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Abstract

In the industrial synthesis of 4,4’-methylene diphenyl diisocyanate (MDI), an unwanted
side reaction between the product and the starting material, 4,4’-methylene dianiline, can
lead to the formation of ureas. It has been postulated these ureas undergo further reaction
with phosgene to produce a precursor to chlorine radicals, which could then attack the
MDI backbone forming conjugated systems that would promote colour in the final

products.

To investigate this process model compounds including 4-benzylaniline (4-BA) and 1,3-
diphenylurea were used as starting materials. The reactions carried out showed the
phosgenation of the urea forms a chloroformamidine-N-carbonyl chloride (CCC) which
upon heating > 303 K can break down to form an isocyanide dichloride (ID). Conventional
synthesis routes were used to gain high yields of p-tolyl and phenyl isocyanide dichlorides
in order to analyse the compounds. It was found that upon heating to 453 K or irradiating
the isocyanide dichlorides in the process solvent (chlorobenzene) coloured solutions were

formed; with the presence of MDI and oxygen increasing the intensity of the colouration.

Electron paramagnetic resonance spectroscopy was used to gain information on the use of
isocyanide dichlorides as a source of chlorine radicals. Using N-tert-butyl-o-phenylnitrone
(PBN) as a spin trap, an 8 line spectra relating to the chlorine adduct was measured

confirming the production of CI°.

Throughout the project side reactions involving the formation of carbodiimide from CCC
and a secondary route for the phosgenation of the urea to the isocyanate have been
investigated and are presented within a global reaction scheme. It was also found the ureas
were only partially soluble in the process solvent leading to research into the structure of

three different urea molecules and the proposal of a modified reaction scheme.
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Chapter 1

Introduction



1 Introduction

1.1 Polyurethanes in Industry

Polyurethanes are highly important polymeric materials used in everyday life. They are
formed from the reaction between diisocyanate and polyol compounds, forming a urethane
linkage! (Scheme 1). This reaction was first established in 1937 by Otto Bayer,® ®
pioneering work which acted as a catalyst for the initiation and growth of the
polyurethanes industry. The first polyurethanes were produced from the reaction of 1,4-
butylene glycol and 1,6-hexamethylene diisocyanate, utilizing a reaction discovered by
Wurtz in 1848 whereby urethane could be produced from a mono functional isocyanate
and a monofunctional or monohydric alcohol. These first polyurethanes were sold in
Germany under the trade names of Igamid U plastics and Perlon U synthetic fibers and
bristles.* The production of polyurethanes then moved to the USA, where industrialists
were particularly interested in the manufacture of polyurethane foams, almost two billion
pounds of which were produced in 1973.* Today polyurethanes are manufactured by
companies such as Huntsman Polyurethanes for use in products such as adhesives,

footwear, mattresses, car bumpers and refrigerators.”

R——N + R— > R )J\ R’
co R OH ~ -

O

Isocyanate Polyol
Urethane

Scheme 1. Formation of a urethane from reaction between an isocyanate and a polyol

1.2 Isocyanates

The practical applications of using isocyanates in industry were realized in the 1940’s after
Bayer’s discovery of polyurethanes. Interest in these compounds grew rapidly particularly
in Germany among industrialists® using them as raw materials to make fibres, plastics,
foams, adhesives and for polymer modification.” Isocyanates were first produced in 1849
by Wurtz, formed from the reaction between organic sulphates and cyanates.® Over the

years many different methods for synthesizing isocyanates have been documented



including the oxidation of isocyanides and the pyrolysis of an amide.? However the method
widely used today is the phosgenation of amines, Equation (1), a reaction discovered by
Hentschel®® in 1884 and modified later by Getterman and Schmidt.'! Both aliphatic and
aromatic diisocyanates are used as raw materials, with the most significant being 4,4’-
methylene diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI). In 2000 MDI
made up 61.3% of the total global isocyanate market, equivalent to 2.7 million tonnes,
while TDI had a share of 34.1%, indicating the dominance of these two materials.’

