This is the formula, Equation 1,

used to calculate the values in Table 2:
t
GWGC(t) =] AFOx(r) dt (Eq. 1)

AFX(t) is the gaseous substance, and the time ecaldulated are typically 20, 100, and
500 years. This number is usually compared te With the relative value of 1.

Ozone depletion potential, ODP, is defined aspgbeential of a substance to destroy
ozone compared to C4H. It is a relative value, and the ODPs of manyemn refrigerants are
shown in Table 1.2.

Using CENO, as a replacement for refrigerants is less promighran its use as a
dielectric gas. Ever since chlorofluorocarbonsC&Fwere found to be detrimental to the ozone
layer, replacement refrigerants, minus the ozongetien potential have been investigated.
Hydrochlorofluorocarbons, HCFCs, and hydrofluorbcers, HFCs, were the first replacement
compounds, since they had less of an environménizct but not significant enough to be a
long term replacement. These compounds are nowglpiased out as wélf? A summary of
many common refrigerants and some dielectric gasat$, their estimated environmental
lifetimes and GWP, are summarized in Table'f2.

As a possible refrigerant replacement, sl 6, must have a significantly lower GWP
than the current refrigerants, and no harmful bgipots should be produced when it breaks

down in the atmosphere. The GWP 0of;N8, to date is still unknown and must be determined,
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but CENO; is known to photodissociate under irradiation rabelow 277 nm creating -GRnd

‘NO.. The quantum vyield has not been determined, saddgree of photodissociation in the
atmosphere and hence its lifetime is still unknd#h. Nitrogen dioxide is a major pollutant
especially in the lower atmosphere, and its lewts monitored closely, especially in major
pollution areas. If the photodissociation ofs8B, is too fast in the lower atmosphere, it will be
very problematic as a replacement refrigerant. nEv®ugh CENO, has many advantageous
properties needed in a viable refrigerant replacgéms&ich as boiling point, bp, in the range

between -20 to -40 °C, high chemical resistancegamud thermal stability, the decay products of

any leaked CENO, may be just as problematic as a compound witlyhdniGWP.

Table 1.2.  Global Warming Potential of Various Compunds-*3
Common Chemical Lifetime Radiative Global ODP
Name Formula (vears) | Efficiency Warming [relative to
(W m? Potential CClIsF]+2
ppb™) for Given
Time
Horizon
20 100 Years | 500
Years Years
Carbon CcO, 1.4 x 10 1 1 1 0
Dioxide
Methane CH 12 3.7 x1d 72 25 7.6
Nitrous N,O 114 3.03x18 | 289 298 153
Oxide
CFC-11 CCIF 45 0.25 6730 4750 1620 1
CFC-12 CCl,F, 100 0.32 11000 10900 5200 0.82
CFC-13 CCIR 640 0.25 10800 1440 1640
CFC-113 CCGIFCCIR 85 0.3 6540 6130 2700
CFC-114 CCIRCCIF, 300 0.31 5040 10000 873(
CFC-115 CCIRCF; 1700 0.18 5310 7370 999(
Halon- CBrFk; 65 0.32 8480 7140 2760
1301
Halon- CBrCIF, 16 0.3 4750 1890 575 5.1
1211
Halon- CBrF,CBrF, 20 0.33 3680 1640 503
2402
Carbon Ccd 26 0.13 2700 1400 435
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Tetra-

chloride
Methyl CH;Br 0.7 0.01 17 5 1
Bromide
Methyl CHsCCl, 5 0.06 506 146 45
Chloroform
HCFC-22 CHCIE 12 0.2 5160 1810 549 0.05
HCFC-123 CHCICR; 1.3 0.14 273 77 24 0.022
HCFC-124 CHCIFCF 5.8 0.22 2070 609 185 0.022
HCFC- CH;CCLF 9.3 0.14 2250 725 220 0.12
141b
HCFC- CH;CCIF, 17.9 0.2 5490 2310 705 0.065
142b
HCFC- CHCLCF,CF; 1.9 0.2 429 122 37
225ca
HCFC- CHCIFCECC 5.8 0.32 2030 595 181
225ch IF,
HFC-23 CHR 270 0.19 12000 14800 120( 0.0004
HFC-32 CHF, 4.9 0.11 2330 675 205 0
HFC-125 CHECF; 29 0.23 6350 3500 1100 0.00003
HFC-134a CHFCR 14 0.16 3830 1430 435 0.000015
HFC-143a CHCR; 52 0.13 5890 4470 1590 0
HFC-152a CHCHFR, 1.4 0.09 437 124 38 0
HFC- CCRCHFCHR 34.2 0.26 5310 3220 1044
227ea
HFC-236fa| CCECH,CF; 240 0.28 8100 9810 7660 0
HFC-45fa | CHECH,CF; 7.6 0.28 3380 1030 314 0
HFC- CHiCFRCH,C 8.6 0.21 2520 794 241
365mfm F;
HFC-43- | CRCHFCHF 15.9 0.4 4140 1640 500
10mee CFCKR
Sulfur S5 3200 0.52 16300 22800 32600
Hexa-
fluoride
Nitrogen NF; 7400 0.21 12300 17200 20700
Trifluoride
PFC-14 Ck 50000 0.10 5210 7390 11200
PFC-116 GFs 10000 0.26 8630 12200 18200
PFC-218 GFs 2600 0.26 6310 8830 12500
PFC-318 c-GFg 3200 0.32 7310 10300 14700
PFC-3-1- CiFio 2600 0.33 6330 8860 12500
10
PFC-4-1- CsFi 4100 0.41 6510 9160 13300
12
PFC-5-1- CsFi4a 3200 0.49 6600 9300 13300
14
PFC-9-1- CioFis >1000 0.56 >5500 >7500 >9500
18
Trifluoro- SKCF; 800 0.57 13200 17700 21200
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methyl
Sulfur-
penta-
fluoride

Methylene CH.CI, 0.38 0.03 31 8.7 2.7 0
Chloride

Methyl CH4CI 1.0 0.01 45 13 4 0.02
Chloride

Fazekaset al. found the photochemical decomposition of s86, in the upper
atmosphere can undergo two main photodissociatimways. The first pathway is due to the
splitting of the C-N bond followed by radical recbmation to both the N and O bonded material
and the subsequent decay of the O-bonded matetial GOF, and FNO. This cycle will
continue until no CENO, remains. FNO will decay producing F-, and -NOilevthe oxygen
atom will react readily with various compounds e upper atmosphere including ozone. In the

second proposed decay pathway, Equation 2, an oxatgen is lost:

CRNO, + hv — CRNO + O (Eq. 2)

The majority of CENO, was destroyed after 1 hour of photodecompositfdnThese two decay
pathways may be problematic or they may balancé e#wer out. At the moment the exact
effect of CENO; in the upper atmosphere is unknown. The generaifo-NQ in the upper
atmosphere is not desired due to the destructioanobxygen atom typically used for the

generation of ozone, Equations 3-4.

NO, + O — :NO+Q (Eq. 3)

‘NO +Q — NGO + O (Eq. 4)
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These two equations are the natural source of odepétion in the upper atmosphere. The
other CENO; destruction pathway creates an oxygen atom whachactually be used to help
generate ozone. Depending on which destructionwagt is the dominate path the destruction
of CRNO, may not have a large detrimental effect on thenedayer.

Trifluoronitromethane, CINO,, as a replacement for sulfur hexafluoride;S&s a
dielectric gas in certain applications is promisirigulfur hexafluoride is the most used dielectric
gas/insulator and is used as an interrupting mediiuaircuit breakers, gas-insulated capacitors,
gas-insulated substations and high-fidelity loud&ees. Sulfur hexafluoride is used because it
is nontoxic and easy to handle. It is useful ogselarge temperature range, has excellent
dielectric properties and has excellent arc infging properties:*> Sulfur hexafluoride has the
downside of a high GWP and is difficult to destrogce it is formed. Due to its useful
properties, S§is used more every year, and loss through geoeratid use is a concern due to
its high GWP, see Table 2. For this reason, atere dielectric gases are being investigated,
and CENO, has been suggested as a possible replacementan Amdiluted dielectric gas,
CRNO, has not garnered much interest due to its high obgproduction. A mixture of
trifluoronitromethane (10% mass) with a good, inengive dielectric gas, such as &} would
greatly reduce CGF, carbonization. Carbonization is the decay of deside into elemental
carbon and other small molecufes. Carbonization is one of the major problems widibon
containing dielectric gases. A reduction of theoant of carbonization is highly advantageous
because other mixtures can now be tested witsiNOF and other dielectric compounds that are
more environmentally benign thanSFA low concentration of GINO, in such a mixture would

not have as severe an environmental effect as@iegeO, would.
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1.4 Preparative Methods for Other Perfluoronitroalkanes

Very few methods are known to introduce the nitroug into longer perfluoroalkyl
chains. The various perfluoronitroalkanes include linear or primary RCF-NO,, secondary,
R-CF(R)-NO, and tertiary RCF(R)(Rf)-NO> molecules. Only a few linear
perfluoronitroalkanes are known to exist, and exdasypvith perfluoroalkyl chains longer than
eight carbons are unknown. Furthermore, no exasnpl perfluoronitroalkanes with the nitro
group attached to either secondary or tertiaryaatoms have been reportedSome success
in adding the nitro group to perfluoroalkanoic acitas achieved by Scribnet>*#* For
example, using the same techniques described ihdde? in Section 1.2, nitrogen dioxide was
successfully added to linear perfluoroalkanoic acmth up to seven carbon atoms at reaction
temperatures under 200 °C.

Brice et al. carried out some high temperature (450-650 *“Q)prghase chemistry on
RiCFX (X = H, CI, Br, | and SGF) derivatives (see Scheme 1.6). They were natesstul in
adding -NQ to the perfluoroalkyl group. Instead, in all cesan acid fluoride end group was
formed, except when X = H or when a carbon wasiglted from the chain. This elimination
also forms a COfFmolecule for every carbon removed in this maniérBr, or I, was present
along with -NQ, the -CkRH group was capable of reacting and forming the #icioride after

hydrogen extraction occurréd®

" Abundance was determined by a search on SciFinder
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C7F1:CF,SO,F — > C,F;sCF,e + «SO,F
C;F1sCFs + « NQ———> GF;.COF + NOF
SOR, + GFsCR,SOF @F15ChRe + (SQF),

(SOF), + 2¢ NGQ———> 2 NOSEF

2
F AN
C7F1sCRye ++ NG—>
F15C7—C/10/ \O
F

— C7F15COF + NOF

Scheme 1.6. -N@Addition Mechanism for High Temperature Reactions

At these elevated temperatures, the loss of omeooe carbon atoms is typically due to the loss

of COFR, (see Scheme 1.7f°

C7F15CF2‘ + ‘NOZ—> C7F15CF20NO
—— C7F15CF20‘ + ¢« NO——>
CiFis+ + COR

Scheme 1.7. Mechanism of Carbon Loss from Perfluoadkanes in the Presence of -NO

Brice et. al. found that the reaction did not reach the readtiweshold until 450 °C, and
the product distribution remained constant untiD 8&. The ideal conditions for this reaction
were 550 °C with a contact time of 15-20 seconts.

Adding nitro groups to perfluoroalkyl compoundsais area that has definite potential for
expansion. The research described in this disgartadill focus on the generation of WO, by

photochemical and thermal activation. However, s@oouting experiments were also carried
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out on the thermal addition of -NQ@o linear perfluoroalkyl iodides, &Ci2, as well as the

secondary and tertiary perfluoroalkyl iodides.
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CHAPTER TWO
PHOTOCHEMICAL GENERATION OF

TRIFLUORONITROMETHANE, CF 3NO;

2.1 Introduction

Trifluoronitromethane, CiNO,, has been known for over fifty years. It was disred
soon after trifluoronitrosomethane, £FO, which garnered much interest for the making of
“nitroso rubbers” for the space progrdhA large number of oxidizing agents are found to

convert CENO to CENO; in various yield$:> **

Mn207, KMnO4, MnOZ(Hg), PbOZ, Cr03, Hzoz, 02, SzFlo CF3N02
CRNO »  Traceto
NaOH,q, NaOCl, NaHPQ CH;PHO,Na, NO or Heat 90% Yields

There is no inexpensive and straightforward symshies CFNO,, and multiple reactions and/or
purification steps are necessary to producgNChk. To date, there have bee no uses foyNCk
found. However, the lack of an efficient way tok@a&RNO; has not led to a lack of proposed
uses. Trifluoronitromethane has been proposedsasvant for optical recording materfalas a
heat transfer fluid?> as a gaseous ultrasound contrast mebi@s a gas for gaseous precursor-
filled microspheres used for topical and subcutasedelivery vehicle$/ as a media for

generating a solid porous matrix for pharmaceuticsés’® as an acoustically active drug
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delivery systerh® and as a dielectric gas, pure or as a mixturefgashe replacement of sulfur
hexafluoride, SE>*° A simple one-step method for generating largentties of CENO; is
very desirable, particularly if any of the proposeses for this compound turns out to be viable.
In 2002, Lu and Thrasher published the first ompstynthesis of GNO,.** This
process involved the irradiation of iodotrifluoroth@ne, CEH, with an excess of nitrogen
dioxide, -NQ, with a diazo blue light sourc.(x = 420 nm):* The reaction is initiated by the
photochemical splitting of GF into -Ck and -l radicals. The trifluoromethyl radical, sCF
reacts with the excess -M@resent in the system, forming the desiregNEP, molecule in
33% vyield. The CENO, isomer involving the nitrogen to carbon bond isown as the
N-bonded molecule. The spin density of the fresetebn in -NQ can be found on the nitrogen
and the two oxygen atoms of the molecule. Thus, NHbonded molecule is not the major
product of this photochemical reaction. Instead thajor product of this reaction is the
O-bonded CEONO molecule. This molecule is formed when thes-@Bcts with one of the two
oxygen atoms. The O-bonded molecule is not stabtequickly decays into CQRnd FNO.
The compound FNO will react further with the glasfsthe reaction vessel as indicated in

Equation 1%*2

6 NOF + SiQ — (NORSiFs + 2 -NO + 2 -N® (Eq. 1)

All byproducts can be removed by several physicatl a&hemical procedures that are

summarized in Chapter 4. The overall photochemiadtion is shown in Scheme 21
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2+Ch CoFe Not typically

eNO, + I+ INO, observed pathway

CRNO,
33%

«CF; ++NG,

F;C—ONO —> COF, + FNO
66%

6 FNO + SiQ —— (NO),SiFg + 2¢NO + 2 NQ

Scheme 2.1. Mechanism for the Generation of GRO,

Since 2002, only one other reaction has been faobadgenerates GRO, in one step.
This reaction was reported in 2004 by the Shreetval. and involves the electrophilic
trifluoromethylation of NaN@ in DMSO using 5-(trifluoromethyl) dibenzothiopham

tetrafluoroborate as the trifluoromethylation agétheme 2.2

80°C, 12 h
+ NaNG,

CF3NO, + Na'BF,
DMSO

@

e
BF,

0

F3

Scheme 2.2. Alternate One-step Method for Generaiy CFNO;
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Trifluoronitromethane is produced in ~90% yieldtims reaction and is easy to isolate,
but the reaction is vastly more expensive due & dbst of the trifluoromethylation reagent
(ca. $50 per gram — SynQuest Laboratories, Inc7/@®catalogue).

One of the goals of this project was to determinéheé photochemical method was
scalable. Many variables such as pressure, tetopeyatoichiometry, reaction time and others
need to be considered to find the best conditiamstlie generation of large quantities of

CRNO..

2.2 Results and Discussion

The initial work in the Thrasher group focused be generation of SNO, using the
diazo blue light with small amounts of starting evéls at 25-40 °C. After the successful
synthesis of SINO,,>**?®the method involving the use of diazo blue lighstead of the
typical UV-light was expanded to make the alreadgwn CENO,. A typical reaction was run
under the following conditions: GH2.07 g, 10.6 mmol) and -N@0.874 g; 19.0 mmol), which
isa 1 : 1.8 stoichiometric ratio of @F -NO,, were added to a 4-L Pyrféxeaction vessel
resulting in a pressure of 0.18 atm. The yieldC&NO, in the reaction was typically about
0.40 g (3.5 mmol) or ca. 33% vyield! No attempts were made to scale up this photoatami

method to produce 5-10 g (or more) ofs8B, a batch.
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2.2.1 Properties of CENO,

Trifluoronitromethane, GINO,, is a colorless gas with a boiling point of -32%2€ The
YF-NMR spectrum of CHNO, shows a 1 : 1 : 1 triplet & = -73.6 ppm, with &°F to *N
coupling constantJey = 14.6 Hz. Thé*N-NMR spectrum is a quartet &t= 279.1 ppm with a
¥ to N coupling constant ofJey = 20.5 Hz. This splitting is possible due to thighty
symmetric environment of thé’N-nucleus®** The *C-NMR spectrum is a quartet at
8 = 113 ppm with a coupling constal¥c = 298 Hz'" The IR spectrum of GRO, has the
following stretching frequenciesy.NO, = 1627 cnit, viNO, = 1312 crit, vaCF = 1289 cnt

and 1273 cnl, v.CF = 1159 crit, v.CN = 862 cnit andvNO, = 751 cnt.>1!

2.2.2 Properties of -NQ@

Nitrogen dioxide, -N@ is an red-brown paramagnetic gas with a boilirgntp of
21.15 °C and a melting point of -11.2 & The -NQ molecule exists in equilibrium with its
dimer NbO4. While the lone electron of -NGs delocalized over all the atoms of the molecule,

the combination of radicals forms a nitrogen-nigodpond, Equation 2.

2 .NO == O,N-NO, (Eq. 2)

This bond is very long, 0.175-0.178 Ari,with a bond dissociation energy of 12.88 kcal/Afdl.
The NO, molecule is colorless and much less reactive theEdy. Temperature and pressure

equilibrium data for the system -N®,0, mixtures are shown in Table 2.1.
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Table 2.1. Equilibrium Ratio of -NO,/N,O, for Various Temperatures and Pressures'®

Temp. (T) K (eq), atm latm | O0.7atm |05atm [0.3atm |0.1atm
-33 1.418 x 10° 0.038 0.046 0.055 0.071 0.127

-13 1.194 x 10 0.166 0.139 0.170 0.221 0.41

7 7.418 x 10 0.312 0.383 0.467 0.645 1.31

27 3.612 x 10™ 0.806 1.021 1.285 1.855 3.817
47 1.443 2.123 2.793 3.65 5.65 15.361

Table 2.1 shows the concentration of Ndivided by the concentration of,8, at
various pressures and temperatures and the equitiizonstants, [, at those temperatures.
What is important to note is that with decliningegsures and increasing temperatures, the
concentration of -N@increases. The higher partial pressure of ,-NOkey to all of the
following experiments because it is the -NBat is the reactive species and is the crux ef th

chemistry for the photochemical reaction.

2.2.3 Analysis of the Photochemical Reaction Mixtures

The products were routinely analyzed f-NMR spectroscopy. IR spectroscopy was
used occasionally as a supplemental techniquertfircothe absence of NO At the end of the
reaction, left over CF (**F-NMR spectrum, singleé = -5.1 ppm) and occasionally small
amounts of CENO (**F-NMR spectrum, singlet = -89.8 ppm) are found.

Infrared spectroscopy is used to detect any M@npounds in CGINO, which contains
no other fluorine-containing impurities after a itgd purification, see Chapter 4. A visual

inspection of the condensed gases is a good imdichtthe absence of both VO and NO;
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due to their royal blue color at -196 °C. The;l© molecule retains this color in the gas phase,

while N,O3 dissociates into -NO (colorless) and JNBrown-orange color).

2.2.4 Sample Analysis

The sample purification performed before tfe-NMR spectral analysis is minimized, in
order to keep as many of the byproducts formedhduhe reaction present in the sample. After
the reaction, the volatile contents of the cylindere vacuum transferred into a clean metal
cylinder. The less volatile was left behind in the reaction vessel. Then&tas steel cylinder
was then cooled to -78 °C, and all of the volatilaterials were removed and placed in a fresh
cylinder. While most of the nitrogen dioxide remmbehind in the -78 °C vessel agy any
CRsl, CRNO,, CKNO and some pD; are transferred. A sample from this cylinder was
analyzed by°F-NMR spectroscopy.

YF-NMR spectroscopy was used to estimate the mol¥C®RNO, in the fluorine-
containing products, in all reactions, includingeacted CH. This was achieved by integrating

the two peaks resulting from these materials, ¥edd by using Equation 3:

Integraiatensity of CENO,
CRNO2 MOIYD = =-mmmmm e e e e o e e e e (Eq. 3)
(Integrated intensity of ¢NFO, + Integrated Intensity of GH

This method is not suitable to give reliable nunsbérthe sample is not completely in the vapor
phase due to the different vapor pressures @NOE and CEl. This was not a problem for the

blue light photochemical reactions where the ergample could be expanded into the vacuum
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line. From this value the %-yield can be back glalied. Many of the runs have lower than the
expected 33% yield, since not all of thesCiras been consumed. If no £was found, then the
isolated yield is shown. It must be noted thegt values for mol% of GO, given in this
work are calculated from the material present enghmple. Approximately 66% of the sample
decays into other byproducts, such as FNO and,C@ither of which makes it to the analysis

step. Therefore, the mol% of eNO- is only relative to the sample remaining.