RNH, + COCl, — RNCO + HCI (1)

1.3 MDI Production

Scheme 2 shows the industrial route for the production of 4,4’-methylene diphenyl
diisocyanate (MDI). The starting material for the synthesis is benzene, which is nitrated to
nitrobenzene using a mixture of nitric and sulphuric acids. The nitro group is inserted into
the aromatic ring via a nitronium ion, formed from an acid-base reaction between the two
acids.® This reaction is carried out as an adiabatic process in which the heat produced from
the reaction is recycled and used to remove water from the reaction mixture.*> The
nitrobenzene product, formed with 99.7% purity, is then catalytically hydrogenated to
aniline.” This process is normally carried out in the gas phase over solid catalysts but liquid
phase processes can also be used. Bayer and Allied use fixed bed reactors with nickel
sulphide catalysts giving a selectivity of >99%."* Other catalysts involving metals such as
Cu, Mn and Fe are employed by Lonza and ICI. Companies such as BASF use fluidized
bed reactors with catalysts such as Cu, Cr, Ba and Zn oxides on a SiO; support. This

13" Alternative routes to form aniline involve the

produces a selectivity of 99.5%.
ammonolysis of chlorobenzene or phenol and the reaction between benzene and ammonia.
Interest in improving the efficiency of these processes is due to the importance of aniline in
aromatic chemistry, by 1996 around 80% of aniline produced in the USA, Western Europe

and Japan was used to make MDI.*

Before the phosgenation step to create the isocyanate, aniline undergoes a condensation
reaction with formaldehyde. This is the ‘functionality building’ step in the production of
MDI.> The formaldehyde is added to mixtures of hydrochloric acid and aniline and acts as
an acid catalyst to form methylene dianiline (MDA). The product mixture contains 50-80%

MDA along with oligomeric compounds such as tri, tetra and pentamines. The ratios of
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these compounds can be altered by changing the reaction conditions.” Many isomeric
forms of these compounds exist, MDA has three different isomers, 4,4° MDA, 2,4 MDA
and 2,2’ MDA.

NO,

NH,
HN03 + H2$O4 Hy, + Catalyst
Nitration Hydrogenation

Benzene Nitrobenzene Aniline

Aniline/Formaldehyde
CHZ0 + HC \ Condensation

NH,

MDA/DADPM

COCI, | Phosgenation

CIOHCN

Carbamoyl chloride

Decomposition at high
temperature or low pressure

NCO

Polymeric MDI + HCI

\ Fractional Distillation

e /‘/\‘\
OCN NCO

Scheme 2. Industrial synthesis of 4,4’-methylene diphenyl diisocyanate (MDI) from benzene



Research into the use of solid acid catalysts to replace hydrochloric acid has created
interest since the 1970’s and is still valuable to industrialists in order to reduce the costs
involved and to avoid acid consumption.** The most interesting developments thus far has
been with the use of zeolites, although studies are still far away from industrial

application.*?

Once the desired amine mixture has been produced the final chemical stage in the
production of MDI is carried out. This involves the introduction of phosgene, a highly
reactive chemical species that will react with amines to form an isocyanate group via a
carbamoyl chloride (2). During this reaction two exothermic side reactions create
unwanted by-products. The first involves the addition of HCI to the amine starting material
to form highly insoluble amine hydrochlorides. Research by Gibson into the structure and

stability of these compounds has lead to a kinetic model for the recovery of the amine.™>*’

RNH, + COCl, —— > RNHCOCI + HCI

RNHCOCI RNCO + HCI 2

The second reaction involves the formation of urea via reaction between the isocyanate and
the amine (Scheme 3).** '° This reaction is well known and occurs via nucleophilic
addition with the isocyanate behaving as an electrophilic reagent.? This reaction can be

curtailed in the industrial process by using excess phosgene.”

O
R——NH, + R——NCO » R )J\ R
2 \N N/
Amine Isocyanate H H
Urea

Scheme 3. Formation of urea from reaction of amine and isocyanate

Once excess phosgene, solvent and hydrogen chloride have been removed, the crude
isocyanate product can be purified by fractional distillation. Figure 1 shows a diagram
representing this part of the plant process. The final MDI product consists of a mixture of
isomers and oligomers, sold as polymeric MDI. This can be further fractionated to produce

a ‘pure’ MDI product consisting only of the 4,4’-MDI isomer.



HCI, COCl, 98% Pure 4,4’-MDI

HCl
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‘ T
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AHC, Solids Stripper

Phosgene destroyed
using NaOH which is Didi PMDI
. i-iso, <
then back titrated 463 — 473 K

Figure 1. Plant process for the synthesis of MDI*

1.4 Phosgene

Phosgene is a highly toxic gas discovered by John Davy in 1812 after research into the
reaction between dichlorine and carbon monoxide.* Phosgene was first used in the late
1800’s for the preparation of crystal violet and the dye precursor, Michler’s ketone.
German companies Friedrich Bayer & Co and BASF went on to utilize phosgene for the
manufacture of synthetic dyes. During World War I, phosgene was used as a chemical
weapon, ~18,000 tons of the gas was produced in Germany for this reason, with around the
same amount produced by the Allies combined.?® Nowadays phosgene is widely used in
the chemical industry, utilized in the production of ureas, carbamates, chloroformates,
polycarbomates and isocyanates as described in section 1.3. This leads to a range of
products including plastics, solvents, perfumes, pesticides, dyestuffs and
pharmaceuticals.?® In the early years of the 21% century, 5-6 million tons y* of phosgene
was produced.?* It is produced commercially by the chlorination of carbon monoxide using

chlorine gas, by a process developed in the 1920’s.

Due to the toxicity of phosgene, the vast majority of the gas is used at the site of

production, and special expertise is needed in working with the compound. This has lead to



the use of other compounds as phosgene substitutes. Compounds such as catechol
phosphorus trichloride, oxalyl chloride and chloroformates have all shown to be successful
in replacing phosgene in certain reactions.** Trichloromethyl chloroformate (diphosgene)
and bis-(trichloromethyl) carbonate (triphosgene) can be used as sources of phosgene with
the advantage of being easier to handle and transport.”>*® Diphosgene was also used as a
warfare agent® and can be decomposed via a first order reaction to form phosgene above
573 K.? Phosgene is also formed after reaction with activated charcoal, however at room
temperature metallic chlorides such as aluminium chloride can be used to breakdown
diphosgene to CO, and CCl,.*°

1.4.1 Triphosgene

Bis(trichloromethyl) carbonate, also known as triphosgene can act as a source or a
substitute for phosgene, with its uses in organic synthesis rising considerably in the early
90°s.3 32 It was first prepared by Councler in 1880 by exhaustive chlorination of dimethyl
carbonate.®® The name triphosgene is actually a misnomer as it is not formed from

carbonyl chloride.?’

Triphosgene will produce phosgene upon heating or reaction with a nucleophile. Even at
ambient temperature triphosgene has shown slow decomposition to phosgene.? It therefore
is described as having the same toxicity of phosgene,® but it does have advantages over
the gas. The compound is a stable solid at room temperature (mp 354-356 K, bp 476-479
K**) making it easy to store, transport and safer to handle. As it will not diffuse as easily as
the gaseous phosgene will, it does not need to be used in several fold excess. It has been
used as a phosgene source in the phosgenation of amines, alcohols, ureas and phenols,
reacting under mild conditions to give high yields.**® Triphosgene has previously been
looked at as a replacement for phosgene in the synthesis of isocyanates,® this reaction is
self-catalyzing with the amine starting material acting as a nucleophile to break down the
triphosgene (Scheme 4).2% Oxygen can also act as a nucleophile in compounds containing

carboxylic acid and alcohol functional groups.



0 0 0

CI3C\O )ko _cc Nu CI3C\O )LNN + y )ka o
0 0 0

Clsc\o)LNu+ Cl)kNw ' Cl)k(?l

Scheme 4. Breakdown process of triphosgene on reaction with nucleophile

Nucleophiles such as triethylamine (TEA) and pyridine can be used as a base to promote
the generation of phosgene; however these can complicate the work up of the product.®
Iron oxide and activated charcoals can also be used as catalysts in order to breakdown the
triphosgene to 3 equivalent moles of phosgene, while deactivated amine and imine
functionality can also be used to control the decomposition.®* A commercially available
catalyst produced by Dr Eckert GmbH has been used in reactions with triphosgene to
generate phosgene for downstream reactions. The catalyst activates the production of
phosgene when the triphosgene reaches its melting point, thus producing a stream of

phosgene that can be carried in an inert gas into the reaction mixture.?

Without a nucleophile or catalyst present, triphosgene undergoes several decomposition
pathways. Hood noted that under distillation conditions the compound decomposed to
phosgene and diphosgene.? The mechanism for this reaction is postulated to involve a
cyclic dissociation pathway (Scheme 5), this stems from electrostatic attraction between a
negative chlorine and the positive carbonyl carbon atom.?” This mechanism is favourable
due to the conformation of triphosgene in the crystal structure, where each molecule
consists of a planar chain, CI-C-O-CO-O-C-Cl, with the remaining chlorine atoms almost

symmetrically placed above and below.*

o) cl o) o) o)
)( )<Cl )J )}\ )J\
ClsC 'y — > cCiC " ----Cl —————> CiC +
\o o cl \o ; al \o c c cl
Semes

Cl

Scheme 5. Decomposition mechanism for triphosgene via 4 membered transition state®



The thermal decomposition of triphosgene occurs at 403 K, producing phosgene, CO, and
CCls. In this case the reaction is thought to proceed via a six-membered transition state
(Scheme 6).3' Above 523 K, triphosgene can decompose directly into three molar
equivalents of phosgene.? It is important to understand the conditions in which phosgene
is released by triphosgene in order to introduce the safe use of the compound in organic
synthesis. It has been shown to be a useful reagent in place of phosgene for small scale

reactions and in research laboratories.