2.2.5 Effects of Stoichiometric Ratio on the Genetn of CF3NO,

The stoichiometric ratio of the starting materi&élssl : -NO, was the first variable
studied. It is one of the easiest to investigatel it was assumed to have the smallest effect on
the overall reaction. With only two starting mats, CRl and -NQ, an excess of one or the
other is easily tested. Due to the close boiliogts of CENO, and CHl, -33 °C and -22 °C,
respectively, an excess of §€ks undesirable and would complicate the purifmatprocess.
The primary reason to consider -N&s the limiting reagent would be for large-scaldfication
purposes. If -N@were the limiting reagent, it would eliminate theed for many of the
purification steps that are necessary for removeafg over -NQ from the product CHNO..
However, the difficulty in separating excessszCiFom CFKNO. is the primary reason for using
an excess of -NO The co-reactant -NQvas used in excess in most batch reactions thag we
irradiated with super-blue light.

The stoichiometric ratios of GFto -NG, ranged from 1 : 1.1 to 1 : 5. The total pressure
at ambient temperature was kept near 0.3 atm meatition, and the reaction time was limited to

18 hours. The temperature inside the blue lighttien system rose during the irradiation to
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45-50 °C. Prior to each reaction, the reactionsgksvas washed with acetone, rinsed with
deionized water and then heated overnight at 17pri&@ to being evacuated. The results from
these experiments are summarized in Table 2.2.tiReacwith a ~3 : 1 molar excess of
CHRsl : -NO, were carried out in order to determine if otheprmglucts were formed when -NO

was the limiting reagent. The mol ratio of LF-NQO; is the starting stoichiometric ratio of the
reaction. The mol ratio of GF: CRNO; is the composition of the reaction mixture upon

completion. The mol% GINO, was calculated as described in Section 2.2.3.

Table 2.2. Stoichiometric Ratios of CH : -NO,

Experiment Mol ratio of CFal Mol ratio of CF 3l Mol% CF 3NO»,
to -NO, to CFsNO,
#1 1t01.06 1to0 3.50 77.8%
#2 1t01.13 1to 2.89 74.3%
#3 1to0 3.02 1.11to1 47.4%
#4 1to0 3.08 1to01.02 50.5%
#5 1to4.72 1to01.04 51.0%
#6 1t05.05 1t01.19 54.3%
#7 2.79to 1 1t00.44 30.6%
#8 237t01 1t00.35 25.9%

The results show that 18 hours were not suffictenibring the reaction to completion.
Runs #1 and #2 had the smallest molar excess of ai@® gave the best conversions. At the
lowest stoichiometric excess, the partial pressifitee -NQ is also at its lowest. This will push
the -NQ == N;O, equilibrium towards the -NfQOradical. When the difference in
stoichiometric ratios is larger, the opposite haygpeThe partial pressure op® is increased at
the expense of -NO

For the experiments with a 3 : 1 and 5 : 1 stoictatic ratio of -NQ@: CFK;l, the mol% of

CRNO; is ~50% for each experiment. With the total puesf these reactions at 0.3 atm, the
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results suggest that the partial pressure of,-MO these two stoichiometric ratios is similar
enough that the yield is not influenced. Becabhsedtal pressure is kept to 0.30 atm, every time
the stoichiometric ratio of -NQ CF;l is increased, the 2 -NOG=— N,O, equilibrium is shifted

to the right side.

The 3 : 1 CH : -NGO; reaction produced a large number of impuritiehie Targest and
only impurity whose identity was confirmed was higxaroethane, s (“°F-NMR spectrum,

d = -89.0 ppm), which consisted of 4.6 mol% of thgeon product mixture. Hexafluoroethane is
a logical byproduct in the radical reaction, bukdfeuoroethane was not observed when ;NO
was used in excess. Without any -NO react with, -Ckradicals can react directly with one
another to form gFs. Runs #7 and #8 were the only reactions whekg @as identified in the
reaction mixture.

Since a stoichiometric excess of -N®orks well over a wide range, especially if the
reaction vessel is kept well above room temperatumereasing the amount of gHn the
reaction is necessary for a scale up. A redudtiothe amount of -N@will allow a greater
amount of CE to be put into the Pyréxvessel while keeping the necessary excess of

‘NO,/N20s.

2.2.6 Effects of Pressure on the Generation of GNO,

Initially, the experiments for the photochemicahgeation of CENO, were done at a

total pressure between 0.5-1.0 atm. This turnetl toube an unworkable condition at

temperatures of 45-65 °C. A closer look at thentbtry of -NQ explains this lack of reaction,

see Table 2.1. This table gives the ratio of ;N®,0, at various temperatures and pressures.
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At 47 °C, a molar ratio of -N£ N,O, of greater than 5 : 1 only exists for pressures than or
equal to 0.3 atm. The partial pressure of ;N@reases as the temperature increases and the
pressure decreases.

To better understand the effect of pressure onsylstem, a set of experiments were
performed with the total pressure at ambient teatpee ranging from 0.1 to 0.5 atm while
holding the stoichiometric ratio at 3 : 1 and tkaation time at 18 hours. A clean and dry 4-L
PyrexX’ reaction vessel was used in all runs. The readémperature reached 45 to 50 °C after
approximately 120 minutes. These results are sumeathin Table 2.3.

These results are problematic for the scalabilitythe photochemical process. To
achieve a better than 75% vyield, the total presshoeild not exceed 0.20 atm. The amount of
CRKNO, can be maximized by adjusting the stoichiomeitos of the two reactants, grnd

‘NGO, as close as possible, say 1 : 1.1, as demorsstragection 2.2.4.

Table 2.3. Results from Reactions at Various Pragses with a 3 : 1 Molar Ratio of

N->O4/-NO,: CF3l and 18 Hour Reaction Time

Experiment Pressure Mol ratio of CF 3l to Mol% CFE3NO»
(atm) CFE3NO,
#9 0.1 1to 230 99.6%
#10 0.1 1to 37 97.4%
#11 0.2 1to 4.68 82.4%
#12 0.2 1t02.85 75.0%
#13 0.3 1.11to1 47.4%
#14 0.3 1to 1.02 50.5%
#15 0.4 1 t00.62 38.2%
#16 0.4 1to0 0.56 36.0%
#17 0.5 1t00.47 31.8%
#18 0.5 1t00.36 26.4%
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Unless a flow system is created for a continuouscgss or some alternative method for
generating CENO; is found, the volume of our largest reaction vesk& L, sets an upper limit

of 1-3 g of pure CENO, per reaction in this set-up.

2.2.7 Effects of Temperature on the Yield of CINO,

Similar to pressure, temperature has a significaffiect on the equilibrium
2 ‘NG, == N;0O;. The higher the temperature, the more the equufi shifts towards the
‘NG, radical. For example, at a temperature of 10@i@€a pressure of 1 atm, about 90% of all
gas molecules will be -NO At 35 °C and 1 atm, the mixture consists of 78%,.%'® The
equilibrium was studied between 10 to 70 °C antess than 0.5 atm. Experiments #23-#26
were carried out at low temperatures by placing réeetor in a temperature-controlled room
held at 5 °C and activating the fan at the bottdrthe irradiation chamber to push warm air out.
The temperature measured at the half-height of réaetion vessel was typically between
10-13 °C. Elevated temperatures are reached byntahe fan off. Depending on the
temperature in the laboratory, the temperaturelethie super-blue light reactor was found to be
between 47-55 °C.

Unless otherwise noted, all reactions shown in &bl were run for a period of
18-20 hours. The product mixture was analyzed'#¥NMR spectroscopy following the
method described in 2.2.3. Instead of listing @ENO, isolated, which varies drastically
between runs (a typical photochemical reaction gille a yield of 22-33%), the conversion of

CFl into CRNO; is a better measure for monitoring the succes$leofeaction. The differences
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between the yields are often due to changes ipuh&cation procedure and will be discussed in
detail in Chapter 4.

Regardless of the stoichiometric ratio of sCt® -NG,, as long as the pressure of the
system was 0.3 atm or less and the temperatureeadd\"C, the amount of GFleft after

18-20 hours of irradiation was below the detectionit by **F-NMR spectroscopy.

Table 2.4. Temperature of Reaction at Various Presires and Stoichiometric Ratios

Reaction # | CRlto -NO;, | Pressure (atm) Temp. (°C) Mol% CF3NO>
#19 1t05.05 0.44 52 83.3%
#20 1to 3.22 0.30 50 100%
#21 1 to3.27 0.16 55 100%
#22 1to 1.56 0.14 49.3 99.4%
#23 1to0 4.87 0.30 12.2 30.6%
#24 1t05.21 0.30 11.7 27.0%
#25 1to 1.07 0.30 12.0 31.0%
#26 1to01.01 0.30 10.5 34.2%

When the total pressure of the reactants exce@dst®, the CH remaining at the end of
the reaction increases. This is due to the deeneagartial pressure of -N@nd the increase of
partial pressure of XD,. At elevated temperatures, the partial pressurBl@, increases enough
to drive the reaction to completion. When the temafure of the system is lowered to below
15 °C, little conversion occurs even with a relalyvlow pressure of 0.3 atm. This is due to
N.O4 now being the dominant species. At low tempemmtiRuns #23-#36, the stoichiometric
ratios have no effect on the yield of the reaction.

The blue light reactor has no temperature comitioér than a fan. The only way to raise
the temperature was to utilize the heat from thhtlitubes. Typical heating methods such as

heat tapes, heat guns or hot plates were not e#edue to space constraints or unwanted
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shading of light reaching the reaction vessel. tAapfactor that must be taken into account is
the effect of temperature on the pressure of teeegy. The higher the temperature the system is
operated at, the greater will be the pressure énthé reaction vessel. For safety reasons, the

pressure was kept below 1 atm but not monitorethduhe reaction.

2.2.8 Effects of Reaction Time on the Yield of GNO»

All reactions to this point have been run for 1846urs. If the reaction time can be
reduced, even slightly, more reactions can be dong shorter period of overall time, thus
producing a greater amount of 8FO, in the same period of time. A shorter reactionetimay
overcome the pressure problem that is limiting dliantity of reactants that can be used in a
single reaction. A series of experiments wereqraréd where the reaction was stopped after 1,
4, and 16 hours in order to determine if the 18@0Qrs of reaction time was necessary. The

results of these experiments are summarized ineTabl

Table 2.5. Effects of Reaction Time on the Genelian of CFsNO»

Starting Mole Ratio of Temp. Pressure (atm) Mol% Time
CF3| . 'N02 (OC) CF3N02 (h)
1to 1.9 41 0.15 20.7% 1
1t0 1.8 41 0.15 15.2% 1
1t01.8 41 0.15 18.2% 1
ltol.7 46 0.15 58.2% 4
1to 1.6 46 0.14 52.6% 4
lto21 45 0.16 67.1% 4
1t01.6 49 0.14 99.5% 16
1to 15 49 0.13 99.9% 16
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This series of experiments shows that the inreaction time chosen for this reaction
turned out to be sufficient to complete the reactio a temperature range of 40-50 °C. At
16 hours, the reaction has almost reached completid the reaction had been run for the
standard 18 hours, the amount of;Ckould most likely have been below the detectionitl
(vida supra).

If more heat could be added to the reaction, 8@,0a reaction time of 16 hours should
be enough to complete the conversion oklG6 CFENO,. Due to the previously discussed
problems with heating the system, a minimal benefiuld be achieved. A very fast decay of
CFsl into I, and GFg will occur at 300 °G?! but the photochemical reactor has no way of
reaching this temperature. A reaction temperatfre’lO °C was the highest temperature
observed. lodotrifluoromethane is thermally stablehe 10-70 °C range of this study. The
high-temperature chemistry of @Fwill be utilized in the large-scale preparatioh @FNO-

discussed in Chapter 3.

2.2.9 Other Variables Affecting the Yield of CENO;

Other variables were found to influence the reactiut it was more difficult to quantify
their effects. One such variable is the ever-chmnnterior surface of the glass reaction vessel
due to cleaning and drying procedures and theicgrnot the glass surface with varying amounts
of FNO. The side product FNO reacts with glassming (NO)SiFs, see Equation 2. On
average, 0.5 grams of Pyfewere lost during each run. This reaction causeglass surface to
corrode, which undoubtedly decreases the transparefithe PyreR vessel, decreasing the

ability of the super-blue light to pass through BygexX’. Another effect not accounted for stems
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from the production of iodine,.I lodine is continuously formed during the reacti@and it
collects as large crystals at the coolest parteefeaction vessel (often near the bottom) as well
as in a thin film covering the entire inside of tteaction vessel. This film is removed with
acetone. The reaction vessel was cleaned oncelg weless otherwise stated. Leaving iodine
in the reaction vessel does not appear to affecptiotochemical reactions. Mwas left in the
reaction vessel and another experiment was pertbiméhe “dirty” vessel, full conversion of
CFsl into CRNO, was still observed as long as the right presstemperature and time
conditions were used. The vapor pressure of iodirg9 °C in only 0.28 mbarr (0.22 torr) and is
continually removed from the gas phase by cryztilon. To check the effect of iodine,
mercury was added to the reaction vessel prioneéghotochemical reaction. The mercury was
intended to scrub iodine more effectively via tleniation of mercury (1) iodide, Hgl a red
solid with a vapor pressure of 0.001 mbar at 60 T®e removal of iodine by mercury is slow

and gave no improvement in the yield of the reactio

2.2.10 Generation of CENO

A small amount of trifluoronitrosomethane, 8, was occasionally observed as a
byproduct during the photochemical reaction. Tofonitrosomethane is a richly colored blue
gas with a boiling point of -84 °C. This allows feasy separation by  trap-to-trap purification
from CRNO,. This byproduct was most likely formed by a bkeft of the light coming from
the diazo blue lamps. The spectral propertiesheflamps will typically change after several
hundred hours of operation. When research wasmheguCENO was observed. By the end of

the experiments, typically 1-2% of WO was observed. This is important because,-NO
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photodissociates in high quantum yields at wavealedpelow 400 nm (see Figure 2.1) into
molecules such as,O>NO, and M%*?! This is one of the main reason why-8B, and SENO,
were not photochemically prepared until Thrashet lam switched to a super-blue light source
from the mercury-UV photolysis lamps typically used photochemical reactiofis?

Once formed, the -NO radical can react with the; /@Bical forming CENO.21% |f
the stoichiometric ratio of the starting materied8, and CHEl is low, 1.1 : 1, little possibility
exists for oxidizing the GJNO (with either @, -NO, or -NQ) further to CENO, and thereby
eliminating the CENO impurity. Fortunately, as has already been maeatl, CENO and
CRNO; are well separable, and the 8l© can be readily oxidized to RO, by a number of

method$? 23
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Figure 2.1. Wavelength  dependence on the quantum e&d for -NO,
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2.3 Conclusions

The goal of this photochemical study using the aiblue light reactor was to find the
best reaction conditions for producing £I©, from the photolysis of G and -NQ. The
scalability of the photochemical reaction betweénl@nd -NQ is controlled by the equilibrium
between 2 -N®@ =— N,0O,. Even under the best conditions, only a maxim@ir®386 yield of
the target molecule can be obtained as shown ierBeh2.1. The problem created by the
‘NO/N2O, equilibrium does not make the scale-up of the @tiemical method feasible.
However, the photochemical method is excellentsiorthesizing small amounts of §NO,, up
to 3 grams per batch in a 16-L reaction vessek {ést conditions found for generatingsRB,
with the diazo blue light photochemical method areeaction time of 18-20 hours, an initial
temperature and pressure of 20 °C and 0.3 atmectsply, a reaction temperature between
55-65 °C and a stoichiometric ration of -NGCR;l of 1.1 : 1. In this way, 1-3 grams of pure

CFRNO; are produced per batch.

2.4  Experimental Section

2.4.1 Instrumentation

Infrared spectra were recorded on one of thre¢ruments: 1) Bio-Rad FTS-40,

2) JASCO FT/IR-410 or 3) JASCO FT/IR-4100 infrasgmectrometer. The infrared spectra were

taken on gas samples at pressures between 5-2ftarrl0- or 20-cm glass cell fitted with

silicon windows.
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The *F-NMR spectra were recorded on either a Bruker 86z or Bruker 500 MHz
NMR spectrometer. All NMR samples were condenséal @ NMR tube (5 mm O.D., equipped
with a Teflon valve) on a vacuum line. Trichlorgdfomethane, CFglwas used as an internal

standard, and deuterochloroform, CR(@lried over BO,¢), was used as the solvent.

2.4.2 Starting Materials

2.4.2.1 Trifluoroiodomethane, CFl

Trifluoronitromethane, Cff, was used as received from SynQuest Laboratohnes,
Cat #1100-J-01, CAS #2314-97-8. The purity, whwas guaranteed to be 99.0%, was checked

by IR and*°F-NMR spectroscopy. No impurities were detected.

2.4.2.2 Nitrogen dioxide, -NQ@

Nitrogen dioxide, -N@ was not always used as received from Mathesoga3yi
CAS #10102-44-0. The -NQvas condensed and held at -78 °C (nominali@4Nand if a blue
color was present (due to,®), the sample was kept at -78 °C under dynamic wacat
10* torr in order to remove the -NO. The -NO moleada form over time in a carbon steel
storage cylinder. At low temperature, the -NO infguis in an equilibrium with -NQ
‘NO + -NQ == N;0Os3_ The equilibrium allows for the slow extraction-&fO at -78 °C, while
the NO4 will remain behind. No more blue color indicatee successful removal of the -NO.

The sample is then warmed and transferred inteanatylinder for use later.
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2.4.2.3 Cesium fluoride, CsF

Cesium fluoride was stored and handled in a glowe Before being used, a weighed
guantity was placed in a platinum crucible, remofred the glove box, fused above its melting
point, poured into a mortar and transferred bac¢& the glove box. The solid CsF cake was
ground into a powder. The crudely ground CsF wlasga in a jar mill containing ceramic
milling pieces. The jar mill was then sealed, regst from the glove box and placed on a
mechanical tumbler for overnight grinding of theFCsAfter cycling the jar mill back into the

glove box, the finely ground CsF was weighed i teaction cylinder for further use.

2.4.2.4 Aluminum trifluoride, AlF 3

Aluminum trifluoride was synthesized from sublimadhydrous aluminum trichloride,

AICl; and HF free fluorine, £ as a 20% mixture with N The sublimed AIGI (110 g,
0.825 mol) was handled in the glove box and groasdpreviously described for CsF. All the
AICIl3; was spread out in a copper boat, which was s@éaladlouble-end-capped, stainless steel
cylinder equipped with two valves. The cylindersnthen evacuated of all gases, and the tare
weight of the cylinder was recorded. The cylind@s attached to a stainless steel vacuum line,
and R/N; gas was allowed to flow into the vessel until agsure of 200 torr was reached. The
vessel was then heated to 200 °C with a heatireyslevernight while monitoring the pressure
of the system through the vacuum line. The follmywlay, upon cooling the reaction vessel back
to room temperature, any remaining gases were rethby vacuum through a soda lime tower.

The reaction vessel was disconnected from the vadine, and the vessel and its contents were
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reweighed. This process was repeated until thes mashe vessel and its contents remained
constant. This reaction typically takes 2 weekkpon completion 63 g (0.75 mol) of AJvas

recovered with a 91% yield. The reaction is quahtie, and any losses are due to handling.

2.4.3 Preparation of CENO,

2.4.3.1 Method 1. Generation of CENO; in the Presence of Mercury

Into a 4-L PyreX glass reaction vessel, 18.17 g of Hg was addquistte followed by a
Teflon stir bar. The reaction vessel was sealetnected to a vacuum line and cooled to
-196 °C. All non-condensable gases were removethdyreeze-pump-thaw method, 3 cycles.
The vacuum line was filled with -N{N,O, to a pressure of 258 torr, 2.55 g (55.4 mmol),clvhi
was then condensed into the -196 °C reaction veddpbn warming to room temperature, the
weight of the vessel with the -N@as confirmed. Then 9.53 g of §F48.6 mmol) were added
to the reaction vessel. The reaction was closédaiowed to warm back to room temperature.
Once the reaction vessel was at room temperatues placed in the diazo blue light reaction
chamber and irradiated with the blue light for 4i@urs. A thermocouple was taped to the
surface of the reaction tube. This batch was judfriffollowing Method #2 described in
Chapter 4.
Note: All masses for Method 1 were calculated from PV = nRT with the exception of the

mer cury, which was weighed.
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2.4.3.2 Method 2. Generation of CINO,, General Method

An evacuated ~16.3-L Pyréxlass reaction vessel was attached to the vacimemahd
cooled to -196 °C. A total of 6.63 g (144 mmol)-BO, was vacuum transferred into the vessel,
usually in three aliquots. After the reaction véseas warmed back to room temperature, it was
weighed. The vessel was reattached to the vacumen de-cooled to -196 °C and 8.77 ¢
(44.8 mmol) CEl were added by vacuum transfer. The valve tordaetion vessel was then
closed, and the reaction, mixture was allowed towt room temperature. Upon warming, the
vessel was weighed again. The stoichiometric m@aftiGFR;l : -NO, was 1 : 3.2, and the pressure
in the reaction vessel at RT was 0.30 atm. Theticravessel was then placed into the blue light
reactor and irradiated for 18 hours. This reactuas purified following Purification Method #2
as described in Chapter 4. This reaction yieldd® § (12.2 mmol), representing a 27 %-yield

of CRNO..

2.4.3.3 Method 3. Generation of CiNO,, Timed Reactions

Following the procedure in Method 2, 2.85 g (6Ir®nol) of -NQ and 6.49 ¢
(33.1 mmol) of CE were added to a ~16.3-L reaction vessel. Thelstumetric ratio of
CRsl: -NO, was 1 : 1.87, while the pressure in the vesselHs atm. Upon warming to room
temperature, the cylinder was placed in the blglet Ireactor and irradiated for 1, 4, or 16 hours
depending on the specific time for the experimdfdch timed experiment was repeated 3 times,
except the 16-hour reaction, which was performedawwith slightly varying masses for the

two reactants, GFand -NQ.
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CHAPTER THREE

THERMAL GENERATION OF TRIFLUORONITROMETHANE, CF  3NO;

3.1  Introduction

The main goal of Chapter 2 was to prove or disptbeescalability of the photochemical
generation of trifluoronitromethane, €NO,, using a diazo blue light source with.g.x focused
around 420 nm. The equilibrium between 2 ,N&— N,O, was found to hinder the
photochemical reaction too much to allow for a gsstul scale up. The photochemical method
proved to be an excellent method for small-scafeh®sis, 1-3 g, but this method failed in the
generation of the desired large-scale amountswiast set as the goal of this project, namely
10-100 grams a charge. A new inexpensive methogdoerating CENO, that can be scaled up
to make large quantities of product is highly dedimand was the goal of this next set of
experiments.

At 53.3 kcal/mol, the C-I bond is the weakest bamdtifluoroiodomethané** There
are several ways the bonds can be broken but dientacal dissociation and thermal decay are

the two main methods. In both cases, the dissoni& homolytic in nature, Equation 1:

CRl =— Ckr+ I (Eq. 1)
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This information, as well as the results in Chaferoffered a promising starting point for
suggesting the thermal method as a new reactiornwpagt for generating GRO,.
Trifluoroiodomethane will decompose quickly in tleenperature range of 300 to 400 °C, and by
a temperature of 600 °C, the compound is completilgociated® Some studies have been
performed on the thermal decay of LLR&At very high temperatures, 760-1600 °C, and rate
constants for C-1 bond homolysis were reportedtliat temperature rangeé:>°> On the other
hand, little work on the kinetics has been repodetbwer temperatures, nameig00 °C. One
experiment by Whittlet al. investigated the thermal bromination of Lt determine the bond
dissociation energy of the C-I bond and found thatperatures of at least 170 °C were required
for the reaction to occur?

A few reports have appeared on the generation eNOEFunder thermal conditions from
the reactions of nitrogen dioxide with either triftoacetic anhydridé and trifluoroacetic
acid®>®31° The experiment involving trifluoroacetic anhydri¢Scheme 3.1) was performed at
100 °C producing some GIRO, once trifluoroacetic acid is generated. The fdromaof N,O3
impedes the reaction causing the yield for thishoetto be very poor, namely only 7% isolated
yield *’

(CF3C0),0 + HNO3 === CF;COOH + 1/2 (CF4C0),0 + 1/2 N,O5 =——=

d N +
CF;COONG)| —|o=—=( )Q N/ — > CRNO, + CO,

Scheme 3.1. Thermal Generation of GJNO, Using Trifluoroacetic Anhydride
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Another report claimed a generation of 8B, by reacting trifluoroacetic acid with -NQ@t a
temperature of 200 °C was possible. For this r@acto-yields of 30% were reported; but in the
paper and patent, no isolated product was recoverée yield was calculated by GC/MS, gas
chromatography-mass spectrométfy’:® This synthetic application was taken a step &rth
The reaction of various chain length perfluorinatdklanes containing a carboxylic acid end
group were reacted with -NQOand the carboxylic acid end group was replaceati an -NQ
group3®31%  Brice and Severson also investigated perfluoayakulfonyl fluorides and
perfluoroalkanes with a GK end group (X = H, Cl, Br, I) at temperatures betw 450-600 °C.
In most cases, the halogen radical and the comelspg perfluoroalkanes radical are formed.
The radical then reacts with -N@rming the perfluoroalkane carbonyl fluoridg; BOF. Some
chain shortening can occur before the perfluoragskacarbonyl fluoride is formed. The loss of
a carbon generates a COmolecule for every carbon lost producing variolmic length
perfluoroalkanes carbonyl fluorides for the finaktey product:**3*2

This Chapter will discuss the successful generaifc@~NO, by the thermal reaction of
CFsl with -NO; at a temperature of 200 °C. This method allowshe synthesis of GRO, to

be scaled up to batch sizes ranging from 10-60 guoé material, and this method should be

easily scalable to generate unlimited amounts gNCE.

3.2 Results and Discussion

The successful thermal generation oEkR®, was discovered as much by chance as by a

normal systematic approach. Very little literatuerists on thermal additions of -N@o

perfluoroalkyliodides:®31°312 The temperatures of most of these experiments performed
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at 400-600 °C, and GFis known to undergo rapid thermal decompositiorhis rangé:® The
generation of the -GRadicaf**°or longer perfluoroalkyl radicat&**is well known, but what
was not known is how thermally stable the;l©, molecule or other -N©analogs would be in
the temperature range between 400-600 °C. Anothmstopn that arises is whether the
perfluoroalkyl radicals would more readily combiwih each other to yield perfluoroalkanes
than with nitrogen dioxide to give nitroperfluorkahes.

As will be described in detail in Chapter 5, 80, was found to be stable with respect
to thermal decomposition up to approximately 290 T@erefore, this temperature was set as the
upper limit for this experimentation. This helpgkin why no CENO, was observed in any of
the previously reported attempts at temperaturexeat300 °C. In this research, the initial
attempts at generating gNfO, directly from CREl and -NQ were carried out at much lower
temperatures.

The initial thermal reactions were not successfulgenerating trifluoronitromethane,
CRNO,. The first thermal experiments were performed stainless steel autoclave containing
a 3.30 : 1 ratio of -N& CFRsl, 8.21 g (178 mmol) -N©and 10.64 g (54.3 mmol) GIFn the
presence of mercury (~10 g, 50 mmol). The purpafséhe mercury was to eliminate any
possibility of CRl reforming after its thermal dissociation via tfmation of Hgy. The
reaction was initially run at 100 °C overnight tmled up by a reaction at 125 °C the following
night. After each reaction period, the system alésved to cool, and a gas-phase IR spectrum
was taken on the volatile contents of the autocldwesach case, no WO, was observed. For
a third period time, the intent was to raise thragderature of the reaction to 150 °C and continue
upward, stepwise, until 250 °C was reached. Uuafately, the autoclave sprang a leak around

150 °C and could not be resealed. After coolihg, autoclave was opened, and several large
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yellow crystals were found on the inside surfacehef head of the autoclave. No unreacted
mercury was apparent in the bottom of the autoglaveinstead, a canary yellow powder, with a
melting point above 300 °C, was present. The atysind the powder appeared to be the same
material. Both the crystal and powder begin tavifodecompose at a temperature of 260 °C,
emanating a brownish-orange gas, which is moslylikéO,. Also, around this temperature, the
substance begins to sublime and collect at thetapsealed melting point tube. No melting was
observed up to 300 °C. The crystal was determinyed-ray diffraction to be mercury(ll) iodide
nitrate, HgINQ. The compound HgINOwas initially prepared by Persson and Holmberg by
adding Kl to an aqueous solution containing exddgiNOs), and HNQ. The orange Hgl
forms upon dissolving in the aqueous solution aisgldcing the nitrate from the mercury. The
system was then heated to ~60 °C until all the;ldgsolved, and at this point, colorless needle-
like crystals were isolated by filtratiod® Their method is both an easier and less expensive
route to HgINQ. However, before the current sample was chaiaetkrthe possibility of a new
crystalline material kept the research focusedh@aithermal reaction.

In order to study the reactivity of @lFand -NQ in the presence of mercury at higher
temperatures, the reactants were placed in a Hofénder. Two reactions were carried out at
this point. One reaction was at 150 °C and therothaction was at 200 °C. Both cylinders
were heated for 24 hours with mercury present. fiimd products were purified through an
agueous caustic solution, and the results areayisglin Table 3.1.

These results proved that £8FO, could be synthesized from the thermal reactioGed
and -NQ in the presence of mercury. However, several geestions now needed to be
addressed. (1) Is mercury necessary for the mratti proceed? Mercury(ll) complexes are

typically very poisonous, and mercury is considesechajor pollutant. Therefore, removal of
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mercury from the reaction would be preferred. \@)at conditions of pressure, temperature and
stoichiometric ratio will allow the reaction to go completion? (3) Will the thermal reaction
fall victim to the same pitfalls of the photochealiceactions? Can added temperature overcome
the 2 -NQ == N0, equilibrium? (4) Will the isolated yield be greathan 33% even though
both methods follow the same radical pathway?lf(&)large excess of -NQOs required to drive

the reaction to completion, can the -NKe recycled, or will it contain impurities that i
contaminate future reactions upon reuse? (6) Vithahe kinetics of the thermal reaction?
(7) Can this method be applied to other fluorinataming primary iodides, secondary iodides

and tertiary iodides for replacing the iodo withiao group?

Table 3.1. Initial Thermal Reactions with Mercury Present

Stoichiometric | Temp. | Pressure | Mol%
CF3l ‘NO, Hg Ratio of (°C) (atm) CF3NO;
CF3| . 'N02
6.299g 5.09¢ 12.07g
(32 mmol) | (111 mmol) | (60 mmol) 1:3.44 150 30.51 3.2%
6.33¢g 5019 12.14 g
(32 mmol) | (109 mmol) | (61 mmol) 1:3.37 200 33.75 20.0%

3.2.1 Effects of Temperature, Pressure and Stoichtetric Ratio on the Thermal

Generation of CRENO»

With the success of synthesizing trifluoronitroneeta, CBENO,, thermally in the
presence of mercury, a new set of experiments perermed to determine if GRO, could be
formed without mercury. Thereafter, the ranges stdichiometric ratios, pressures and

temperatures required to optimize the yield of thaction were investigated. Due to the
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difficulty of separating C§t from CRNO,, an excess of -NQwvas used in all the reactions. The
first reaction carried out, without mercury, wasadtempt to push the reaction to completion. A
twenty fold excess of -NQOwvas added to the cylinder, and the reaction mextuas reacted for
~96 hours at 200 °C. Upon cooling the reactionsge$o -78 °C and removing the volatile
material through an aqueous caustic scrubber, éh®ining isolated material contained only
CRNO; and NO3. However, no C§f was present. The thermal reaction was succegstiubut
mercury, and therefore, a wide range of variabteddcnow be investigated. The results from
these reactions are summarized in Table 3.2. Il reactions were heated to 200 °C for
72-96 hours, and in all cases, no unreactegl ®&s detectable b{?F-NMR spectroscopy at the
end of the reaction. Unless otherwise noted, thieatron in the yields is primarily due to
differences in the purification techniques. Whestandard purification method was developed,
the %-yield covered a range from 37-54%.

This new thermal method to synthesize;8®, displays a wide range of successful
conditions. Stoichiometric ratios of gIF -NO, as high as 1 : 20 and as low as 1 : 1.1 of
CRNO; : -NO, were successful. Pressures ranging from 20 tat®2were successful, and this
range should be expandable in both directions. Fém added to the system is significant
enough to overcome the issues with the 2,88~ N,O, equilibrium, but sufficient time is still
required to complete the reaction. In generaltiieemal reaction required at least 24 hours for
completion at 200 °C. This new thermal methodilsasbatch reaction. Like the photochemical
method, it is possible that the nitrogen dioxideitdogen tetroxide equilibrium can still have an
effect. A flow process could avoid this pressurebfem by allowing the addition of heat to the
system by adjusting the pressure to a lower leyehbreasing the flow of the reactants. The

feasibility of a flow reaction is an area that wited investigation at a later point.
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Table 3.2. Thermal Reactions at Various Stoichiontec Ratios and Pressures

Reaction # CRI:CF 3NO; Pressure (atm) Isolated%Yield
1 1to 19.90 52.01 43.4%
2 1t08.74 24.01 18.1%*
3 1to 7.05 39.82 47.1%
4 1t03.33 33.80 4.2%*
5 1t03.13 22.86 54.1%
6 1to 2.75 20.55 81.2%**
7 1to 2.27 43.91 46.0%
8 1to0 2.09 37.92 35.3%***
9 1to 2.04 39.27 33.6%***
10 1to 2.04 37.15 29.3%***
11 1t01.99 26.54 14.9%*
12 1to 1.80 35.05 37.1%
13 1to 1.62 39.81 36.5%
14 1to 1.50 41.54 42.4%
15 1to1.41 42.09 33.6%
16 1t01.12 45.30 66.4%**

* - Leak in cylinder or during purification caused change in yield

** - Product mixture was only purified with deionized water; N,O3 still present
*** . Product mixture was purified through activate d carbon

The new thermal method has many advantages oeeinifial photochemical method.
One such advantage is more starting material camplédeed in the stainless steel reaction
cylinder. A 75-mL stainless steel reaction vessel generate 2-3 times as much product as the
~16-L blue light reactor. Most of the reactionsrvearried out in a nominal 2.25-L (measured
to be 2.44-L by gravimetric methods) stainlesslgtgction vessel, and batches of 10-60 grams
of CRNO;, were typically generated in each run. The uppesgure limits of the reaction were
not investigated for safety reasons, but by sinmpéximizing the reaction conditions that were
tested, a 1 : 1.1 molar ratio reaction of3CFNO, at 50 atm could produce between 75-100 g of

CRNO; per batch in the 2.25-L reaction vessel. Thentlaémethod also gives a slightly better

isolated yield than the photochemical method witipécal yields being 37-54%.
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Several proposed methods exist for the decay gNOE:  The irreversible decay of the
CFONO molecule into FNO and CQfas already been discussed. Trifluoronitromethane
will photoabsorb light at a wavelength at 277 nrhis absorption is attributed to a- =*
excitation, which is followed by the cleavage of tB-N bond in CENO,.>*® At this point, the
radicals have a chance to reform the O-bonded miglec The second pathway is the
isomerization of CENO, into CRONO and its subsequent decay into FNO and £OFhis
pathway can be either photochemical or thermabinine. These pathways are unlikely to occur
in the photochemical reaction due to the reduceztggn 420 nm wavelength of light, of the
super blue light system. The occurrence of thesbways would lead to a decrease in the
overall recovery of CINO, when compared to the photochemical method, argishnot the
case.

The modest increase in yield, 37-54% for the tlem@action, needs to be explained. All
the thermal reactions were performed at 200 °C,clwhs well below the thermal decay
temperature, ~270 °C, of @WO,, which was determined in Chapter Because the thermal
decay temperature has not been reached, the is@tien pathway is the one route that would
lead to a decrease in the isolated yield. A loshe yield is not observed. Instead, the thermal
reaction gives a modest increase in the %-yiel@8754%, increased from a maximum of 33%
for the photochemical method. The dissociatiothefC-O bond in CFONO back into the -GF
and -NQ radicals does not occur at room temperature irptit@ochemical reaction, instead it
decays into COFand FNO*'* At elevated temperatures, 200 °C, this may nahbecase, and
the O-bonded GONO molecule may dissociate back into s@Rd -NQ radicals. These two
radicals can now reform back into the desiredgNiB, molecule. The CJONO molecule will

still be the dominant species, and it will stilintmue to decay into CQFand FNO. However,
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the dissociative pathway will now compete with @&ONO decomposition route, allowing for

a moderate increase in the yield as shown in Scl#e

CF3NO,

Photohemical CF;NO," > «CF; + «NO,

Decay Pathway
CR,ONO

277 nm
CHNO, Thermal Decay
200 °C
Isomerization
CR,ONO » COF, + FNO

Scheme 3.2. Mechanism for the Formation of GNO,

This new thermal method for generating s8B, works well over a wide range of
stoichiometric ratios of -N£ CFRl (from 1.1 : 1 up to 20 : 1) and a moderate pressange of
20-55 atm and can produce much larger quantiti€3FlO, (10-60 g in a single batch) than the
initial photochemical method. The thermal methoésinot require a new purification method
or more expensive starting materials but achievest whe photochemical method could not, the
ability to be scaled up. With the basic reacti@mditions worked out and a more detailed
understanding of the underlining chemistry at hame can now take a closer look at specific
parts of the reaction. Some important variabletuote product recycling, various observations

during the runs, and the kinetics of the reaction.
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3.2.2 Thermal Reaction Odds and Ends

If the -NQ can be recycled and used again with no adversetafbn the reaction, it will
be advantageous to do so from the viewpoint of mhéking the reaction as “green” and cost
effective as possible.

A thermal reaction, Reaction 3 (Table 3.2), wasfgsared with recycled -N©from
Reaction 1. Before the reaction, the IN@s purified by cooling it to -78 °C and removiagy
material that was volatile at this temperature. sffectroscopy indicated that some impurities
existed in the recycled -NO A *F-NMR spectrum confirmed that these impurities dist
contain fluorine, but the impurities were not idéetl because separation from -N@as not
possible. The impurities are most likely one orrenof the NQ compounds that are formed
during the thermal reaction. The isolated pergezitl of CENO; in Reaction 3 was 47%.

Recycling the -N@is advantageous, especially on the laboratoryesbatause it cuts
down on the cost of the reaction. However, itnéikely that the current method for purifying
the unreacted nitrogen dioxide would be used oimdunstrial scale.

In many of the earlier runs, a large amount offlakorganic, non-crystalline material
was recovered with the iodine. This material was soluble in many different solvents
including water, acetone, hexane, dichloromethehleroform, ether and THF. The color of the
material ranged from a light whitish color to aldérownish red. Three samples of this flaky
material from Reactions 1 and 16 and a reactiorh veit 1 : 8.74 stoichiometric ratio
(‘NO, excess) and 24 atm of pressure that leaked dtmmgurification process (Reaction 17)
were submitted for EDAX analysis. Each sample wesin duplicate, and the averages of the

results are summarized in Table 3.3.
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Table 3.3. EDAX Results of Flakes Isolated from Térmal Reaction

Sample N 0] F Si P Mo I Cr Mn Fe Ni

Rxn16 | 3.04 | 10.62] 60.27 0.57 0.2/ 0.15 L0 504 0.32.09| 1.95

S

Rxnl | 2.35]| 36.64 29.14 050 032 0.07 3.9 191 552 0.38.41 1.87
0
0

0O O
Rxn 17 | 2.69 | 11.91) 58.81 0.42 044 0.62 0O 033 548 0.36.20| 1.76

When these results are compared to the contersisiofess steel 316 (see Table*3%
the make up of the flakes begins to makes sense stinless steel vessel used in Reaction 1
was passivated with Jprior to the thermal reaction, and the stainlésslgeaction vessels for
Reactions 16 and 17 were not. The passivatioheotylinder with SEin Reaction 1 accounts
for the presence of sulfur. No sulfur was foundthe flakes from either of the other two
reactions which were not passivated with,.SRIlI the metals present in the flakes presumably

comes from metal oxides or fluorides formed dutimg reaction.

Table 3.4. Contents of Stainless Steel 318

C Mn Si P S Cr Mo Ni N

Min -- -- -- 0 -- 16.0 2.00 10.0 --

Max 0.08 2.0 0.75 0.045 0.03 18.¢ 3.00 1410 0.10

3.2.3 Thermal Generation of CENO, Using Trifluoroacetic Acid

The Scribner method for generating s;8B; is the most analogous to the thermal

synthetic method discussed in this Chapter. Serilvaacted trifluoroacetic acid (TFA) with

‘NG, at 200 °C and achieved a 30% yield ofs86, in 6 hours with minimal purification
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steps>® The shorter reaction time, 6 hours as oppaséd thours, and a better atom economy,
no L being generated as a byproduct, are both advantager the new thermal method.

Scribner’s yield was not an isolated yield but ader yield calculated from a GC/MS analysis.
Scribner never attempted to optimize his react@mmgd from what one can find in various

literatures, others have not pursued this readticther. The reaction was reinvestigated herein
to determine whether or not the reaction coulddpeaduced and optimized.