(@] (0]
o)J\o q"”LQ o)
Cl Cl Cl Cl 1 Cl , Cl
>|\ \I< _— >L~ \’;< _— )J\ + CO, + CCl
a a a cl o’ cl cl cl
Scheme 6. Thermal decomposition mechanism for triphosgene via 6 membered transition

state®

1.5 New Methods for MDI Synthesis

Currently in the chemical industry research is being undertaken in order to make processes
more efficient and environmentally friendly (green chemistry).*® As the synthesis of MDI
involves the highly toxic phosgene as a reagent and also delivers HCI as a by-product, new
methods for synthesizing MDI are currently being researched. Corma et al have had recent
success with the use of gold to catalyse the N-carbamoylation of 2,4-diaminotoluene with
organic carbonates.** The production of a carbamate as a precursor to the isocyanate is a
useful reaction as alcohol is formed as the by-product which is easily recycled. Various

articles****

on this subject have appeared in the last decade, however due to high costs any
new process is far from being implemented in industry. It is also noted that although the
use of gold catalysts convey high selectivity, the reaction rates are rather slow (full
conversion after ~ 5 hours*'). This additional barrier prevents the application of this

technology at present.
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1.6 Colouration Problems

Various unwanted by-products and problems can occur in the industrial synthesis of MDI.
One such problem is the issue of colouration. Strong red and brown colours are often seen
in the final product which is undesirable to the customer.* For some applications colour
can be an important factor in the acceptability of the product, for instance in the
manufacture of footwear. A recognized feature of aromatic isocyanates is that the
polyurethanes produced from them rapidly yellow on exposure to light or heat, whereas
aliphatic isocyanates produce more stable products.> *° In fact polyurethanes produced
from MDI are the most unstable.*” The cause of this colouration has been investigated and
is thought to occur through a radical mechanism where the urethanes will oxidise to
produce the conjugated quinone-imide (Figure 2), a yellow chromophore.® Other postulates
for the colouration are the formation of azo ester compounds®, the formation of
polycarbodiimides and polypseudo urea compounds* and the oxidation of free amine

groups in the mixtures.*®

| /‘/\\‘\ |
Y .
\O N/ \N O/

Figure 2. Quinone-imide structure derived from oxidation of MDI based polyurethanes

Investigations undertaken with toluene diisocyanate (TDI) have shown that in the presence
of light or heat a yellowing can occur to the compound.*® The mechanism for this reaction
however is not fully understood. The research undertaken in the literature to date focuses
on the yellowing of the polymeric material, providing mechanistic insight and treatments
to this problem. However limited research is found on the colouration problem within the
production of the isocyanate material. One such study was reported by Twitchett,™ in
which a reaction scheme centred on the urea side reaction described in section 1.3 is
postulated. Significant aspects of Twitchett’s article correspond to studies not accessible in
the open literature. The work in this project aims to thoroughly investigate the claims made
by Twitchett and the link to the colouration of MDI.
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1.7 Postulated Reaction Scheme

The reaction scheme proposed by Twitchett™ involves the urea compounds, produced via
reaction of the product isocyanate with the starting amine, undergoing further reaction to
produce precursors to the colouration seen in the final MDI product. The first step in the
process is the tautomerism of urea to the imidic form. This then undergoes phosgenation to
form a chloroformamidine (Scheme 7). The carbonyl group of the phosgene reacts with the
oxygen on the urea to form the intermediate shown and releasing HCI. Release of CO, then
occurs to give the chloroformamidine, which then reacts further with phosgene at the
nitrogen position to form a chloroformamidine-N-carbonyl chloride molecule (CCC).*® The
CCC formed from the urea is then postulated to break down to an isocyanate and an
isocyanide dichloride,®® of which the latter is suggested to act as a source of chlorine
radicals.® This reaction occurs in the industrial process when the product mixture
containing polymeric MDI goes through a heat treatment in a stripper (Figure 1) up to 453
K in order to get rid of the excess phosgene.*®

O

O OH O)kCI
>y v . ~, v +COCl Ny v

—~———

-HCl
Urea in amide form Urea in imidic form Intermadiate

-CO,

al
)\ cl cl
R A
N7 N (463-473K) R )\ _R +COC] R )\ _R
Isocyanide dichloride @~—~<———— N T <TI2 N H