The experimental conditions for this experimentravé&ept as close to Scribner’s
conditions as possible with one major exceptioa,whlume of the reaction cylinder. Scribner’s
reaction was performed in an 80-mL stainless giesdsure reactor, while the new experiment
was performed in a 150-mL stainless steel Ho&ginder with a burst disk. This change was
made for safety reasons. If all of the reactantghe cylinder were to enter the gaseous state
from overheating, the pressure in the cylinder wwdag over 1500 psi which is the upper limit
for the cylinder; and for this reason the vessdume was doubled. To the cylinder, 3.35 g
(29.4 mmol) of TFA and 6.59 g (143 mmol) of -N®ere added under a vacuum, which is a
1: ~5ratio of TFA : -N@ The cylinder was heated to 200 °C for 6 hounsl, @pon cooling to
room temperature, the contents were purified by gogoff any volatiles present after cooling
the cylinder to -78 °C. The purification yielded2® g, which represents a 6.5% vyield of
relatively pure CENO,. The'*F-NMR spectrum showed the product mixture contaimedther
fluorinated impurities, but the mixture containée typical blue color associated with theC
contamination observed in the thermal reaction IBfl @nd -NQ. This mixture was not placed
over NaOH pellets to finish the purification. leat it was set aside, and unreacted starting
materials were heated further at 200 °C in an giteto push the reaction further towards

completion and the 30%-yield that was claimed biytBer.
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The materials in the cylinder were allowed to tefac an additional 2 weeks. Upon
cooling, the basic purification technique of remmaythe volatiles at -78 °C was performed. A
guantity of 0.97 g of material was collected, whictreased the total product mass from the two
reaction periods to 1.19 g. The two products veerabined and further purified by being placed
over NaOH pellets for several days. Trifluoronirethane is not degraded by NaOH, but any
NO, compounds are removed. This is the typical fmaification step developed for QWO,
and discussed in detail in Chapter 4. Upon rengpvire purified CENO,, only 0.14 g was
recovered. This is a %-yield of 2.1%. The majoot the mass of this reaction turned out to be
the various N@compounds formed upon heating -NO'he added mass of the NG mpounds
could account for the higher %-yield observed byil#er. In general, GC/MS is a poor
analytical technique for analyzing low molecularigied gasses, and it is possible that the,NO
impurities were never observed during the Scribegseriments accounting for the elevated
%-yield calculation. A detailed analytical proceglwas not laid out in his paper. Therefore,
duplication of Scribner's GC/MS method was not jidss Regardless, his result of a 30% vyield
could not be duplicated, which throws some doub&ioy advantages the Scribner method might

have over this new thermal method reported herein.

3.2.4 Thermal Addition of -NG; to Larger Primary lodoperfluoroalkanes

With the successful addition of -N@ the smallest iodoperfluoroalkane, LAt was

desirable to see if this thermal method could h@ieg to larger, more complex molecules. The

logical next step is to try longer primary iodopeotoalkanes. These compounds should have

similar dissociation energies for their C-1 bondad they have the advantage of having much
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greater boiling points, so larger samples can beteel without the same pressure concerns that

occur when using GE A reaction was attempted with 39.36 g of a migtof G-C;, chain-

length iodoperfluoroalkanes with an approximateB-excess of -N& which was estimated by

assuming the mixture to only be thg iGolecule. The reaction mixture was heated foaysdt

200 °C. Upon purification, the resulting yellowlaeed product mixture was analyzed by

GC/FID, gas chromatography-flame ionization deteaod GC/MS to confirm that the reaction

worked. One question that arose, was whether bcarton chain shortening occurred during

the run? Chain shortening would occur by elimmatiof COFR, and would result in a

re-distribution of the remaining chain lengths.blEa3.5 shows the initial starting mixture of the

Cs-C12 l-iodoperfluoroalkanes determined by GC/FID an@ ttesulting mixture of the

1-nitroperfluoroalkanes. The numbers expressedira@erage mol% which was calculated

from two injections on the GC/FID.

Table 3.5. Thermal Reaction of -N@with 1-lodoperfluoroalkanes Cs-C12

Chain Starting Final
Length Mixture Product
(mol%) (mol%)

C2 1.19
C4 10.77
C6 34.79 30.01
C8 27.85 40.26
C10 16.75 10.82
C12 9.20 5.69
Cl4 5.90 0.48
C16 5.51

This Table displays some interesting results. findure is actually broader than what is stated

in the catalog. The mixture is actuallys-Cis 1l-iodoperfluoroalkanes.
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completion, a 31.7% isolated yield of the desiredit@operfluoroalkanes mixture is recovered,
and the substitution was confirmed by GC/MS. Taebon chain is cleaving during the
reaction. No G and very little G4 product remained upon completion, and newa@d G
compounds were formed. The major product is thenGlecule, which is the one chain length
that increased in mol%. Thes @olecule went up ~13%, and this is approximatbly same
mol% of G4 and Gg that was destroyed. This suggests that mdlecules represents the most
thermally stable of the various chain lengths. earsh on SciFinder could not find any known
molecules greater than the C-nitroperfluoroalkanes. Therefore, this methad successfully
add the nitro group to longer chain perfluoroalikgilmpounds than was previously known.
Unfortunately, isolation of these new compounds na@issuccessful, and a larger batch reaction
is needed for a proper distillation. With the s&sful addition of -N@to many different chain

lengths of primary iodoperfluoroalkanes, the foshsted to the secondary and tertiary iodides.

3.2.5 Thermal Addition of -NG, to Secondary and Tertiary lodoperfluoroalkanes at

165 °C in a Stainless Steel Vessel

The two model compounds used for the secondary tarichry iodoperfluoroalkane
reactions were 2-iodoheptafluoropropane, a secgndadide, and 2-iododecafluoro-2-
(trifluoromethyl)pentane, a tertiary iodide. Tlheotreactions were set up with an ~3 : 1 excess
of -NG; : R-I. The reactants were placed in separate staiskesl| cylinders that were heated to
165 °C for 72 hours, Schemes 3.3 and 3.4. Basestart effects, both the secondary and
tertiary iodides should require a lower temperatareleave the C-l bond. This is why a 200 °C

reaction temperature was not used like it wasHergrimary iodides. Upon purification of the
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completed reaction, the contents of the two cabtectraps, one held at -78 °C and the other at
-196 °C, were analyzed by’F and 'H-NMR spectroscopy, IR spectroscopy, and GC/MS.
Neither of the reactions was successful in givimgdesired product at this temperature.

In the reaction with 2-iodoheptafluoropropane (Sebeme 3.3) only the -196 °C trap
collected any material (1.19 g). The reactionrmdr contained iodine. A visual inspection of
the inside of the reaction cylinder showed no whiigterial. A possible decay product of the
reaction is tetrafluorethylene (TFE), which coulalymerize into poly-TFE, a white polymeric
solid. No solid product other than Was observed. The reaction produced severalileolat
products. Two of these compounds were characteriz&€he major volatile material was
CRNO,, which made up the majority of the mixture. Theyoother identifiable material was
CFsl, which was a minor product in the mixture. Thbhey compounds present in the collection
trap could not be identified.

Very little information could be gained from the tR the GC/MS. The GC/MS results
were especially disappointing. The only peak thas generated during the GC/MS run was a
broad peak at 3 minutes, which represented thea@# | ions. Conditions could not be found
that did not cause the destruction of all the sgsepresent in the mixture. No other peaks were
present in the injections. Not even l©, was detected. More experimentation with the
GC/MS system is required to find conditions thatrot destroy the compounds or separates
them well enough for characterization to occur.

The thermal reaction with 2-iododecafluoro-2-(trifromethyl)pentane was not
successful at 165 °C, Scheme 3.4. During the atinpurification of the products from this
reaction, 1.29 g of material stopped in a -196 r&p,twhile 0.56 g of material collected in a

-78 °C trap. The -78 °C trap contained some;lGihd CENO, and many unidentified
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compounds. These unidentified compounds appebe tchain-shortened perfluoroalkanes, but
again, it is difficult to tell because no succes&C/MS data was obtained. The IR spectrum did
eliminate the possibility of the formation of anikenes. The only double bond stretching
frequencies observed were those from thgNCk molecule and other NOcompounds. The
starting material was 98.5% pure, and the impwitentained some hydrogen atoms. This
muddles the interpretation of the NMR spectra efwgther, as both product collection traps
contained some molecules with hydrogen. The -X9@rap contained primarily GRO, and
CFsl. Again, CENO, was the dominant species, with a 4.4 fold excdssnwntegrated against
CHl.

The thermal reactions with both the secondary temtlary iodide undergo a radical
reaction, and due to this mechanism, a greater atrafyossible products can be formed upon
reaction completion. The most commonly lost grauhe -CEk radical, which can react with the
|- radical or the -N@present in system to form the dominant specigb@fteaction, which are
CRsl and CENO,. The activation barrier to the NO, formation is lowered using the larger
molecule. With CHl, no reaction generating QRO, occurs, even after 3 days at 170 °C in a
stainless steel vessel. Because the -l radicahoanbe removed at a lower temperature and
-CF; can be generated, it can react and forrgNCk, even at lower temperatures. If the proper
species was chosen as a starting material, ongéna&trated the -GFadical at a relatively low
temperatures >100 °C in the gaseous phase, it wmilpdossible to avoid the disadvantages of

high temperature reactions like pressure and dagirestruction materials.
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Scheme 3.3. Summary of Thermal Reaction for 2-lod@ptafluoropropane
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Scheme 3.4. Summary of Thermal Reaction for 2-lodatafluoro-2-(trifluoromethyl)

pentane
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3.2.6 Thermal Addition of NG, to Secondary and Tertiary lodoperfluoroalkanes at
Temperatures Slightly above the Boiling Point of tke Respective lodoalkane in a Monel

Vessel

The literature suggests that 2-iododecafluoro-Bt(@romethyl)pentane is not thermally
stable in stainless steel at elevated temperatites another set of experiments was attempted
in a Monel cylinder at a reduced temperature of 120 This temperature is just above the
boiling point of 2-iododecafluoro-2-(trifluoromethgentane, which is 116 °C.  Similar
conditions will be attempted with 2-iodoheptaflupropane. Again, a Monel cylinder was used
for this reaction, but the reaction temperature Watd at 50 °C. The boiling point of
2-iodoheptafluoropropane is 39 °C. Due to the céida in the reaction temperature, the
reaction time was lengthened considerably. Howetrex progress of the reaction was not
monitored, so the reaction may be completed wétireethe time the reaction was stopped.

To the Monel cylinder, an amount of 2.99 g (6.70 eymof 2-iododecafluoro-2-
(trifluoromethyl)pentane was added and followedhmsy addition of 0.75 g (16.3 mmol) of -hNO
This mixture was placed in a 120 °C oven and albtbweereact for ~5 days. The product mixture
was cooled to -196 °C and allowed to warm slowljne material was separated by a trap-to-trap
distillation through a -78 °C trap and two -196 tt@ps. The collections from the -196 °C traps
were combined, and 0.44 g of material was collect@&tis collection was a mixture of many
different compounds, with the exception of traceoanis of CENO, and CFEl none were
identified.

The -78 °C trap was much more interesting. Thp t@nsisted of colorless crystals on

the walls of the trap above a large amount of yelbwown liquid. This collection was
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transferred into a fresh cylinder, and'%-NMR spectrum was taken. The spectrum was
relatively clean and contained two major productthva trace of the starting material, see
Figure 3.1. The two compounds that were observedthe reaction mixture were
2-nitrodecafluoro-2-(trifluoromethyl)pentane  and trluoromethyl-decafluoro-2-pentanol.
Integration of the peaks show a ~50 : 50 mix ofttkke compounds, 48 % was the alcohol and
52% was the desired nitro compound. The charaet®on of the alcohol was initially a
surprise. The NMR spectrum was taken before thustmaworkup, and the appearance of an
alcohol suggested an impurity was present in thetisty material or on the cylinder wall that the
nitrite molecule could react with. There is a dnmaburity present in the starting material, 1%
or less, which contains protons. The concentrasamot great enough to protonate the nitrite to
the degree observed in the final mixture. Theugetf the cylinder precludes the contamination
of water which would be the other major compounat ttould form the alcohol in situ. The
cylinder was dried several days in an oven at ZDJThe nitrite, the -C-O-N-O molecule, reacts

very quickly with acids or bases to form an alcohgr***

The acidity of the solvent used for
collecting the NMR spectrum, duterated-chloroforsrstrong enough to protonate the nitrite and
form the alcohol. Once the mixture was worked uera caustic solution, only the alcohol and
the nitro species remained. If the gaseous IRhefspecies had been taken before the caustic
work up, it would be expected that the nitrite wbbbhve been observed and little to no alcohol
would be present. EI GC/MS showed a single peakeluted at 3.37 minutes and consisted of
two compounds. No signal was observed in the ipesmode, but the negative mode confirmed
the creation of the alcohol with the peak being.83&sF,30). The nitro compound will not be

easily protonated and cannot be deprotonated. eldrer this EI GC/MS, electron impact

ionization, method was not very effective for cleéeaizing the molecule. The typical GC/MS
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experiment still did not work for the reasons givarthe previous section. IR confirmed the
existence of the nitro compound by the character$tO stretching peaks at ~1600¢m

Attempts were made to separate the alcohol frornitie molecule. Trap-to-trap and
similar vacuum techniques were not successful paisging the compounds. Instead of doing
the typical purification procedure, placing the eratl over NaOH pellets, the product mixture
was transferred into a 250-mL round bottomed flemhtaining 100 mL of 1 M NaOH aqueous
solution. The mixture was allowed to sit overnighithe expectation was that the alcohol would
become protonated thus staying behind in the aguéyeer while the nitro molecule would
separate out easily. Unfortunately, both molecwese soluble in the aqueous solution. The
solution was acidified, and both compounds wereversd with a 91% recovery. The yellow
color was removed during this process, and a obedorless liquid was collected. More
experiments will be required to determine if these compounds can be successfully separated.
If more material was present, flash column chromaphy may be successful. Also, if the
boiling points are different enough, a spinning daonlumn distillation would be another good
option for separation.

With the success of the tertiary iodide, the reactnvolving the secondary iodide was
retried. To a 60-mL Monel cylinder, an amount of73 g (16.0 mmol) of
2-iodoheptafluoropropane was added followed by H2#7.5 mmol) of -N@ This reaction
mixture was heated at 50 °C for ~17 day, see Scl®&®eThereafter, the cylinder was cooled to
-78 °C and all volatiles were removed by vacuum emitected in a -196 °C trap, 0.39 g. The
typical NbOs blue discoloration was present in this collectiofihe collection was transferred
into a fresh cylinder containing NaOH pellets atidveed to sit overnight. Removal of the

purified product yielded 0.28 g of material. Anasyby **F-NMR spectroscopy showed a pure
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sample of the desired 2-nitrofluoropropane, seerei@.2. IR was used to confirm the presence
of the nitro functional group and GC/MS was agamt nseful for characterization. This is an
8.1% yield. The material left in the reaction ager was not investigated.

No attempts were made to optimize the reaction, viatlh some work, it should be
expected that the yield could be increased. Te&periments also lay down the ground work
for expanding this chemistry. The reaction vesselery important and the high heat, coupled
with a stainless steel vessel enhances the decd#lyeofadical species into undesired smaller
molecules. An interesting set of experiments wolddto see what would occur at higher
temperature in the Monel cylinder or at lower terapéres, in the stainless steel cylinder. This
would help determine whether the decay is causetthdyeat, the material of construction or a
combination of the two. Regardless, the ;M@n successfully be added to primary, secondary
and tertiary iodides allowing for the expansioratset of molecules where very few molecules

are known or characterized.
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3.2.7 Preparation of the Kinetic Experiments CENO, in Various Materials

With many of the synthetic details worked out foe thermal generation of €O, such
as the stoichiometric ratio range, low and highgeratures and a reasonable pressure window,
one major area still remains which is the kineti€she reaction. Some research has been done
on the kinetics of -N@reacted with the -GRadical, see Table 3%°32* Unfortunately, none
of the experiments are similar experimentally fomparison to the new thermal reaction was
were attempted at temperatures between 170-250d@rassures ranging from 10-60 atm. The
previous kinetic experiments are summarized in @& and were preformed at low pressures,
<1 atm, and low temperatures27 °C, and the majority is under photochemical ook,

except when noted.

Table 3.6. Summary of Various Kinetic Experimentf -CF; + -NO,

Reference Pressure range Rate Constant Comments
(torr) (10 cm® mol™* s?)
Rossiet al.*>*° 0.005 0.27 £0.05
Bevilacquaet al.>* 0.8-2 (He) 1.0+0.7
Sehestedt al > 2-10 (Ar/N) 1.6+0.3 IR Fluorescence
Pagsbergt al.>** 3-17 (Ar) 1.5+0.2
Hancocket al > 1.5-110 (Ar/N) 1.75 + 0.26
Sehestedt al > 760 (Sk) 2.10 (+0.7)(-0.3) Pulse Radiolysis
Francisco and Fi*t 4-5 (He/Ar) 2.5+0.3
Oum and Hancock® 5 (Ar) 24+05
Sugawarat al >’ 4-20 (Ar) 2.5+0.3
Vahktin®2° 300-600 (He) 3.2+0.7

Surprisingly, very few of these experiments obsdnthe generation of GRO,,.
Typically, only FNO and COFwere observed. Occasionally, the O-bonded3DO molecule

was observed briefly. This lack of formation of 8©, is most likely due to the low pressure
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that these experiments were performed at or thie @rgergy of the irradiation light. Evidence
was found that as the pressure increased, the aned@HNO, produced also increased, but
this finding was not pursuéd.’

Kinetic experiments can be complex especially winensystem does not follow true first
order kinetics. The kinetic experiment in thise@sh is very basic and a much more detailed set
of experiments needs to be performed to get tceaet nature of the kinetics. This research
lays down the groundwork for the next set of kineéisearch. Many different assumptions have
been made in order to set up the experiments tbescriFirst, the reaction is assumed to be first
order in nature. This is not entirely true sincghbthe O-bonded and N-bonded molecules are
both formed. It is unknown if the molecules araried at different rates or if the molecules split
back into their radicals. The increase in yieldiny the thermal run has led to the hypothesis
that an equilibrium is formed between the O-bondpdcies and its radicals. The N-bonded
molecule appears to be stable, not forming an ibguim. For this reason, the appearance of
CRNO, cannot be used as the variable to monitor fokihetic experiments. The back reaction
of the O-bonded species makes this very difficlfitthe kinetics were being investigated in the
blue light system, this would not be the case b&eahe equilibrium does not appear to be
established under photochemical conditions. lastdee O-bonded molecule irreversibly decays
into COR, and FNO. This decay occurs before the equilibricem be established and the
generation of CINO, by the one pathway can be measured. Even thohigh direct
measurement is lost, useful information can stdl dathered. The major variable that was
monitored during this experiment was the disappesaf CEl, and an assumption must again
be made. In this case, the assumption is that inec€-1 bond is broken, it will not be reformed

this makes the bond-breaking step the rate limisiteg of the reaction. To further eliminate the
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chance for an equilibrium to establish itself, thgperiments were set up as pseudo-first order
with an excess of -NO These assumptions will give us insight into dieeay rate of Cff and a
rough estimate of the C-l bond dissociation eneBpE, which can be compared to the
literature values.

Two different kinetic experiments were attempted’he first experiment was not
successful but gave insight on how best to sethepsecond kinetic experiment, as well as
pointing out mistakes in the initial set of assuioms. The second experiment investigated the
kinetics of CRl + -NO, in a sealed Pyréxglass NMR tube at temperatures of 170, 185, 200,
215, 230 and 250 °C, while the first experimentlesgal the kinetics in a stainless steel cylinder
at 170, 185 and 200 °C. From the data of thersk@xperiment, the rate constants at the
various temperatures and the BDE of[0fan be calculated.

The first attempt at a kinetic experiment was getrua ~2.44-L stainless steel vessel.
The vessel was charged with a 3 : 1 ratio of ;N@QF;l and placed in an oven at a preset
temperature and heated for a predetermined pefiathe. The cylinder was removed after the
set time period, and while still hot, a sample wasasferred into a ¥-inch stainless steel tube and
sealed by valves at both ends of the sample tllbe. isolated sample is added to a glass vessel
containing NaOH pellets, which remove the majomty unreacted NQ compounds. This
purified sample was analyzed by GC/FID to deterntiveeratio of CE to CRNO,. This initial
experiment turned out to be more problematic thaeeted. First, the cylinder requires a long
time period to warm up to the set temperatureclhy an hour or more. Also, after sampling
the cylinder contents, it takes another 20-30 nagub get back to the set temperature. Second,
the system is changed every time a sample is remmoVvle experiment was set up to minimize

this effect, however, every sample removed aboubf¥e total mass. This will be a source of
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error in the experiment. Unfortunately, the resditom this experiment were inconclusive and

fit in poorly with previous literature, and a newperiment had to be devised. One useful piece
of information was obtained from this experimeAt. 150 °C, no reaction took place in stainless

steel. The initial thermal experiments at 150 &@tained elemental mercury, and a 3.2 mol% of
CRNO, was converted, suggesting mercury has a slightytet effect on the reaction.