+ PN
R——NCO cocl Chloroformamidine

Isocyanate Chloroformamidine-N-carbonyl
chloride (CCC)

Scheme 7. Postulated reaction scheme — phosgenation of urea to form isocyanide
dichloride

A perception within the polyurethane manufacturing industry is that the chlorine radicals
produced will initiate a reaction leading to the colouration of the MDI. However no

scheme is described within the literature. The research carried out within the industrial
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sector is also incomplete, with no clear evidence found linking the isocyanide dichloride to

the production of colour.>

As suggested previously, colour can be a highly important factor in the purity of the final
product, therefore providing an understanding of the reaction chemistry involved with a
view to limiting the colouration would be useful information for operators of the process.

1.8 Urea Compounds

As discussed earlier, urea compounds are well known side products in the production of
MDI. Urea was discovered in 1773 by Hilaire Rouelle, who isolated it from human urine.
The compound was first synthesized in 1828 by Friedrich Wohler by the reaction of silver
cyanate with ammonium chloride, and was one of the most important discoveries in
chemistry, marking the beginning of organic synthesis.* ** Substituted ureas have various
applications in the chemical industry, particularly in agriculture as plant growth regulators,
pesticides and herbicides. There are various methods of synthesizing substituted urea
compounds such as the reaction of amines with alkyl halides or metal cyanates and
catalytic or oxidative carbonylation of amines.>* The most popular method however is the
reaction between an isocyanate and an amine (Scheme 3), most widely used for
asymmetric ureas.” The mechanism of this reaction is debatable. It is believed to occur via
a two-step process, the first step involving the formation of an activated complex, followed
by reaction with the amine.”® However thermodynamic studies carried out showed the

possibility of a four-centre activated intermediate complex.>

1,3-Diphenylurea is a commercially available compound that is relevant to the work
carried out in this project as it provides a model to the more complex ureas formed in the
industrial process. The compound was first synthesized by Hoffman by passing phosgene
through a saturated aqueous solution of aniline.®® The mechanism for this reaction is
complicated involving several processes with carbamoyl chloride and amine

hydrochlorides formed as intermediates or by-products.®
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1.8.1  Crystal Structure

The structure of urea (CO(NH,)2) was one of the earliest crystal structures to be solved by
X-ray crystallographic methods. It was found to have a unit cell containing two molecules
and the packing is largely based on hydrogen bonding.® ** Deshapande produced a study
on the crystal structure of several disubsituted aromatic ureas, including 1,3-diphenylurea,
which was found to have a space group of P2;cn in an orthorhombic crystal system. The
unit cell consisted of 3.90 molecules.®® The findings indicated that the C=0 bond would be
aligned with the c axis and molecular chains would be formed through hydrogen bonding
between the amide hydrogens and the oxygen on the next molecule. This structure is
typical of symmetrical disubstituted ureas and was also seen in the longer chain N,N’bis(4-
biphenylyl)urea (Figure 3).%*

A

Iz
I=

Figure 3. N,N’bis(4-biphenylyl)urea

1.8.2 Tautomerism

The postulated reaction mechanism for the phosgenation of the urea leads with the
conversion of the urea from its amide form to the imidic form (Scheme 7). This mechanism
is proposed by both Twitchett™ and Ulrich et al,®* with the oxygen lone pair attacking the
carbonyl of the phosgene to create an intermediate which, through the loss of CO,, forms
the chloroformamidine. However urea compounds are almost exclusively found in the
amide from, with evidence for the imidic form lacking and controversial, as well as being
found to be thermodynamically unstable.®*® A number of authors have proposed a
zwitterionic structure, although this is also contentious.®* Piasek and Urbanski studied the
infrared spectra of urea dissolved in polar solvents, finding that a band occurs for the
vibration of C=N in the imidol form. This was backed up by reaction with diazomethane to

give O-methyl-iso-urea, leading to the statement that ‘experimental fact gives final
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evidence of the tautomerism of urea’.®® However a more recent study using mass
spectrometry suggests that although disubstituted thioureas proved to undergo

tautomerism, imidolization was not seen in the case of 1,3-diphenylurea.®*

1.9 Analytical Techniques

1.9.1 Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a technique that can be used to
identify free radicals by using a concept analogous to NMR. The first successful
measurement of an EPR spectrum was by Zavoisky in 1945. In the case of EPR, the
interaction between electromagnetic radiation and magnetic moments arising from
electrons are studied.®” EPR spectroscopy is limited to systems which have electronic
angular momentum arising from contributions from both the intrinsic spin and the orbital
motion of electrons. Therefore EPR is normally only observed in systems containing
unpaired electrons, such as radical species.?® Spectra are recorded by passing a beam of
electromagnetic radiation through the sample material and measuring the attenuation

versus frequency.®’