To help eliminate the problems observed duringitiitgal kinetic experiments, it was
decided to scale the reaction down to the scaEndiIMR tube. The experiment was setup in a
thick walled NMR tube with known amounts of -pl@nd CFEl. Sealing the NMR tube
eliminates the changes in the stoichiometric ratml mass. Changes in the generation of
CRNO, will be dependent only on the heat of the systeifhe major concern with this
experiment is the lack of a reference solvent presethe NMR tube for better shimming and
more accurate integration. This can be circumvknte a degree, by shimming on a known
solvent, typically DO and running a greater number of scans on thdikisample. A greater
signal-to-noise ratio at the baseline is expeatetiis experiment due to the lack of a solvent, but
a greater number of scans, 128, should help ovexcitis problem and allow for a decent
integration for the desired kinetic calculation¥his experiment was also not as pseudo-first
order as typical kinetic experiments. The majoafyexperiments were ~3 : 1. Typically, a
20 : 1 ratio of reactants is needed for true psdirdborder kinetics. A sacrifice to the ratiocha
to be made in order to have enough material tactlatpeak above the noise of the baseline.

A series of kinetic experiments, at the followimgnperatures, were run in the NMR tube
at 170, 185, 200, 215, 230 and 250 °C. The dataifg the straightest line, at least three
points, was plotted, and these points are useddtrmining the rate constant from the slope of

these lines. Typically, these points were chogsemfthe start of the experiment. The rate
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constant calculated from the slope was then usedeirArrhenius plot to calculate the BDE of

the CKl molecule.

3.2.7.1 Initial Kinetic Experiment, Stainless SteeCylinder

This experiment was set up in a 2.25-L cylindett tentained 69.47 g (1.510 mol) of
‘NG, and 151.08 g (774.76 mmol) of &F The temperature was monitored by a thermocouple
taped to the outside of the cylinder. Each sartgies at least 5 minutes of handling outside the
oven to collect the sample, and typically, 20-4@umes were required to get the cylinder surface

back up to the set temperature, +0.5 °C.

3.2.7.1.1 Kinetics at 150 °C in a Stainless Stegylihder

No reaction occurred at this temperature, evesr af8 days of reaction. This is contrary

to one of the earlier thermal reactions at 150vfRich had mercury present in the cylinder. This

mercury containing reaction saw a 3.2% conversitar a24 hours.

3.2.7.1.2 Kinetics at 170 °C in a Stainless Stegylihder

This experiment was the first temperature wheeerédaction began to progress forward

in the generation of GNO,. Three samples were taken, and the results anenatized in

Table 3.7.
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Table 3.7. Kinetics at 170 °C in a Stainless Ste@ylinder

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO, CF3NO;
1 26160 96.5 0.306 3.5 0.011
2 63540 88.0 0.280 12.0 0.038
3 87900 92.0 0.292 8.0 0.025

The rate found for this experiment was 5 £ il * L/sec. There is very poorf this
experiment, and the value holds little significand&t this point, some of the problems of this

experiment began to become apparent. A new metéeds to be devised.

Dissapearence of CF 3l
at 170 T Stainless Steel

Cylinder y=-3E-07x- 1.2035
R?=0.194
-1.16

118 50000 100000 150000 200000

-1.2

-1.22

In (CF3l mol/L)

-1.24

-1.26

-1.28 hd

Total Time (sec)

Figure 3.3. Disappearance of C§fin 170 °C kinetic experiment, stainless steel ayider.
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Appearance of CF 3NO;
at 170 € Stainless Steel
Cylinder y=5E-06x- 4.2833
R?=0.3456
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-35

In (CF3NO2 mol/L)
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Figure 3.4. Appearance of CENO; in 170 °C kinetic experiment, stainless steel cylier.

Some of the workup procedures were changed afiirtiial kinetic experiment. This
helped achieve better results for the next twotkinexperiments at 185 and 200 °C. The first
and most important change was to open the cylitoéhe samplings tube with the cylinder
standing in an upright position, instead of orsitke. This kept any liquid that may be present in
the cylinder from entering the sampling tube thliewang for the samples to come from the
more unified gaseous sample, instead of a mixtbileyoids. The cylinder was also insulated

when removed from the oven with glass wool andhclot

3.2.7.1.3 Kinetics at 185 °C in a Stainless Stegylihder

With the changes made to the procedure, the sesnitthis kinetic experiment were

much more successful, but thé factor was still not as high as desired, only ~Oldeally it

should be higher than 0.95. The results are sumethin Table 3.8.
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Table 3.8. Kinetics at 185 °C in a Stainless Ste@ylinder

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO; CF3NO;
1 10260 84.5 0.268 15.5 0.049
2 21300 77.9 0.247 22.1 0.070
3 32040 70.9 0.225 29.1 0.093
4 43260 72.1 0.229 27.9 0.089

The rate constant for this reaction was found té kel 0° mol * L/sec.

Figure 3.5

-1.3

Dissapearence of CF 3l
at 185 T Stainless Steel
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Disappearance of CEl in 185 °C kinetic experiment, stainless steel aylder.
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Appearance of CF 3NO;
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Figure 3.6. Appearance of CBENO; in 185 °C kinetic experiment, stainless steel cylier.

3.27.1.4 Kinetics at 200 °C in Stainless Steel Gyder

For this experiment, the best Ralues were achieved using the stainless steieldeyl
The results from this experiment are slower thaséhfound in the glass kinetic experiments.

The results are summarized in Table 3.9.

Table 3.9. Kinetics at 200 °C in a Stainless Ste@ylinder

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO; CF3NO;
1 6360 76.5 0.243 23.5 0.075
2 19320 62.5 0.198 37.5 0.119
3 30600 53.5 0.170 46.5 0.148

The rate for this reaction was found to be 1 X bl * L/sec.
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Dissapearence of CF 3l
at 200 T Stainless Steel
Cylinder y=-7E-06x - 1.3965
R?=0.9582
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Figure 3.7. Disappearance of CEl in 200 °C kinetic experiment, stainless steel aylder.
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Figure 3.8. Appearance of CENO; in 200 °C kinetic experiment, stainless steel cylier.

These kinetic data points, Table 3.10, when pliotie a Arrhenius Plot, Figure 3.9, gave
deceptively good results with a higf R 0.92. It must be remembered that the first paih
170 °C, is very suspect. The fact that it linesnghl with the other two is more of a coincidence

than anything else. Also, when looking at the Itesuthe dissociation energy of @F
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Table 3.12, or the Hrom the Arrhenius plot is extremely low, 9.61 Ko#®ol, the accepted value
is around 53 kcal/mdt® This large difference confirms the shortcomindsthis kinetic
experiment and points out the necessity for a idiffeexperimental setup.

The lowering of activation energy may be due tatalgtic effect from the stainless steel,
but this is difficult to tell from the poor resultsThe surface area in this cylinder is also an
important factor to take into account. The inssdeface of the cylinder will continually change
as the surface is oxidized by the -N&hd any -F radicals are formed by the generafi¢fN®.

As the surface reacts with the various oxidizdre, dctive areas will be deactivated but may be
reactivate as the surface flakes. Many inorgaaket are recovered in these thermal reactions
in stainless steel. If catalysis is occurringhis kinetic experiment, this is an undesirable ltesu
A bond dissociation energy that can be comparetidqrevious kinetic experiment is desired

for comparison reasons.

Table 3.10. Summary of Kinetic Experiments in Stailess Steel Cylinder

Experiment Disappearance of | Appearance of Factor Half Life
CF3l CF3NO? (CF3NO/CF3l) (t12)
(mol/L * sec) (mol/L * sec) (sec)
K1
170 °C -3x 10 5x 10° 16.66 138629
185 °C -2x10 6 x 10° 3 115524
200 °C -7x10 1x10° 1.43 69314
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Arrhenius Plot for CF 3NO,
Appearance, All Data Points in
Stainless Steel Cylinder y = -4814.6x - 1.3945
14 | | | | | | | R? =0.9204
-11@,0021 .0.00212 0.00214 0.00216 0.00218 0.0022 0.00222 0.00224 0.00226 0.00228
-11.6
-11.7
_ -118
g -11.9
£ -12
*
-12.1
-12.2 -
-12.3
-12.4
1T (K)
Figure 3.9.  Arrhenius plot for all kinetic experiments in stainless steel cylinder, GJNO,

appearance.

Table 3.11. Summary of Data for Plotting Arrheniws Plot of Kinetic Experiments
Carried Out in Stainless Steel
Experiment k In k T (K) 1/T (K)
170 °C 5x 10° -12.206 443 0.00226
185 °C 6 x 10° -12.024 458 0.00218
200 °C 1x10° -11.513 473 0.00211
Table 3.12. Summary of Parameters from the Arrheius Plot of the Data from All of the
Kinetic Experiments Carried Out in Stainless Steel
Plot Equation X=0 A Slope Ea Ea
Intercept (Ea/R) | (kJ/mol) (kcal/mol)
(In A)
All y =-4814.6 x — | -1.3945 | 2.47 x 10| -4814.6 40.02 9.61
Points 1.3948
CF3NO;,
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Ideally, for all of these kinetic experiments, mosampling would have been
advantageous. However, each sample takes ~1% utftdienass of the system. This will have
a small but definite effect on the equilibrium bétsystem. The more samples taken, the greater
the opportunity for changes in the kinetics. Alsach gas in the system, LLFCRNO,, -NG,
and other N@Q compounds, has a different vapor pressure cuAtehe given temperatures, the
amount of each gas in the vapor phase will varyeamthe temperature is greater than the
critical temperature for all the gasses. sClifas a critical temperature of 123.44 *€. For
CRNO,, the critical point is unknown, and if it is sifnantly higher, problems can occur with
the measurements. If gIFand CENO, are not completely in the gaseous phase, a defétict
can be had on the ratio of the gasses in the satapte This is not an issue for the NO
compounds, since they are not being monitoret® NMR spectroscopy. The difference in the
critical temperatures of GNO, and CRKl may be significant because the temperature of the
system can only be monitored on the skin surfadew quickly the internal temperature falls
while sampling is unknown. It is possible thatthg time a sample is taken, {LFCRNO, or
both gasses have fallen below their critical terapge upsetting the results.

Too many factors and questions are present withkihetic experiment using the
stainless steel reaction vessel. A new approaokasled that would avoid the shortcomings of
the stainless steel cylinder kinetic experimenticwincludes possible changes in concentrations
for each sample, loss of mass upon each samplé&eagthy heating and reheating times during
sampling warm up and cool down. This led to the ketic experiments being performed in
the thick-walled NMR tubes. The NMR tubes elimeatl of the previous shortcomings while
only one major issue is created, the monitoring té gaseous samples ByF-NMR

spectroscopy,
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3.2.7.2 Kinetics in Glass NMR Tubes

Upon determining that the stainless steel kinetkperiment was not suitable for
gathering useful kinetic results, a new system @&ssed using thick walled NMR tubes. Many
of the major experimental problems found duringgtanless steel experiments were eliminated
with the change to the sealed NMR system includimgnges to the sample makeup, changes to
the system materials and slow heating and coolintgesample between NMR measurements.
Several disadvantages of this experimental approathde the relatively low concentration of
sample in the NMR tube, the lack of a deuteriumtaimmng solvent for locking and shimming
the NMR spectrometer, and the loss of true pseudbdrder conditions. The signal-to-noise
ratio of the baseline is relatively large, whichkes an exact integration more difficult than with
a typical NMR spectrum, but this can be overcomédiry broadening the spectrum and taking

more scans. This is one of the major sourcesrof & this experiment.

3.2.7.21 Kinetics at 170 °C in Glass NMR Tube

This was the first kinetic experiment attempted3.25 : 1 ratio of -N@: CHil
(0.0147 g -N@ 0.0192 g CH) was added to the NMR tube and sealed under vacatu
-196 °C. The NMR tube was placed in a preheatedeptive metal cylinder in the oven at
170 °C and heated. The sample was removed fronowlae and its protective container and
allowed to cool. Transfer takes ~15 seconds, wiatding takes ~30 seconds. Once cooled, the

reaction progress is investigated i-NMR spectroscopy. The results are shown in Talla.
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Table 3.13. Kinetics in Glass at 170 °C

Reaction Time Mol% CF 3l | CF3l (Mol/L) Mol% CF3NO>

(sec) CF3NO, (Mol/L)
1 23280 100 0.134 0 0
2 83280 100 0.134 0 0
3 413700 90.1 0.121 9.9 0.013
4 836100 69.5 0.093 30.7 0.041
5 1164900 38.6 0.052 61.4 0.082
6 1640700 16.1 0.022 83.9 0.113

Dissapearence of CF jl
at170 T y=-1E-06x- 1.5927
. R?=0.9172
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Figure 3.10. Disappearance of CfFin 170 °C kinetic experiment.
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Figure 3.11. Appearance of CENO; in 170 °C kinetic experiment.
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The rate of the disappearance is determined bgltpe and is 1 x IDmol/L * sec. The

addition of -NQ and CHl in these very small amounts to the NMR tube isywdifficult.

Multiple transfers into a pre-weighed cylinder hadbe performed in order to approach the

desired addition amounts of reactants for addirtg the NMR tube.

developed for all the following kinetic experiments

3.2.7.2.2

Kinetics at 185 °C in Glass NMR Tube

A new method was

This experiment was prepped differently from thé® T run, and this procedure was

used for all the remaining kinetic experiments andescribed in the Experimental section.

results for this experiment are summarized in T&kld.

Table 3.14. Kinetics in Glass at 185 °C

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO; CF3NO;
1 166860 17.0 0.063 83.0 0.306
2 249540 4.1 0.015 95.9 0.353
3 313140 1.0 0.004 99.0 0.365
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Dissapearence of CF 3l

at185<T
y=-2E-05x + 0.4952
R%?=0.9947
0 ‘ ‘ ‘ ‘ ‘ ‘
50000 100000 150000 200000 250000 300000 350000

-1
2
3 “~.

In (CF3l mol/L)

. S

s ~
o~

Total Time (sec)

Figure 3.12. Disappearance of Cfin 185 °C kinetic experiment.

Appearance of CF 3NO,
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Figure 3.13. Appearance of CENO; in 185 °C kinetic experiment.

The rate of disappearance for this experiment wad @ mol/L * sec.
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3.2.7.2.3 Kinetics at 200 °C in Glass NMR Tube

This experiment was attempted twice because the fdan the first experiment did not
fit the Arrhenius plot well, and the rate of N, appearance was faster for the 200 °C
experiment than the 215 °C experiment. Possildsaes for this difference will be discussed
below. In both experiments, the rate constantadowere very similar, but unfortunately, they
were both faster than the 215 °C experiments. ,Als® appearance of gFO, was faster than

the disappearance of @Fy a x2.5 and x11. For this reason, these resuhere discarded

when setting up the final Arrhenius plot. The tesare summarized in Tables 3.15 and 3.16.

Table 3.15. Kinetics in Glass at 200 °C, Experimeri

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO; CF3NO;
1 7380 95.5 0.312 4.5 0.015
2 12720 84.6 0.276 154 0.050
3 18120 69.7 0.227 30.3 0.099
4 23640 53.2 0.174 46.8 0.153
Dissapearence of CF 3l
at 200 C, Experiment 1
y = -4E-05x- 0.8566
o R?=0.9666
02 4 so‘oo 10500 15600 20600 25000
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Figure 3.14. Disappearance of C§fin 200 °C kinetic experiment 1.
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Appearance of CF 3NO;
at 200 T, Experiment 1
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Figure 3.15. Appearance of CENO; in 200 °C kinetic experiment 1.

The rate of disappearance of{Cfor this Experiment is 4 x T0mol/L * sec.

Table 3.16. Kinetics in Glass at 200 °C, Experimer2

Reaction Time CF3l CF3l (Mol/L) CF3NO; CF3NO;
(sec) (Mol%) (Mol%) (Mol/L)
1 1560 100 0.099 0 0
2 3540 99.5 0.099 0.5 0.0005
3 6660 97.5 0.097 2.5 0.002
4 9780 93.9 0.093 6.1 0.006
5 12300 89.8 0.089 10.2 0.010
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Dissapearence of CF 3l
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Figure 3.16. Disappearance of Cffin 200 °C kinetic experiment 2.

Appearance of CF 3NO;
at 200 C, Experiment 2
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Figure 3.17. Appearance of CENO; in 200 °C kinetic experiment 2.

The rate of disappearance of{Cfor this experiment is 1 x TOmol/L * sec
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3.2.7.24

Kinetics at 215 °C in Glass in Glass NMRube

The results for this reaction are summarized iblg8.17.

Table 3.17. Kinetics in Glass at 215 °C

Total Time (sec)

Figure 3.18. Disappearance of Cffin 215 °C kinetic experiment.
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Reaction Time CFsl CF3l (Mol/L) CF3NO» CF3NO>
(sec) (Mol%) (Mol%) (Mol/L)
1 10800 37.9 0.111 62.1 0.182
2 16200 13.5 0.040 86.5 0.254
3 18060 10.0 0.029 90.0 0.264
4 19920 6.6 0.020 93.3 0.274
Dissapearence of CF 3l
at215%c y=-0.0002x - 0.1954
o R?=0.9999
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Appearance of CF 3NO;
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Figure 3.19. Appearance of CENO; in 215 °C kinetic experiment.

The rate of disappearance for this experiment wad @ mol/L * sec.

3.2.7.25 Kinetics at 230 °C in Glass NMR Tube

This experiment was done twice in an attempt toagbetter fit for the Arrhenius plot.
The result from Experiment 2 was discarded forfil@ Arrhenius plot because the rate of;CF

disappearance was much less, x11, than the appeacdnCENO..

reactions are summarized in Tables 3.18 and 3.109.

Table 3.18. Kinetics in Glass at 230 °C Experimertt

The results for these

Reaction Time (sec) Mol% CRl | Mol/L CF 3l Mol% Mol/L
CF3NO; CF3NO;
1 1560 88.2 0.098 11.8 0.013
2 3360 47.3 0.052 52.7 0.058
3 5160 14.6 0.016 85.4 0.094
4 6960 3.4 0.004 96.6 0.107
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Dissapearence of CF 3l
at 230 T, Experiment 1
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Figure 3.20. Disappearance of Cffin 230 °C kinetic experiment 1.

Appearance of CF 3NO,
at 230 C, Experiment 1
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Figure 3.21. Appearance of CENO; in 230 °C kinetic experiment 1.

The rate of disappearance for the experiment i46*%mol/L * sec.
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Table 3.19. Kinetics in Glass at 230 °C Experimeri

Reaction Time CFl CFl CF3NO; CF3NO;
(sec) (Mol%) (Mol/L) (Mol%) (Mol/L)
1 300 100 0.091 0 0
2 600 99.7 0.090 0.3 0.0003
3 900 99.3 0.090 0.7 0.0007
4 1320 97.2 0.088 2.8 0.003
5 1740 94.9 0.086 5.1 0.005
6 2160 90.9 0.082 9.1 0.008
7 2580 86.0 0.078 14.0 0.013
8 3060 78.6 0.071 214 0.019
9 3480 72.2 0.065 27.8 0.025
Dissapearence of CF 3l
at 230 C, Experiment 2 y=-0.0001x- 2.2158
R?=0.9614
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Figure 3.22. Disappearance of Cffin 230 °C kinetic experiment 2.
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Appearance of CF 3NO;
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Figure 3.23. Appearance of CENO; in 230 °C kinetic experiment 2.

The rate of disappearance for this experimentisd@* mol/L * sec.

3.2.7.2.6 Kinetics at 250 °C in Glass NMR Tube

This experiment was set up in a NMR tube with 84% concentration of GRO,,

which was generated previously in the 200 °C Expent 2. This value was subtracted from all

the results shown in Table 3.20.

Table 3.20. Kinetics in Glass at 250 °C Experiment

Reaction Time CFil CHFsl CF3NO» CF3NO,
(sec) (Mol%) (Mol/L) (Mol%) (Mol/L)

0 0 89.4 0.081 10.6 0.010

1 300 87.3 0.079 12.7 0.012

2 600 71.4 0.065 28.6 0.026

3 900 53.8 0.049 46.2 0.042

4 1200 39.8 0.036 60.2 0.055

5 1500 29.4 0.027 70.6 0.064
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Dissapearence of CF 3l
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Figure 3.24. Disappearance of C§fin 250 °C kinetic experiment 1.
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Figure 3.25. Appearance of CENO; in 250 °C kinetic experiment 1.

The rate of disappearance of«Cfor this reaction is 9 x IOmol/L * sec.

98



3.2.7.2.7 Summary of Glass NMR Kinetic Results

The results of all the kinetic experiments are siamzed in Table 3.21. The experiment
was set up as close to a pseudo first order rema8dhe equipment would allow. The excess of
the non-limiting starting reagent, -MQvas ~3 : 1, not the typical 20 : 1, due to thetbnof
NMR detection. Most of the data received fits tinst order kinetics in the expected manner,
linear rate lines, etc. The proposed mechanisns doé support CINO, appearing faster than
the disappearance of @F So, any of the experiments with a “factor” gadf appearance
CRNOJ/rate of disappearance of g¥that is much greater than 1 is suspect, and no&iiyese
points were removed from the final Arrhenius pl@ome reasons for this abnormality will be
discussed below. The three experiments that hasenbrst “factor” are both of the 200 °C
experiments and the 230 °C Experiment 2. Sevdrgheoexperiments have “factors” slightly
above 1 and these include the 170 °C, 230 °C aad280 °C experiments, but they were
determined to be within the error of the experimamd retained. The cause of this error requires
some explaining. In order to get useful data, nkimetic experiments had to be eliminated than
expected to get a linear Arrhenius plot.