1.9.1.1 Spin Trapping

In many occasions the direct detection of radical intermediates is still impossible. Reasons
for this are that the concentration of the species is too low to be measured by the
spectrometer, the radicals are too short lived or the radicals give broad, undetectable
features (eg. alkoxy radicals).®® Spin trapping is a procedure that was developed in order to
capture and measure these types of radicals, by transforming them into a more stable
paramagnetic species in order that the concentration can be increased to the level required

for detection.’® "t

R" + ST —> R-ST' @

The general reaction scheme for a spin trap is shown in Equation (3). In this case R-ST" is
known as the ‘spin adduct’. The most common compounds used as spin traps are nitrones

and C-nitroso compounds. N-tert-Butyl-a-phenylnitrone (PBN) is one such nitrone which
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is a popular choice of spin trap due to its longevity and high reactivity.’® The spin adduct in
this case is a stable nitroxy radical.”

1.9.1.2 Chlorine Radicals

The role of the chlorine radical in mechanistic studies has been well reported due to the
importance of chlorocarbons and chlorohydrocarbons.” For example, CI° has been
implicated as a catalyst in the dehydrochlorination of simple hydrochlorocarbons.” " The
lifetime of CI° is short, at room temperature and low pressure it’s mean lifetime is a few
ms.”” This makes the direct recording of EPR spectra for these species problematic.
Although the EPR spectrum has been recorded in the gas phase,’® the radicals are not
detectable in solution.”® A number of studies using the spin trapping method with N-tert-
Butyl-a-phenylnitrone (PBN) to record chlorine adducts has been successful.®®
Therefore this technique is utilized within this project

1.9.2 Infrared Spectroscopy

Infrared spectroscopy is an important technique used to measure molecular vibrations. The
infrared region of the electromagnetic spectrum is sub-divided into 3 ranges, the near
infrared (1 — 2.5 um), the mid infrared (2.5 — 50 um), and the far infrared (beyond 25
um).®? The most useful vibrations within an organic compound occur in the range of 2.5 —
1.6 um® with an infrared spectrometer normally recording in the range 4000 — 625 cm™.%
Each functional group will vibrate at a specific frequency, providing a method of
identification. The frequency at which a group vibrates is determined by interatomic
distances, bond angles and force constants within the molecule.®* The simplicity, accuracy
and versatility of IR spectroscopy makes it one of the most popular techniques for

identification of organic compounds.®®

The development of Fourier transform infrared (FTIR) spectroscopy in the 1960°s has
increased the ease at which infrared spectra can be recorded. This technique utilizes a
Michelson interferometer, an optical device developed in 1880 by Albert Abraham
Michelson and a minicomputer running the Cooley-Tukey alogorithm.®® FTIR is a single
beam technique in which the radiation from the source is split into two. One beam is

transmitted to a movable mirror with the other reflected to a fixed mirror. The two beams



16

then recombine to interact with the sample and then strikes the detector. The signal
adsorbed from the mirrors can then be transformed into the desired result using a Fourier

transform alogorithm.®” &

1921 Attenuated Total Reflectance (ATR)

Within this project the method of attenuated total reflectance was used to measure the
infrared spectra of any compounds studied. This is a simple method for measuring solids
and oily substances with little or no sample preparation.®? Spectra are obtained by
reflection rather than transmission. An accessory containing a material of high refractive
index known as an internal reflection element (IRE), is placed in the spectrometer. The
sample is placed so that it is in close contact with the IRE, which is typically ZnSe or Ge.®
8 Infrared light is then internally reflected multiple times, affected by the presence of the

sample material.

1.9.3 Ultraviolet and Visible Absorption Spectroscopy

Ultraviolet-visible (UV/Vis) spectroscopy is concerned with measuring electronic
transitions in organic compounds in the region between 180 and 1100 nm. The region is
split into three sections, near UV (185 — 400 nm), visible (400 — 700 nm) and very near
infrared (700 — 1100 nm).®? It is difficult to distinguish between different functional groups
in UV/Vis spectroscopy. However this technique is very useful for quantitative
measurements. This type of spectroscopy is based on two laws; Beer’s law states that
absorption is proportional to the number of absorbing molecules, Lambert’s law states that
3

the fraction of the incident light adsorbed is independent of the intensity of the source.®

These laws are combined to give the equation (4) below®:

I
Absorbance=log,, I_O = ¢l

(4)

Where: lo = incident monochromatic light intensity
| = transmitted monochromatic light intensity
€ = molar extinction coefficient
¢ = concentration (ML™)

| = path length (cm)
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In order to measure the absorbance of a compound it is dissolved in a solvent until the
solution is dilute, a sample is then added to a transparent cell in which a beam of light is
passed through. A second beam of light is passed through a cell containing the pure solvent
acting as a reference solution. The difference in transmission is used to create the

absorbance spectrum.