First, only 8 experiments were performed in thisetic study. This is not enough
experiments to get more than an estimate for th& BDthe reaction. The error for the final
calculated value will be somewhere between 5-10/kch Each temperature value should be
repeated at least five to ten times before ther @an be brought down and more definite trends
can be seen. Without this larger set of data ppitite possible sources of error can have a
dramatic effect on the results. The final bestiéita matched the literature values, but only 3 of

the 8 points were used to calculate this value.ei\dl 8 values were used, the results began to
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drift further from the expected results. Theseeskpents must be taken for what they are, an
experimental starting point to much larger kinetkperiment.

There are many factors that can cause the ratkeoCtl disappearance to be slower
than the appearance of £HFO,. If enough runs were performed, this should ayermut many
of these errors, and this trend would not be olesenFirst, the surface area of the NMR tube
may be having an effect on the reaction. Durirgyrmction, FNO is generated and will react
with the glass, which will consume -N@s discussed in Chapter 2. The amount of starting
material does vary slightly in each sealed tube, iamns likely that the NMR tubes with more
material in the system keeps its pseudo-first oldeetics better than in the tube will less
starting material. Also, the fact that there iyan 3 : 1 ratio, not the typical 20 : 1, meand tha
removal of -NQ by the glass makes these experiments even lesglg@$est order than it
already is. The surface condition of the insidéhefNMR tube is changing by handling between
runs. The NMR tubes are sealed and cut open forruanother run. This changes the length,
internal volume and surface area of each tube wh&shan effect on each subsequent run. The
more surface there is, the greater the possiliditya side reaction and an unwanted consumption
of -NQ,.

Second, the NMR experiment has its own set of ssueh as the lack of a lock solvent,
the paramagnetic nature of -pl@nd the difference in relaxation rates of386, and CHl
which will all have an effect on the baseline noisehe nosier the baseline, the more difficult
getting a consistent integration becomes.

The relaxation rate variable can be correctededessary. A relaxation experiment is
easily done on the NMR instrument and will confifrthe molecules have enough time to relax

back to their non-excited state during the NMR expent. If the molecules do not reach their
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non-excited state before the next NMR pulse, thenntegration will be thrown off. Especially,

if one molecule reaches its relaxed state whileother has not. The;Telaxation experiment
gave the following relaxation time for the two mules. The CH had a T value of 1.44 ms,
while CENO, had a T value of 2.88 ms. All of the kinetic experimehtsd relaxation times of

2 or 6 seconds, giving the molecules plenty of timeeach their relaxed state. This experiment
eliminates the relaxation variable as a source rofre Unfortunately, many of the other
variables could not be completely eliminated.

The results from the kinetic experiments are shawiable 3.21, and this information
was used to calculate the Arrhenius plots, seer€g8.26-3.28. From the rate constants, the
half-lives of the various kinetic reactions camoate calculated. The formula for the half-life of
a first order reactionb = (In 2)/k;.

In Figure 3.26, all experiments are plotted, arichear trend can be observed, but the fit
is not as high as desired? R 0.87. The Arrhenius formula for this plot, whidits the
expression k= A exp (-&/RT) is shown in Equation 3:

ky = 1.62 x 187 exp (-18277 K/T) cthmol™* s* (Eq. 3)

The removal of the experiments at 185 °C, 200 °@=arment 2 and 230 °C experiment 2
produced an Arrhenius plot, Equation 4, with a samtial increase in the?R= 0.96, and this is
summarized in Figure 3.27. These points are rethbeeause the ratio or appearance ofl @F
CRNO; is 4 or greater.

k; = 1.38 x 1&* exp (-20335 K/T) crhmol™* s* (Eq. 4)
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Table 3.21. Summary of Kinetic Experiments

Experiment Disappearance of | Appearance of Factor Half Life
CFsl CF3NO? (CF3NO,/CF3l) (t1)
(mol/L * sec) (mol/L * sec) (sec)
K1
170 °C -1x 10 2 x 10° 0.5 346573
185 °C -2x 10 1 x 10° 20 693147
200 °C, -4 x 10° 1 x 10 0.4 6931
Experiment 1
200 °C, -1x10° 2 x 10 0.5 3465
Experiment 2
215 °C -2 x 1d 5x 10° 4 13862
230 °C -5 x 10% 6 x 10° 0.45 1155
Experiment 1
230 °C -1x 10* 1.1 x 10° 0.17 630
Experiment 2
250 °C -9x 10 1.4 x 10° 0.64 495
Arrhenius Plot for CF 3l
Disappearance, Best Fit Data Points y =-18277x + 28.112
R®=0.8678
O T T T T T T T T
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Figure 3.26. Arrhenius plot for all kinetic experiments, CKl disappearance.
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Arrhenius Plot for CF 3l
Disappearance, Ratio <4 y = -20335x + 32.56
R®=0.9591
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Figure 3.27. Arrhenius plot for best-fit data, CiNO, appearance.

If all the experiments are removed with the exaepdf the 170 °C, 200 °C experiment 1
and 230 °C experiment 1 data, an excellent liniear i formed with an R= 0.995. These
points are the best possible fit from all the ekpents, and no other set of points has a linear fit
as good as these three points, see Figure 3.28.pdints chosen have the closest 1 : 1 ratio of
appearance to disappearance ofICERNO,. The Arrhenius formula for these points is shown

in Equation 5.

ki, = 5.47 x 16° exp (-23140 K/T) crhmol™* s* (Eq. 5)
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Arrhenius Plot for CF 3l
Disappearance, Best Fit y = -23140x + 38.54
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Figure 3.28. Arrhenius plot for best-fit data, 3 eperiments, CFENO, appearance.

The data from the three Arrhenius plots are sunmzadrand compared in Tables 3.22 and

3.23

Table 3.22. Summary of Arrhenius Plots

Experiment k In k T (K) 1/T (K)
170 °C x 10° -13.815 443 0.00226
185 °C 2x10° -10.820 458 0.00218
200 °C 4x10° -10.127 473 0.00211
Experiment 1

200 °C 1x10° -11.513 473 0.00211
Experiment 2

215 °C 2 x 10" -8.517 488 0.00205

230 °C 5x 10 -7.601 503 0.00199
Experiment 1

230 °C 1x 10 -9.210 503 0.00199
Experiment 2

250 °C 9 x 10" -7.013 523 0.00191
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From the Arrhenius plots, two important piecesirdbrmation can be determined, the
activation energy of the system and if the traosistate is similar to the reactants or the praduct
The key values are calculated in Table 3.23. Taey A, which provides insight into the

transitions state and,Bwhich is the activation energy or bond dissooragnergy of the system.

Table 3.23. Summary Table of Arrhenius Plots

Plot Equation X=0 A Slope Ea Ea

Intercept (Ea/R) | (kJ/ (kcal/

(In A) mol) mol)

All y =-18277x + 28.112 28.112 1.62 x40/ -18277| 151.96| 36.3
Points
CF3NO,

Best Fit | y=-20335x + 32.56 32.56 1.38 x'10| -20335| 169.07| 40.4
CF3NO,

3 Points | y=23.140x + 38.54 38.54 5.47 X80 -23140| 192.39| 46.0

With the three Arrhenius plots determined for tlagious combinations of experiments,
some trends can now be seen. Thev&@lue determined from the plots corresponds to the
dissociation energy of the glFbond because the reaction cannot progress umsilldond is
broken. The dissociation energy of thesldfond has been determined several different ways,
and the results are summarized in Table 24.

The literature finds the experimental value fa Hond dissociation energy of &£ko be
between 47.1 and 56.91 kcal/mol. The first two Anius plots found in this kinetic experiment
have a much lower BDE, 36 and 40 kcal/mol, buhaseixperiments that are erroneous or flawed
are removed, a merging towards the accepted valsean. When the best-fit line is plotted, a
BDE of 46 kcal/mol is achieved fitting in nicely tithe previous experimental data especially,

if the rather large error of the experiment is taketo account. Instead of removing values,
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more experiments should have been performed. delaet of experiments would average out
many of the errors observed during this experimant a convergence towards the expected

BDE should be seen.

Table 3.24. Bond Dissociation Energy for C§F

BDE of CFsl A Experimental Technique Reference
(kcal/maol)
56.91 Secondary Kinetic| Shock tube, and laser-schlieren 3.2
Experiment apparatus
52.6+1.1 1x187° Optical density 3.3
53.3 3.4
55.0 Shock tube, I-atom absorbance 3.5
54.01 1x 164%7 Shock Wave Study, UV 3.1
Absorption
52.6 1x 16" 3.30
47.2 1x 16> 3.31
53.0 2.26 x 1V NMR spectroscopy and Heat This
Research

The A value gives insight into the transition staf the system. Using the Gorin model
of nearly free particles, a weak interaction oftigées is about 3 times the initial bond distance,
and this corresponds to an A value in the rang@0bf! s*3%® The A values found for this
reaction were within limit for the two Arrheniusgté with more points, and the best fit plot had
an A value of 5.47 x 28 This A value is larger and suggests a very ezadtke transition state
with a long interaction between molecules. Theft"salectron-dispersed iodine atom can
absorb some of the electron density of thg §&&bilizing the molecule while it interacts witiet
‘NG, molecule. The stabilizing effect of the iodinedéhens the bonds formed in the transition

state leading to the larger A value observed is fibaction.
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3.2.7.3 Conclusions on Kinetic Experiments

The glass NMR thermal kinetic experiments werdyauccessful, but more experiments
must be run to reduce the error. By eliminating ldss accurate data, a better Arrhenius plot to
be plotted. Again, this is not the conventionalywa run a kinetic experiment, and more data
points are always preferred. This experiment @itlthe groundwork and eliminated many of
the issues involved with the different kinetic esipeents so a new experiment can be started
quickly and efficiently. The Evalues calculated were within the range of thesotkinetic
reactions. The A value suggested an elongatediti@m state.

Ideally, more useable experimental points wouldehlagen better, and this may be fixed
by changing the experimental approach or just mmmany more experiments for a better
average. The addition of a sealed capillary tutr@aining a duterated solvent to the reaction
before adding the GFand -NQ gaseous mixture might fix the solvent intensigurs observed
in these experiments. A lockable solvent might @lfow for a greater ratio of -NO CF;l to be
used because the solvent would help to flattenbidwe line. The biggest concern for this
experimental change would be the possible predsuité up of the solvent in the capillary tube.
This could be avoided using a high boiling solvdtke DMSO. More changes to the
experimental procedure could lead to even moreesscc A sealed autoclave with constant IR
monitoring capability has excellent possibilitiesd this method would be a derivative of many
of the kinetic experiments already performed. Atesn that could be monitored by GC/FID
might also be very effective, assuming the samptedd be removed while the system is hot.
This would eliminate the very slow warm up and cdoln stages seen in the stainless steel

experiment. The biggest issue would be the sampgnocedure. This kinetic experiment has
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laid down the groundwork for any number of expenisethat can hopefully begin and expand

on the kinetics of the thermal reaction of -N@th CFsl.

3.3 Experimental Section

3.3.1 Instrumentation

The *®F-NMR spectra were recorded on a Bruker 500 MHz NBfRctrometer. All

gaseous NMR samples were condensed into a sedd#R tube (4 mm O.D., Tefldh

stopcock) on a vacuum line or sealed in a thickedal tube (4 mm O.D.).

Trichlorofluoromethane, CFglwas used as the reference material (0.0 ppm)chlutoform

was the primary solvent, 99% by volume. No solweas used in the pressure experiments.

3.3.2 Starting Materials

3.3.2.1 Trifluoronitromethane, CFK;l

Trifluoronitromethane, Cif, was used as received from SynQuest

3.3.2.2 Nitrogen dioxide, -NQ@

Nitrogen dioxide, -N@ was used as received from Matheson Trigas andigulinf

necessary, as described in Chapter 2.
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3.3.3 Thermal Generation of CENO,

A 2.25-L stainless steel Hokeeylinder was passivated with 200 torr of,3#y heating
overnight at 200 °C. The $Rvas removed, then the cylinder was cooled to -6 This
passivation step is not necessary but cuts dowmh@ilakes produced during the runs. To the
cooled cylinder, -N@ was added, 71 g (1.5 mol). The cylinder is warnbetdween each
addition, and the weight is checked. The ,Nf@dition is followed by the addition of GIF
215 g (1.10 mol) to the recooled cylinder. Thisduces a stoichiometric ratio of 1 : 1.41 of
CFRsl : :NG,. The cylinder is capped, placed in the oven wisgbreheated to 200 °C and heated
for at least 72 hours. The cylinder is removedled to room temperature and purified

according to Method 4 as described in Chapter 4.

3.3.4 Thermal Generation of CENO, Using Trifluoroacetic Acid

A clean and dry 150-mL stainless steel cylindes Wiaed with a burst disk, 1500 psig.

The vessel was flushed with nitrogen, and underiteogen flow, an amount of 3.35 g
(29.4 mmol) of trifluoroacetic acid was added viggite. The cylinder was sealed and
freeze-pump-thawed three times. Upon warming lackoom temperature, the cylinder was
cooled to -196 °C, and 0.14 g (0.66 mmol) of tofloacetic anhydride was added under a static
vacuum to the cylinder to dry the trifluoroaceticidca The cylinder was allowed to warm to
room temperature and sit for several hours. Thi@dsr was then cooled back to -196 °C, and
‘NG, (6.59 g, 143.3 mmol) was added under a staticwwacuUpon warming, the cylinder was

placed in an oven preheated to 200 °C for 6 hoilitse cylinder is cooled to room temperature
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upon removal from the oven and then cooled to &8 Once -78 °C is reached, the cylinder is
placed under a dynamic vacuum, and any volatilecallected in a -196 °C trap. This -196 °C
trap collection, 0.22 g, was placed in a clean, dginder and analyzed by’F-NMR
spectroscopy. At this point, no attempts were madeemove the NOQcompounds that were
present, but the only fluorinated product preserhe sample was GNO,.

In an attempt to achieve the 30% yield clamedaliterature, the cylinder was put back
into the 200 °C oven for ~2 weeks. The cylinder athswed to cool back to room temperature
and then cooled to -78 °C. The cylinder was thiaxwgqul under a dynamic vacuum, and any
volatiles were collected in a -196 °C trap. Thisifocation yielded another 0.97 g of material,
which was combined with the previous collectioniggva total sample of 1.19 g. The crude
material was transferred to a new cylinder contgri5 g of NaOH and allowed to sit overnight.

Upon purification 0.14 g of pure GIRO, was isolated with a 2.1 %-yield.

3.3.5 Thermal Addition of -NG; to 2-lododecafluoro-2-(trifluoromethyl)pentane at165 °C

A 60-mL stainless steel cylinder was dried in & 2G oven overnight and upon cooling
back to room temperature, an amount of 5.38 g (I2rhol) of 2-nitrodecafluoro-2-
(trifluoromethyl)pentane was added via pipette, Hmcylinder was then sealed. The cylinder
was cooled to -196 °C arfdeeze-pump-thawed three times on the vacuum lidader static
vacuum, -NQ@ (1.89 g, 41.0 mmol) was then added to the cylind€he capped cylinder was
then placed in a 165 °C preheated oven for 69 ha6&rsninutes. Upon cooling to room
temperature, the cylinder was cooled to -78 °C, alhdolatile materials were pumped into a

-196 °C trap. The material collected in the -1@65tfap (1.36 g) was then transferred into a
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cylinder containing ~5 g of NaOH pellets. Aftertisiy overnight on the NaOH pellets, the
cleaned mixture (0.70 g) was transferred to an gnaoy cylinder for further analysis.

The cylinder that was cooled to -78 °C was allow@avarm back to room temperature.
Once warmed, all volatile materials were removedeura static vacuum into a -196 °C trap.
This crude mixture, 1.35 g, was placed in a cylindentaining NaOH and allowed to sit
overnight. The cleaner mixture, 0.56 g, was planegh empty, dry cylinder for analysis.
Note: 2-lododecafluoro-2-(trifluoromethyl)pentane is very poisonous and proper handling and

safety gear should be worn when handling at all times.

3.3.6 Thermal Addition of -NG; to 2-lodoheptafluoropropane at 165 °C

A 60-mL stainless steel cylinder was dried overhighan oven at 200 °C and upon
cooling back to room temperature, 2-iodoheptaflpospane (2.97 g, 6.70 mmol) was added via
pipette to the cylinder, which was sealed. Theteats of the cylinder were subjected to three
freeze-pump-thaw cycles on a vacuum line. Undaticsvacuum, 1.55 g (33.7 mmol) of -NO
was then added to the cylinder. The capped cylinds then placed in a 165 °C preheated oven
for 69 hours 15 minutes. Upon removal from themwube cylinder was cooled to -78 °C, and
all volatiles were pumped into a -196 °C trap. Thede mixture was transferred into a cylinder
containing ~5 g of NaOH pellets. After sitting owght on the NaOH pellets, the cleaned
mixture, 1.19 g, was transferred to an empty, gtnder for analysis.

The cylinder that was cooled to -78 °C was allow@avarm back to room temperature,

and once warm, all volatile materials were remowurder a static vacuum into a -196 °C trap.
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This crude mixture was placed in a cylinder contgnNaOH and allowed to sit overnight.

Upon attempting to collect any material from theQ¥acylinder, no material was present.

3.3.7 Thermal Addition of -NG; to 2-lododecafluoro-2-(trifluoromethyl)pentane at120 °C

A 60-mL Monel cylinder was dried in a 200 °C overemight, and upon cooling back to
room temperature, 2-iododecafluoro-2-(trifluoromgppentane (2.99 g, 6.70 mmol) was added
via pipette, and the cylinder was sealed. Thisndgr was then cooled to -196 °C and
freeze-pump-thawed three times on the vacuum lidnder static vacuum, -NO(0.75 g,
4.69 mmol) was then added to the cylinder. Thepedpylinder was then placed in a 120 °C
preheated oven for ~5 days. Upon cooling to roompggature, the cylinder was cooled to
-196 °C. The cylinder was warmed slowly in an engewar, and the contents were collected in
a -78 °C trap followed by two -196 °C cylinder. €rh196 °C collections were combined
producing 0.44 g of material which was transferrgd a stainless steel cylinder. The -78 °C
sample, 2.44 g was transferred into a clean stand¢eel cylinder. The -78 °C sample was
transferred into a 250-mL round bottomed flask aonbhg 100 mL of 1 M NaOH agueous
solution. Upon warming, the solution was removed sealed and allowed to sit overnight. The
solution was then acidified using concentrated H{d the fluorous layer was removed by
pipette and dried over MgS0O Following filtration, an amount of 2.22 g of &ar colorless
liquid consisting of 2-nitro-decafluoro-2-(trifluomethyl)pentane and decafluoro-2-
(trifluoromethyl)-2-pentanol was isolated. No het separation was attempted. According to
the NMR spectrum integration, 52% of this mixturasathe nitro derivative, while 48% was the

alcohol. The %-yield for the generation of 2-nittecafluoro-2-(trifluoromethyl)pentane is 47%.

112



Note:  2-lododecafluoro-2-(trifluoromethyl)pentane is very poisonous and proper

handling and safety gear should be worn when handling at all times.

3.3.8 Thermal Addition of -NG; to 2-lodoheptafluoropropane at 50 °C

A 60-mL stainless steel cylinder was dried overhighan oven at 200 °C. Upon cooling
back to room temperature, an amount of 4.47 g (fébl) of 2-iodoheptafluoropropane was
added via pipette, and the cylinder was sealede dyinder was freeze-pump-thawed three
times on a vacuum line. Under static vacuum, > iC24 g, 27.0 mmol) was then added to the
cylinder. The capped cylinder was placed in a 80pteheated oven for ~17 days. Upon
removal from the oven, the cylinder was cooled7® °C, and all volatiles were pumped into a
-196 °C trap. This crude collection, 0.39 g, wasferred into a cylinder containing ~3 g of
NaOH pellets. After sitting overnight over the NaQellets, the cleaned mixture, 0.28 g, was
transferred to an empty, dry cylinder for analysis. This material was pure

2-nitroheptafluoropropane and the %-yield was 8.1%.

3.3.9 Kinetic Experiments (Example 185 ° C)

A mixture of -NQ (0.7275 g, 15.82 mmol) and €K0.9611 g, 4.93 mmol) was added to
a 10-mL Hok& cylinder. This represents a 1 : 3.20 ratio ofICFNO,. This cylinder was set
aside for the additions to multiple thick-walled ®Mubes. All volumes of the six NMR tubes
were predetermined by the mass of deionized wateded to fill the NMR tubes and the

sealable section of the tube, minus the attachnoamt The average volume was 0.733-mL.
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The mass of each tube was also measured, incldldengint. For the 185 °C experiment, the
mass was 12.393 g. The tube and the cylinder aite &ttached to the vacuum line, and the
entire content of the cylinder was added to theéesysgiving a pressure between 350-400 torr.
The cylinder was heated with hot water and alloteeelquilibrate for 5 minutes. The NMR tube
was isolated from the rest of the vacuum line amoled to -196 °C and then the material in the
line was transferred back into the cylinder. ThHdRtube is flame sealed. Upon cooling, the
separated tube and joint are reweighed, and theumimaof the CEl, -NO, mixture was
determined. The NMR tube had 0.0926 g of the unextadded. The sealed tube was then
placed in a preheated 185 °C metal cylinder andtedafor the predetermined period of time.
Addition and removal of the tube took no more tfaseconds of time, and the reaction is

repeated as many times as necessary.
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CHAPTER FOUR

PURIFICATION OF CF 3NO3

4.1 Introduction

In most industrial reactions, the purification peses of a synthesized compound is of
paramount importance. If an impure compound islusdgood or drugs, the impurity can cause
great harm to the human ingesting the impurityrehg, nullifying any positive effects. A good
example of this is thalidomide. It was not freenfr its harmful enantiomer and caused birth
defects during the 1950s and 1960s due to the &ienger in the racemic mixture. Only the
R-enantiomer has the desired effects, but the darhad been done. Thalidomide is currently
shunned in the United States even though effeqtivéty checks are now in place. The
influence of unwanted chemicals on the environmerd much greater issue now than in the
past. If the synthesis of a compound producesdalymts that are considered environmentally
unfriendly, its production can be banned or seyerefulated. Eliminating the generation of
these byproducts, by clever chemistry or removiregnt effectively by a purification processes is
greatly desired.

The synthesis of GNO, has been discussed in Chapters 2 and 3. Theoduois
formed in both the photochemical and thermal reastiare COfand FNO, the latter of which
decomposes to NO, -NOand (NO)SiFs upon reacting with a glass surfdce.These former

two byproducts are formed by the spontaneous defaye O-bonded product,;E-ONO.
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Along with COR, FNO, and -NO, the excess -N&arting material must also be removed in
order to produce pure GIRO,.

Nitrogen oxides or NQ (-NO, -NQ, N;Os etc.) are byproducts of many industrial
activities. They are also produced in all intert@inbustion engines. The NGompounds are a
key component in the formation of acid rain andugb level ozone. These compounds also
affect terrestrial and aquatic ecosystems. Theya@ic to humans, particularly asthmatics and
are “criteria pollutants” to evaluate air quafit§*® Many different methods have been
developed for removing Ndrom industrial waste streams. Some of the morermon methods
are wet scrubbing, thermal oxidation (incineratjairy scrubbing and bioprocessifiy. The wet
scrubbing method was chosen for the purificationpodduct mixtures containing GIRO,.
Purification involves bubbling the reaction mixtutegough an aqueous caustic solution. This
procedure is an improvement in terms of cost argk ed operation when compared to the
prescribed CsF/Alftreatment.>*°

Aqueous solutions containing NaOH or KOH are a camrway for removing NQ
compounds from a gaseous reaction mixture. Theeasdration of the caustic in the solution can
range from 1 mass% up to a saturated solution. ah@unt of caustic is usually dependent on

the type of system being scrubbed. Two main cha&npathways exist for the breakdown of

NO, compounds. The first is the reaction of N@th water, Equations 1-3"*8

N,Os3 + H;0 == 2 HNO; (Eg. 1)
2 -NQ, + H;0 > HNO, + HNO; (Eqg. 2)
N,Oj4 + H,O > HNO, + HNO; (Eqg. 3)
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These reactions are fast and occur without thetiadddf caustic to the system. The stable acid
HNO;3; begins to build up, while the less stable acid HN@ll disproportionate to -NO and

HNO3/H,0, Equation 4:’

3 HNO, > 2 -NO + HNQ + H,0 (Eq. 4)

The presence of nitric oxide, -NO, is problematie tb the very low solubility of -NO in
caustic mixture§:>**° Nitric oxide can be eliminated by adding anotsenubber containing an
effective oxidizing agent. Solutions containing,8&;*° and HO,"® are oxidizing agents that
have been used for its removal. In the presen@awétic, the undesired disproportionation of

HNO, into -NO and HN@can be avoided via formation of the N@nion, Equations 5-6.

HNO, + OH = NO, + H,0 (Eq. 5)

HNO; + OH - NOs + H,O (Eq. 6)

This sets up a competition between HN@®ajor byproduct) and HNQminor byproduct). The
HNO, neutralization is a gas-liquid interaction as aggabto HNQ, which is a liquid-liquid
interaction. Therefore, HNQlecays at a slower rate than the HN&nd if the concentration of
caustic is too low, some -NO may still get throtigl scrubbing systefif

In this Chapter, two purification methods of 8I©, will be discussed and evaluated in
terms of time and cost effectiveness. The evatutiba new purification process will also be

discussed.
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4.2 Results and Discussion

The goal of this project was to evaluate the oagpurification method developed by Lu,
et al.**>*®during their synthesis of $RO., which was then applied to @¥O,, and if necessary,
find a method for purifying the GFanalog on a much larger scale. The key factorthim

discussion are effectiveness, purification time eost.

4.2.1 Initial Purification Method

The initial purification method developed by Ludasthree-step, “dry process” and was
used for quantities of 1 gram or less of the cr@eNO, mixture. The first step in the
purification process involves reacting the crudesN8B, mixture with cesium fluoride, a
fluoride-ion donating Lewis base, in a cylinder gmveral days. The CsF removes both €OF
and -NQ from the crude reaction mixture. The -N©® converted into CsON{and nitrosyl

fluoride, FNO*** The COF is removed by the CsF by creating a cesium sgliaions 7-8:

CsF + COE> CSOCK; (Eq. 7)

CsF + 2 -N@-> CSNOs + FNO (Eq. 8)

The FNO molecule is known to react with stainleteelscreating metal salts and -NO. The

newly purified mixture contains FNO, @O, and -NO, and this mixture is placed over AlF

which removes the FNO by forming a salt, Equati&i®:
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AlF; + FNO-> NO'AIF, (proposed formul&y (Eq. 9)

AlF; + 3 FNO-> (NO")3AIF¢® (alternate salt formation)  (Eq. 10)

The final trap-to-trap distillation will remove gnNGO, not removed by the CsF by
trapping it as MO, in the -78 °C trap, the -135 °C trap (Pwr -155 °C trap (this research)
collects pure CHNO,. If any -NO is present in the mixture, it willllzet largely in the -196 °C
trap with a minimum amount pumped through the vacywmp due to its vapor pressure of
~4 torr at -196 °C.

This method works very well on a small scale, umumber of problems occurred when

larger quantities of crude GIRO, had to be purified.

4.2.2 Scale-up Using the Original Purification Metlod

The purification method used by N. 43*°was quickly discovered not to be feasible for
larger amounts of crude @W0O,. One of the first factors investigated was thiditglof CsF and
AlF3 to be used with multiple samples and/or larger am® of crude material. A typical diazo
blue light reaction in this project yielded aboufi® grams of a crude reaction mixture. An
initial purification step removed most of the exxeBlQ by trap-to-trap distillation through a
-78 °C trap, where it is stopped as the colorledisl ]N,O,4. After that purification step, 3-7 g of
the enriched CHNO, product mixture was introduced to the standard &siF AlF; purification
steps.

When N. Lu performed the initial purification wit@sF, the crude mixture was

transferred into a cylinder containing a huge exad<CsF, ~300 g, which was used as received.
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To evaluate the efficiency of this reaction, theoamt of CsF was reduced to 20-30 g. This CsF
was fused and then ground in a jar mill to maxinigesurface area and activity. Typically two,
and at best three, crude product mixtures coulérded of -NQ and COF with this activated
CsF. This translates to roughly 50% of the CsHdpeitilized as indicated in Eqgs. 6 and 7.
Typically two days were required to purify the ceudample, ~10 g starting mass. If larger
amounts of CsF were used or smaller quantitiesudec material, the time may be shortened.
Lu could not detect the limitation in the efficignof the purification of the product by this
heterogeneous reaction because of the huge exc€s§ aised.

The purification step using amorphous Allvas more efficient due to the fact that the
enriched CBNO, sample does not contain nearly as large a quanfitbyproducts to be
scrubbed as when it is reacted with CsF. For thg Aurification step, roughly a 1 : 1 mass
ratio of the partially purified product mixture éanorphous Algis used. This reaction typically
requires a reaction time of 12-24 h to reach cotigrie Neither of the purification steps
involving CsF or All; is economical, and both steps are time consunékg)g at least 36-48 h
for the CsF step and a 12-24 h reaction time fdf; Ab complete the individual purification
steps. The time required for this part of the fization does not take into account the time
required to generate the required Al&nd the fact is there no good way to recycleflig once
it is used. An economical breakdown of this methwltibe discussed in Section 4.2.4. Overall,
this work-up procedure is fine for 1-2 g quantitiesit for larger amounts of GRO,, a new

method must be devised.
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4.2.3 New Wet-Scrubbing Purification Method

A new, inexpensive and fast method for purifyimgde CENO, by bubbling it through a
solution of NaOH or KOH was suggested. Caustictsmis of NaOH, KOH or Ca(OH)are
widely used for removing nitrogen oxides from intliad waste streams, and this turned out to be
suitable for the CiNO; process.

Since it was unknown if GRNO, would be hydrolyzed by a caustic solution, a senpl
experiment was set up placing 2 g of puresNIB, in a cylinder containing a 20% aqueous
NaOH. The cylinder was vigorously shaken for fraeute periods over the next several days.
The cylinder was then cooled to -78 °C, and thgNCF, was recovered quantitatively by
vacuum transfer. Trifluoroiodomethane, {LFis slightly less inert. Between 1-2% is
hydrolyzed upon bubbling through the caustic sohuti This was detected bYF-NMR
measurements on the reaction mixtures before aed #ife aqueous caustic scrubbing. The
contact time of the crude sample ofs8B, with the caustic solution was found to be crucal,
the following search for a mystery contaminant sklow

After bubbling large batches of enrichedsNB, reaction mixtures through the caustic
solution, a royal blue color was observed alonghwitie colorless GJNO, in the -196 °C
collection trap. This blue color was not obserwetth small sampless 5 g, unless bubbling was
faster than 5-10 bubbles a second. A typical ftate was 1 bubble a second. Several blue
compounds were quickly eliminated via analysis IRrspectroscopy. First, ozone was
eliminated because it contains a characteristic Befd stretch at 1055 ¢m Second, oxygen
was eliminated by cooling the system to -196 °C panhping on the mixture. Oxygen has a

vapor pressure at -196 °C and would be removed \wherping down the system. This was not
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observed. Third, GJNO was eliminated by’F-NMR spectroscopy, as the spectra contained no
peaks due to fluorine-containing compounds withekeeption of CENO, (**F-NMR spectrum,
triplet, 8 = -73.6 ppm,’Jec = 298 Hz,%Jen = 14.6 Hz) and occasionally, @F**F-NMR
spectrum, singlety = -5.0 ppm). *N-NMR spectroscopy was then performed in order to
determine whether it was a nitrogen containing ocoumol that was causing the blue
discoloration. No peaks were present in the speciwith the exception of GNO, (**N-NMR
spectrum, quarted, = 273.1 ppmZJen = 20.5 Hz$°. Both -NQ and -NO have extremely broad
signals due to their paramagnetic nature and dfieudi to detect by NMR, so their presence
cannot be determined by this method. These twopoomds are also very difficult to
characterize by GC/MS due to their high polaritg &mw molecular weight. As expected, only
CRNO; and in some cases, @ivere present in the GC/MS spectrum. Howeveras during
the GC/MS measurement that the final piece of tiezie fell into place.

The GC/MS sample was placed in a 3-way sealed glassel. Two sides were sealed
with a Teflon stopcock while the top was sealednhvat rubber septum, which is where the
sample was taken with a syringe. After removing ontwo samples from that vessel, the color
of the gas turned from colorless to orange/browa,dolor of -NQ@. When this gaseous mixture
was collected again at -196 °C, the blue color thadppeared, and only an opaque white solid
remained. Nitrogen oxide, -NO, quickly oxidizesnitrogen dioxide, -Ng in the presence of
oxygen, Q, and this is what may have been occurring whersépéum was punctured. The -NO
comes from the decay of nitrous acid, HN@ water™”*® The -NO can also come from the
decay of -N@in the blue light reactor or FNO reacting with gjlass surface. Nitrogen oxide,
‘NO, is insoluble in water, and whatever -Nf@at makes it through the bubbler and collects wit

the -NO in the -196 °C trap will form J8s, a bright royal blue solid. In the gas phase,
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dinitrogen trioxide is almost completely dissocthtato -NO and -N@molecules. This is the
explanation for the color of the gas, as the eguim N.O; == -NO + -NQ begins to shift to
the right. The lack of blue color forming upona@eling again indicates the formation ofJ
as the most likely option. Dinitrogen trioxide, the impurity, would help explain why none of
the spectroscopic methods used to detect the itgpurdorked. Both -NO and -NOIR
absorptions overlap with GRO, absorptions in the spectrum when3;8B, is the dominant
analyte £75%). Both -NO and -NCare problematic for detection by GC/MS, and asedta
before, their signals are too broad due to thefamagnetism to be observed B}N-NMR
spectroscopy.

Several approaches were taken to eliminate H@ Mnpurity. The first approach was to
cool the mixture to -150 °C and remove all the tilda. This allows for -NO to be removed
from the system, if it is not complexed with -pNOThese attempts turned out to be very time
consuming, and usually requires an entire day amiipte pump downs. The -NO removal was
followed by repeated weight checks of the stainksel cylinder until a constant weight was
reached. After removal of the -NO by vacuum, reah@¥ any remaining -N©was achieved by
another scrubbing through aqueous NaOH/KOH. Tlagstc scrubbing was occasionally
followed by the observation of s still being present. This would required yet &eotfreeze-
pump-scrub procedure. This method was abandonednfamproved process where the -NO
was removed first. This was achieved by coolirgydbllection cylinder with the crude g¥O,
mixture to -196 °C and then allowing the cylinderstowly warm. This causes the gases to pass
through a 30 cm, 1 inch O.D. column of activatedrcbal pellets, ~50-60 g, which absorbs
‘NQO,. The unabsorbed -NO and {8I©, were collected in a -196 °C trap, transferred batik a

cylinder and then cooled to -150 °C, at which terapee the -NO was removed under vacuum.
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This process works well, but activation of the cloat requires heating the pellets overnight to
200 °C followed by pumping on the pellets overnighth the vacuum pump. Also, larger
batches of the crude WO, mixtures £ 30 g) usually required an additional pass throtigh
charcoal column. This method is better but stitjuires a long set-up time and multiple charcoal
activations for larger batches. The charcoal pelb@an be recycled easily in the same manor in
which they were activated.

The best method found for removing traces of cigen trioxide, MNOs, is by storing the
almost pure CENO, over sodium hydroxide pellets for at least 24 Boafter the caustic
scrubbing is complete. The trace amounts of watesent in the GINO, mixture allows the
.NO, to react with NaOH to form NaN@nd NaNQ (Egs. 1-5f"*® Any remaining -NO and
any trace water are removed when the cylinder adecbto -78 °C. The GNO is transferred
into a clean cylinder, and the -NO is pumped awhyenthe water remains behind in the -78 °C
cylinder. This method has been used successfullgrade batches weighing 60 g. If larger
purification sizes are desired, more NaOH can leel.usn general, twice as much mass of NaOH
is required to successfully remove all of the .NlOmM the mixture. The purity is determined by
the sharpening of the IR spectrum with little to-N&, or -NO impurities being observed.

Several other experiments were performed to sekeifpurification method could be
improved further. The caustic solution was hedte®5-90 °C while the crude mixture was
bubbled through the system. The hope was to iserdélae amount of -NCreacting with the
scrubber solution and eliminate theQ¥ formation. This was not the case, and by visual
impression, the mixture that was recovered contaimere NO; than those obtained by the
standard room temperature purification. This wasfiemed by weighing the sample after the

purification. The mass change was minimal afterghrification, except the crude mixture now
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had the blue pDs color, not the initial brownish color that is obsed before the purification.
Pure water was also tested for the scrubbing psocéhis worked the least well of all the
scrubbing solutions, and in this purification, thast pure material was recovered. With no base
present, the -NOreacts to form -NO and HNO The absence of base from the scrubbing
solution allows for even greater amounts gOplto be formed, and the deionized water removes
the least amount of N(byproducts of all scrubber solutions tested. Amary of the different

purification methods tried are shown in Table 4.1.

Table 4.1. Selection of Batch Reactions After Vaous Purification Techniques

Mass Mass
After After
Mass After Mass Passin Storing
Thermal CFRsl ‘NO, Passing After 1st Throu ﬁ Over %-
Reaction #| (Q) (9) Through Caustic Activa‘?ed Solid Yield
Dry Ice (g) | Wash (g) NaOH
Charcoal
Q) Pellets
(@)
6.28 | 29.35 4.20 1.60 43
4 12.48 | 20.67 6.98 3.45 47
68 50 69.84 32.08 21.61 54
10 154 65 86.66 41.10 33.57 37
11 150 72 87.01 40.14 29.54 33
12 165 88 88.16 49.10 44.59 46
13 159 76 50.37 44.60 27.34 29
14 151 74 77.48 44.70 37.59 35
16 187 71 103.99 48.9 40.08 36
17 215 71 106.07 63.7 51.02 40

127



4.2.4 Cost and Time Comparison of Lu Method Versublew NaOH/KOH Wet Scrubbing

Method

A new purification method must take into accourd time required for the purification
along with the minimum amount of material loss averall cost. The two methods proposed
for the purification of CENO, vary drastically in both time and cost. Howeussth methods
work giving overall yields of ca. 33% of pure £F,. The new wet scrubbing method
developed in this study has been found to be soipieriboth time and cost for the purification of
larger quantities of GJNO, than the initial method developed by Lu for theifzation of
SKENO,. However, this method was found to work well porrifying CFNO,.

The time required for purifying GRNO, can be split into two stages, set-up and work-up
time. The set-up time includes preparing any camgs or mixtures that are needed in the
purification process, and the work-up time is thate actually required to clean up the crude
reaction mixture to give pure GIRO,.

In the procedure used by Lu, significant set-umpetiis required for the preparation of
amorphous Alg, which is not commercially available. Amorphousnainum trifluoride, AlFs,
is synthesized by passing a mixture of 20%irr N, at ambient temperature slowly over
anhydrous, sublimed aluminum trichloride, AICIA batch of 100 g of AlGltakes ~2 weeks to
convert to ~70 g of Al: This alone is a large commitment of time, andently no method is
known for recycling the Alfonce it is spent. The AdRs consumed in approximately a 1 : 1
mass ratio with the crude @WO, mixture, meaning a batch of AJRvill not last long and a
constant generation of more Alis required, if larger amounts of ¢gNO, need to be purified.

Lu’s method has another time intensive step, nantaky activation of cesium fluoride, CsF.
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Proper activation includes the melting of the CskFemove HF and $© followed by grinding
overnight in a jar mill. This step may not be resaey as long as a sufficiently large excess of
CsF is used, but this is also not cost effectiwde(infra). The cesium fluoride consumed during
the purification step can be regenerated by heaon$50 °C and removing the C@Ender
vacuum. After this step, the cesium salt mustdaeted with fluorine gas in small quantities and
at elevated temperatures to destroy any Ffe@ned during this step. The resulting CsF must
then be melted and reground. The only set-up reduior the wet scrubbing is dissolving
KOH/NaOH in water and assembly of the wash-botdet Sodium hydroxide and potassium
hydroxide are relatively inexpensive chemicals ttaat be purchased on the multi-kilogram scale
and do not require any recycling.

The cost comparison will be based on the generatid O g of pure CINO,. The cost
of -NO, and CFl will be ignored for this calculation because itllvbe the same for both
reactions. A typical high yield blue light reactigenerates 1.4 g of pure £FO,. In order to
generate 10 g of product, at least 7 reactionsbheiltequired. Generally, 5 g of crude product is
recovered after each of the initial dry ice puafions giving 35 g of crude material from seven
reactions. This crude mixture is what is placedrdhe CsF and followed by storage over-AIF
All prices, unless noted, are from the Sigma-Aldr&©07/2008 catalog.

The generation of Alf-has two costs, the aluminum chloride, Al@hd the elemental
fluorine, K. Bulk, anhydrous, sublimed 98% pure aluminum chloride costs $42 for 1 kg.
Paying the extra for the sublimed material is wdhé cost because subliming technical AICI
from the iron (lll) chloride, FeG] impurity, present is another couple of days afcess time
saved. For the bulk reaction, 100 g (0.750 molA&El; will be used costing $4.20. The

reaction of AIC} with fluorine requires a slight excess, 1.2 eql@nts of K. This gives
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qualitative yields of Alg. The amount of fluorine required to fluorinateCl is 35 g
(0.92 mols) which costs ca. $7 (Fisher 07/08). sTigaction produces 63 g (~0.75 mol) of
aluminum trifluoride, Alk, working out to a cost of $0.18 per gram or $16mel.