1.9.3.1 Transitions

A number of transitions are measured in UV/Vis spectrometry. These include ¢ — 6", n —
c,n—>n,n—n and d — d transitions. These transitions occur at different wavelengths
with different intensities. Therefore it is useful to look at different regions of the spectrum

with different concentrations of the sample solution.®?

1.9.3.2 Factors Affecting Absorption

Conjugated systems in particular give rise to informative apectra. The number of double
bonds in a molecule has an effect on the absorption of that molecule. As the conjugation
increases, the wavelength of the maximum absorption will increase, moving into the
visible range. Polyene compounds are examples of simple conjugated materials showing

this phenomenon.®

Substituted benzene rings also produce a shift in wavelength and a change in intensity
depending on the substituent. A shift to higher wavelength (‘red shift’) is known as a
bathochromatic effect.?? Again this occurs when more conjugation is added to the benzene
ring or the presence of an auxochrome. The shape of the spectra do not show any major
changes as the conjugation is increased in these cases.®® The type of transitions seen in
aromatic compounds like benzene are = — =" transitions. These are concerned with
alternating double and single bonds and arise from overlap of the w-orbital. This reduces
the energy separation between the ground and excited states resulting in absorbance at

longer wavelengths and produces an intense band referred to as the K-band.®®
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2 Experimental

2.1 Chemicals

1,3-Diphenylurea (Urea 1)
1,3-Di-p-tolylcarbodiimide
1,4-Dibenzylbenzene

2-Butanone

4,4’-Methylene dianiline (MDA)
4,4’-Methylene diphenyl diisocyanate (MDI)
4-Benzylaniline (4-BA)
4-Benzylphenyl isocyanate (4-BAl)
Acetone

Acetone AR

Acetone-ds

Acetonitrile

Ammonium iron (111) sulphate dodecahydrate

Benzene

Benzene-dg
Chlorobenzene
Chloroform
Chloroform-d
Cyclohexane
Dichlorine
Dichloromethane
Dimethyl sulfoxide
Dimethyl sulfoxide-dg
Eckert cartridge for phosgene generation
Ethanol

Methanol

Methyl orange

Nitric acid

Nitrogen gas

n-Propanol AR
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Sigma-Aldrich, 98%
Sigma-Aldrich, 96%
Sigma-Aldrich

Sigma-Aldrich, > 99%
Sigma-Aldrich, > 97%

Huntsman Polyurethanes

Alfa Aesar, 98%

Sigma-Aldrich, 97%,

VWR Prolabo, 99.5%

Fisher Scientific, 99.8%

Cambridge Isotopes Limited, 99.9%
Fisher Scientific, 99.9%
Sigma-Aldrich, > 99%
Sigma-Aldrich, > 99%

Cambridge Isotopes Limited, 99.6%
Sigma-Aldrich, 99.8%, anhydrous
Fisher Scientific, 99.8%

Cambridge Isotopes Limited, 99.8%
Fisher Scientific, 99%

Linde 99%

Fisher Scientific, 99.8%

Fisher Scientific, >99%

Cambridge Isotopes Limited, 99.9%
Sigma-Aldrich

Sigma-Aldrich , absolute >99.5%
VWR Prolabo, 99.8%

Fluka, indicator

Fisher Scientific, 69.7%, 1.42 S.G.
BOC

Fisher Scientific, 99%
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N-tert-butyl-a-phenyl nitrone (PBN) Sigma-Aldrich, > 98%
o-Dichlorobenzene (ODCB) Sigma-Aldrich, 99%, anhydrous
Phenyl isothiocyanate Sigma-Aldrich, 99%
Polymeric MDI (PMDI) Huntsman Polyurethanes
Potassium thiocyanate Sigma-Aldrich, > 99%
Propan-2-ol - AR VWR Prolabo, > 99.7%
p-Tolyl isothiocyanate Sigma-Aldrich, 97%
Silicone oil (Rhodorsil® Fluid) Bently Chemicals, 47100
Silver nitrate Fisher Scientific, 0.02 N
Sodium hexachloroplatinate (1) hexahydrate Sigma-Aldrich, 98%
Sodium Hydroxide Riedel-de Haén, 99%
Sulphuric acid Alfa Aesar, 3 mol dm?
Terephthaloyl chloride Fluka, 99%
Tetrahydrofuran Fisher Scientific, 99.9%
Toluene Fisher Scientific, 99.9%
Triphosgene Fluka, 299%

Water (deionised) Elga, Reservoir, 75 L

Potassium thiocyanate solution (0.02 N): Solid potassium thiocyanate (0.49 g, 5.0 mmol)

was dissolved in distilled water (250 cm?).