In the first step of Lu’s purification method, 850f the crude product mixture must be
reacted with CsF. This requires a two-fold exeaddSsF, meaning at least 70 g of CsF ($1.12/g)
will be needed to purify the crude mixture befdne AIF; purification step, at a cost of $78.50.
The CsF removes the majority of the impurities, asdally, 1-2 g of impurities remain leaving
11-12 grams of the enriched ¥, mixture. The All purification step requires an equal
amount of Al by mass ($0.18/g), at a cost of $2.16. This lritige total cost of chemicals
required to purify 10 g of GINO, to ~$80, which equates to $0.80/gram or $92/mol.

In contrast, the new wet scrubbing method usirdiuso hydroxide, NaOH ($0.035/g) is
significantly less expensive. The same 35 g ofctuele CENO, mixture (a maximum of 65 g
can be handled at this scale) is bubbled throug@% caustic solution (200 g NaOH/1 L,®)
costing 7 dollars. The remaining material is ts@red over 20 g of NaOH, which removes any
remaining -NQ or NO, costing another 0.70 dollars for a totafifpzation cost of ~$8. The
chemicals for this purification method costs $0g0& $10/mol, a ten-fold decrease in cost. This

represents a huge saving, especially if the reasiscaled-up to kg amounts.

130



4.3 Experimental

4.3.1 Purification of CRRNO»

4.3.1.1 Method 1. Initial Purification Method, Lu’s Method

The reaction mixture is cooled to -196 °C, warmkxvly and passed through -78 °C and
-196 °C traps under dynamic vacuum. The -78 °@ teanoves most of the unreacted N@d
I, present in the crude product. The -196 °C trdlecis all of the CENO,, COFR,, FNO and any
unreacted CH#. This crude mixture is then placed over actida@sF for several days. This
removes any COfby forming the CROCF;” salt and residual traces of -BiOIn general, 2 g of
CsF is deactivated by 1 g of crude material. Thefipd mixture is transferred into another
cylinder containing amorphous Alfand allowed to sit for several days. This remolBiO
forming the NOAIF, (and/or (NO)sAIFe®) salt. In general, 1 g of Alfis deactivated by 1 g of
the crude mixture. The remaining mixture is pumplecugh a -78 °C trap, followed by a
-155 °C trap and finally, a -196 °C trap under dwavacuum-line conditions. Pure ¢NO; is

collected in the -155 °C trap, and if any{8IB is present, it is collected in the -196 °C trap.

4.3.1.2 Method 2. Vacuum Trap-to-Trap Distillation

The reaction mixture is cooled to -196 °C, allowedvarm slowly and passed through

-78 °C and -196 °C traps under dynamic vacuum. -TB€C trap collects most of the unreacted
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‘NG, and b byproduct, and the CQFCRNO,, FNO and unreacted GlFare stopped in the

-196 °C trap. In all cases, the contents of ti96 ’IC trap are blue/green in color.

4.3.1.3 Method 3. NaOH Puirification

This procedure follows the trap-to-trap distilkatiby bubbling material collected in the
-196 °C trap through agueous NaOH/KOH. Two wadttidmare used with the first containing
2 L of caustic solution and the second, 500 mLanfstic. Successful purifications were made
with the concentrations of the caustic solutionsgnag from 5-30% KOH by weight. The
dip-tube went approximately 3/4 of the depth ofweesh bottles. If sample size is small enough,

5 g or less, pure GNO; is recovered after a single wash procedure.

4.3.1.4 Method 4. Activated Charcoal Method

This method is necessary for reaction mixturessisbimg of> 10 g quantities. This
procedure follows the trap-to-trap distillation delsed in Method 2. The contents of the
-196 °C trap are transferred into a stainless stdaider and then bubbled through wash bottles
as described in Method 3. After these steps, thdyzt mixture consists of GRO,, N,Os; and
CRsl. The cylinder containing the mixture is then lgabto -78 °C. The mixture is allowed to
warm slowly to room temperature with the vapor pepassed through a tube filled with
charcoal before being collected in a -196 °C trafd under dynamic vacuum. The scrubber
tube was a 30-cm long, 1-inch O.D. Pyteglass tube filled with 40-60 g of activated chaico

pellets. Should any nitric oxide impurity remaiitea transferring the GJNO, back to a storage
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cylinder, it can be removed by cooling the cylinter196 °C and pumping on the cylinder until
the mass remains constant. If the sample is largrigh, the cylinder may have to be put

through several freeze-pump-thaw cycles to remtws ghe remaining -NO.

4.3.1.5 Method 5. Large-Scale Purification, Finatied Method

This method follows purification Method 3, incladi a trap-to-trap distillation and
scrubbing through a caustic solution. The remair@=NO./N,O3 mixture is then transferred
into a 500-mL stainless steel cylinder containing/a-fold excess of NaOH pellets by mass, and
the contents of the cylinder are allowed to stahdoam temperature for at least 24 hours.
Thereafter, the purified GRO; is transferred first to a glass bulb and then stoaage cylinder
for clean product. If any blue color is observdten more time over fresh NaOH pellets is

required. Once all the color is gone, the pustfinally confirmed by IR spectroscopy.
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CHAPTER FIVE
USING AN ACCELERATING RATE CALORIMETER (ARC) TO
DETERMINE THE SELF HEATING RATES OF THE

THERMAL DECOMPOSITION OF CF 3NO;

51 Introduction

The AcceleratingRate Calorimeter (ARC) is a device used to evaluate camge
suspected to undergo runaway, self-heating reactidnhas become popular in the industrial
workplace, where it is used to determine the sabétghemicals during transport, storage and
chemical reactions. The ARC performs its measuntégneainder near perfect adiabatic
conditions. In the ARC, a small test-sample istéaand in case it undergoes exothermal
decomposition, the ARC will record the time-tempera-pressure relationships. Townseed,
al. developed the instrument in the late 1970s ang €880s>>* This development included
operation procedures and data analysis of the &8s, which were quickly adopted by
industry, where the instrument was further devedope-’

The ARC is most commonly used with non-air-sensigwlids and liquids. The original
ARC design did not allow for the use of gases. otder to work with gases, the sample
container, also called a bomb, must be connectadvercuum system and given the opportunity
to cool down to a temperature that will condensedhs. This cooling allows for gases to be

condensed into the bomb and moved. While the sangplat -196 °C, it can become
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contaminated by water, oxygen, carbon dioxide or atner gases present in the atmosphere
during movement of the bomb between the ARC andvdmium line. Any one of these
impurities can influence the very sensitive ARC swaments. Also, if the sample contains a
volatile toxic material, the operator is at risk fmnecessary exposure. In the Thrasher group,
the ARC was modified to solve this problem by addinsmall stainless vacuum system to the
top of the bomb outlet® A valve keeps the volume of the system practicaiichanged, but
gases can now be added to, or removed from, thtersys This vacuum line addition allows
other procedures such as leak checking, degassargple drying, other pretreatments and
reacting the material under inert gases such asgeit/argon or reactive ones such as oxyden.
This vacuum line modification has allowed the Thexsgroup to study trifluoronitromethane,
CRNO,, with the ARC. Very little work has been donetba energetics of gases in an ARC for
the reasons stated above. Most experiments indolrth the thermal decomposition of gases
are experiments in shock tubes or were performestinyying the decay products after heating
in a sealed vess&f. With the aforementioned changes, the ARC is willed for investigating
the thermal behavior of gases and because littlknewn about CENO,, at elevated
temperatures, it was a good candidate to investigatifluoronitromethane has many proposed
uses, and one of the most promising is as a dilegas>'® Dielectric gases are inevitably
exposed to high temperatures, for example, in #se ©f electric arc formation. Therefore,
determining its behavior at high temperatures i werth studying.

Interpretation of an ARC spectrum is sometimes nobr@n art than a science. Runaway
reactions are easily identified and measured, batet are many subtle events that can be
interpreted many different ways. An event can Ibgtlang that deviates from a typical

heat-wait-search spectrum, shown in Figure 5.1r demparison, a standard heat-wait-search
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experiment is always performed before a set of exmmnts. The main characteristic of the
heat-wait-search mode is a consistent stepwiseggsmn in both the pressure and temperature.
Deviations in the heat-wait-search mode are cabgeskotherms or endotherms in the reaction
vessel. Due to the sensitivity of the ARC (0.000min), a small exotherm may appear as a low
angle upward slope during the search period. Hmulots are not actively measured by the ARC
but can be observed. An endotherm is indicatea loyop in temperature which prolongs the
search mode until the set temperature is againtaoins Once constant, the next heat-up phase
will begin. When an endotherm occurs, the programes immediately to keep the
pre-endotherm temperature constant while the eedwothfor example a phase-transition, is still
ongoing. For this reason, the magnitude of theot#h@m event cannot be measured by the ARC
due to the heat added to the system by the ARCthigtpoint, an energy totalizer has not been
built into the ARC system that could give infornoetion the extent of an endotherm. The
primary purpose of the ARC is to detect runawaytlesions which are detected by sharp
increases, generally, in both the pressure andetheerature. The steeper the increases of the
temperature and the pressure, the more dangereusthstigated compound or mixture of
compounds. Often the minor events are overlookedrmred because the goal of most ARC
experiments is to determine if a compound will iigdea runaway reaction, not the minor events

that lead to that runaway reaction.
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Figure 5.1. Typical heat-wait-search mode of an AR

To date, no established set of rules are univgrsaitepted to determine if an ARC
reaction can be designated a runaway reactiomolst cases, the slope of the heat and pressure
lines are examined, and the steeper the line, thee reevere the reaction and the higher the
potential for a runaway reaction. Recently, sofffierehas been put into comparing ARC data
with standards set down by the United Nations fmraway reaction>** Bodmangt al. has
worked on establishing ARC conditions that model thN standards as shown in Table 5:1.

Using these criteria, the decomposition temperatti@~NO..
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Table 5.1. Explosivity and predictive ARC breakpants

5.15

Correspondence to

Preliminary

Explosivity Severest Class 1 UN breakpoints based on
Rank property classification ARC dP/dtmax
(Mpsi/min), T, (°C)

A Detonates (positive result in
UN Gap, or BAM 50/60 or Potentially dP/dtmax> 2.25
TNO 50/70 in UN Gap Class 1
unavailable

B Heating under confinement:

violent (Koenen limiting
diameter- 2 mm), and/or
Deflagration: rapidly

Potentially Class 1
but not detonable

0.25< dP/dtmax < 2.25
and CP/dtmaxZ 004-';) -5

(pressure in Time/Pressure
2070 kPa in <30 ms

C Heating under confinement;
medium or low (Koenen
limiting diameter< 1.5 mm),
and/or Deflagration: slowly
(pressure in Time/Pressure
2070 Kpa ir> 30 ms)

D No effect of heating under
confinement, and does not
deflagrate (pressure rise in
Time/Pressure < 2070 kPa)

0.25< dP/dtmax < 2.25

Not Class 1 and P/dtmax< 0.04T,- 5

No explosive
properties with
respect to transpor
classification

dP/dtmax < 0.25

—t

5.2 Results and Discussion

The ARC run of CENO, has three major points of interest. Areas ofrede are
indicated by a deviation from the normal heat-veaigrch mode that the ARC routinely follows.
In the ARC runs of C#NO,, both low- and high-slope events were observedthé ARC study
of CKNO,, three events were observed. Two are small séo@eherms, and one is a long

exotherm with a very steep upward slope near tlieoérthe run, as shown in Figures 5.2 and

5.3.
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The first exotherm starts at minute 753 (248 °T7 Psia) and ends 169 minutes later
(254 °C, 281 psia). The second exotherm begimsimtte 962 (269 °C, 285 psia) and ends 96
minutes later (270 °C, 288 psia). The next sigarit event is at the end of the heating cycle
where CBNO, decays. This event can be split into two patis, lbw-slope and high-slope
portion, even though it is one long event. Thedtldecay begins at minute 1063 (279 °C,
291 psia) and continues for 283 minutes, finaklkgahing 379 °C, 413 psia. The third thermal
decay of trifluoronitromethane really begins itgrsficant exothermic decomposition at
1295 minutes (300 °C, 314 psia). From this parthe end of the exotherm, a 51 minute period,
the temperature rose 79 °C and 99 psia. Thiglefiaite, observable decay, but neither the heat
nor the pressure increase is great enough to amSENO, an explosive compound. The self
heating rate of the decay never got higher thafi@ein. The CENO, decays primarily into
CoFs, -NOy and -NO. Other minor products were observed®ByNMR spectroscopy, but their

identities and quantities were not determined.

53 Conclusions

This ARC investigation shows that ¢NO, can reach temperatures close to 300 °C before
any significant decay begins. This demonstrateggtiod thermal stability of GRO,. This is
an encouraging finding if GNO, is to be a possible replacement fo @6 a dielectric gas in
some applications’® Trifluoronitromethane does not have as high antiaé stability as S§
which is stable up to 530 T2’ Even though trifluoronitromethane is not as thaltynstable
as Sk, for applications under 275 °C, it could be arcedbent replacement. A major

shortcoming of potentially using GIRO, as a substitute dielectric gas forsShight be the
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decay products of GNO,. The creation of strong oxidizing molecules lik¢O, and -NO
would presumably be detrimental to many of the mltea dielectric gas is trying to protect.
The application of CiNO, as a dielectric gas must be chosen wisely wheidab®n will not be
a concern. Another solution is using small amousftsCRNO; in a mixture with other
inexpensive dielectric gases, as proposed by Wiedtt In his patent, CINO, is proposed to
reduce the carbonization of various halogenateddrgabons in mixtures containing 10-50
mol% of CENO,. The reduced amount of gNO, would cut down on the harmful oxidizers

that would be formed if decay happens.
54  Experimental
54.1 Preparation of CFsNO;

Trifluoronitromethane, CINO,, was prepared according to the method discussed in
Chapter 3 and was purified, by wet scrubbing, usMeghod 4 described in Chapter 4. The
purity was verified by IR an®F-NMR spectroscopy.

5.4.2 Preparation of the ARC and Its Settings

An 8.5-mL, 1-inch diameter, ¥%-inch O.D. neck, titan bomb was prepared by washing
with acetone followed by deionized water and theatimg in an oven overnight at 200 °C. The
bomb was attached to the ARC by Swag@lfitings and leak checked by evacuating the system

and allowing it to sit for 15 minutes. If no chawgas observed, 500 psia of nitrogen was added,
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and leaks were looked for using soapy water. Apamf CRENO,, 0.89 g (7.7 mmol), was
vacuum-transferred into a bomb that was cooled %6 *C. The vacuum system was sealed, and
the bomb was allowed to warm to room temperatuké.16 °C, the bomb was wiped free of
condensed water, and the safety-shell was clo$kd.initial pressure inside the system at 20 °C

was 128 psia. The settings for the ARC are sunzedrin Table 5.2.

Table5.2. ARC Settingsfor the CF3NO, Experiment

Heating Rate 10.00 °C/min
Start Temperature 50 °C
End Temperature 400 °C
Slope Sensitivity 0.010 °C/min
Heat Temperature Step 10 °C
Logging Data Step 0.50 °C
Calibration Temperature Step 0.20 °C
Burst Temperature Difference 150 °C
Cool Temperature 35°C
Temperature Rate Stop 1000 °C/min
Pressure Rate Stop 2350 psia
Wait Time 10 min
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

6.1  Conclusions

The first goal of this project was to scale up pi@tochemical method developed by Lu
and Thrasher for the generation of 8P, to 5-10 g a batch. Due to the batch nature of the
process and the size limitations of both the reactiessel (ca. 16-L capacity) and the blue light
reaction chamber, this was reasonable for the phetnical method. However, due to the
equilibrium content of BO, versus -N@at the elevated pressures required, this goadcoot
be achieved, and alternate methods for the geoerati CRENO, were tested. Once a new
method was found, namely a thermal process thdtl gmnerate CNO, in 10-60 g per batch, a
new, less expensive purification method was neeallexl to the expensive multi-step method
previously used by Lu. The Kkinetics of this newerthal route was then measured
experimentally. The optimum conditions for therthal reaction are: a mole ratio of 1.1 : 1 for
‘NG, : CHil, a reaction temperature of 200 °C, a reactioretohat least 12 hours and a pressure
that the reaction cylinder can hold safely. Usargaccelerating rate calorimetry (ARC), the
thermal decomposition point of O, was found to be between 270-290 °C, which helped t
validate the proposed stability of the {80, molecule. The thermal method of preparing other
perfluoronitroalkanes was then expanded to decafidetrifluoromethyl-4-iodopentane, a

mixture of G-C,21-iodoperfluoroalkanes and 2-iodoheptafluoropropane
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While the photochemical method is an excellent méfior generating 1-3 g quantities of
CRNO,, attempts to scale-up the photochemical reactiomé&reasing the total pressure above
0.3 atm resulted in only mixtures of §NO, and CEl. The CEBNO, and CKHl are difficult to
separate due to the closeness of their boilingtp@nd the similarity of their inertness. The lack
of the complete consumption of the {LLin the photochemical process can be attributethé¢o
equilibrium between 2 -NO == N,O,. When the pressure in the system gets too high, N
becomes the dominant species. The only way tocowae this equilibrium is to either reduce
the pressure of the system to under 0.3 atm asd the temperature to 55-70 °C. The existing
blue light apparatus cannot reach temperatures émglugh to push the equilibrium towards
‘NGO, and convert all the GFto CFENO, (or COR and FNO), if the pressure in the reaction
vessel is above 0.3 atm. The percent yield forpth@ochemical method never exceeded 33%
based on C§f.

The C-I bond in trifluoroiodomethane can be split photoactivation as well as
thermally. By heating a mixture of g@Fand -NQ in a stainless steel cylinder to 200 °C for
36-48 hours, all Cff was consumed with yields of g¥O, ranging between 37 and 54%. The
high temperature pushes the -INXBQO, equilibrium towards the reactive -M@adical, thereby
allowing the reaction to go to completion. Botle thhotochemical and thermal activation
produce radicals, but the photochemical methodmexeeeds a yield of 33% due to the twice as
likely CFsONO formation. This O-bonded product irreversidgcays into COFand FNO. The
better than 33% vyield for the thermal method is hikely due to the fast dissociation of the
CRONO molecule back into -GFand -NQ. This accounts for the modest increase in the
percent yield for the thermal method. The disgamaof CREONO into -Ck and -NQ radicals

apparently does not occur in the blue light processch may limit the yield to 33%.
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The major byproducts of both methods are ;N®O, NOgs, I, COR, and FNO. Lu
used a dry method that relied on reacting ;/d@d COFE with CsF and FNO with AlfFwhich
formed nonvolatile salts that could easily be safeal from the CHNO,. This process was
replaced by wet scrubbing through 10-30% aqueou#di®@OH solutions and storing the
collected CENO, material over NaOH pellets to remove any residi#D; that collected with
the CENO, after the scrubbing. This method is ca. 1/iie cost of the method used by Lu, and
it is far less time and equipment intensive.

The kinetics of the thermal reaction were invesddaby NMR spectroscopy in sealed,
high-pressure NMR tubes at the temperatures of 1%, 200, 215, 250, and 250 °C. The rate
constant was found to be:

ki = 5.47 x 16° exp (-23140 K/T) crhmol™* s*
An Arrhenius plot gives an activation energy)(Bf 46 kcal/mol, which is on the low end of the
literature data.

The thermal decay of GNO, was studied with an accelerating rate calorimga&C).
This study revealed that the molecule begins tmupose around 270 °C and decays more
rapidly at or near 290 to 300 °C. The major depayducts are -N& -NO, and @Fs, as
determined by°F-NMR and IR spectroscopy.

The thermal synthesis of nitroperfluoroalkanes waxpanded to higher
perfluoroalkyliodides. The addition of -N@o other perfluoroalkyl radicals had only limited
success. The -NQyroup was added to some primary@, perfluoroalkyliodides albeit with
some shortening of the carbon chain occurring. ddhdition to secondary and tertiary iodides
was more problematic but the addition of -N@Was successful once the correct temperature

range was found. Full characterization and isotatf all the compounds has not been achieved.
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6.2 FutureWork

Work on the synthesis of secondary and tertiarylygmoalkyl nitro compounds is still
required. All the compounds were successfully madé pure and fully characterized products
were not obtained for all of the species. Isoptmd characterizing these compounds should be
easily done now that the synthetic route has besermined. There are very few known
examples of secondary and tertiary nitroperfludeaaés, and this thermal method may be useful
for making more members of this interesting cladssoonpounds.

The studies of these batch reactions, both photociaé and thermal, have been taken
about as far as they can go. The next logical wieydd be to develop a continual flow process
for producing CENO,, which would hopefully help eliminate some of gheblems associate
with the high pressures of the batch reactionstthEumore, if a catalyst could be identified to
decrease the temperature of C-l1 bond dissociatiensynthesis of nitroperfluoroalkanes could
be much improved. A decrease in both the temperatd pressure requirements that might be

afforded in a flow system would be very desiraloledn industrial setting.
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