Ferric ammonium sulfate solution (saturated): Ammonium iron (Il1) sulphate
dodecahydrate (8.05 g, 16.7 mmol) was dissolved in distilled water (20 cm®) and a few

drops of concentrated nitric acid added.

2.2 Apparatus for Synthesis Reactions

The synthesis reactions were carried out in a four-neck Pyrex, round bottomed flask reactor
that could be modified to suit the specific reactions (Figure 4). A condenser was fitted to
the top of the flask with the output connected first to an expansion vessel, in order to create
space in the case that a large volume of gas was expelled from the reactor, then to a
scrubber system. The temperature of the solution was measured using a thermocouple
inserted into a glass sleeve in one of the necks, making direct contact with the solution. N,

was flowed into the reactor passing through a series of taps, variable flow meter, trap, oil
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bubbler containing silicone oil and glass sparge. The fourth neck was blocked with a
SubaSeal rubber septum through which the reagents could be added by means of a syringe.
An IKA stirrer hotplate with an oil bath (silicone) was used to heat the solutions, using a
contact thermometer to control the temperature of the oil. Magnetic stirrer bars were placed
in both the four-neck flask and the oil bath. The solution could also be cooled by swapping
the oil bath for a cooling bath. Different mixtures of solvent, ice or solid CO, were used to
produce the desired temperature for each reaction.

Several different reactions were carried out using this apparatus. Sections 2.2.1 to 2.2.2
describe the different classes of reactions and any modifications made. Sections 2.4 to 2.10

go on to describe the procedure for the individual reactions carried out.

»
»

Expansion To scrubber

vessel —

Digital
read out Contact

T~ thermometer

o

Reagent added
O using syringe
N, | ‘ |
/ |
— Variable — Thermocouple
flow meter 5

Figure 4. Synthesis apparatus

2.2.1 Phosgenation

Two different phosgenation reactions were carried out as detailed in sections 2.4 and 2.8.
Due to the toxicity of phosgene, it was decided not to use neat phosgene in the laboratory

as a safety precaution. This led to the use of triphosgene, a solid compound which can be
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used as an alternative to phosgene, as outlined in section 1.4. However problems, which
are discussed later, arose in the use of this molecule as a source of phosgene. Therefore a
second method involving an Eckert cartridge was used and found to be successful.

22.1.1 Triphosgene

Reactions involving triphosgene as one of the reactants were carried out by first dissolving
the triphosgene in the solvent, chlorobenzene (MCB), and adding this directly to the
reactor via a funnel. The solution was purged for 5 min with N, and a cyclohexane/CO;
bath was used to keep the solution below 283 K whilst the starting material was added
using a syringe. The reaction could then be set to the desired temperature and left for a
period of time. After the reaction had finished the solution was transferred to a single-
necked round bottom flask and the solvent is evaporated using a rotary evaporator. This

also ensures no phosgene is left in the product.

2.2.1.2 Eckert Cartridge

For the second method of producing phosgene, cartridges for safe generation of phosgene
designed by Eckert® were purchased from Sigma-Aldrich. These cartridges consist of a
capped plastic test tube containing triphosgene and a deactivated amine or imine based
catalyst, used to stimulate the decomposition of the triphosgene into three moles of
phosgene. The reaction is activated at the temperature which the triphosgene beings to melt
(~353 K) and proceeds cleanly up to 383 K.?* The rate of reaction increases with
temperature therefore the release of phosgene can be controlled. Figure 5% shows the rate
of phosgene produced over time at different temperatures. This figure, provided by the

suppliers can therefore be used as an aid to deciding on the reaction parameters.
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Figure 5. Release of phosgene from Eckert cartridge®

Modifications to the apparatus for use of this cartridge are shown in Figure 6. Rubber
tubing and a L2 Young’s tap are used to connect the test tube to the gas flow going into the
reactor. The starting material is dissolved in the solvent and added to the reactor with a
cyclohexane/CO, bath to keep the solution below 283 K. The solution is purged with N,
for 5 min then the Eckert cartridge is heated to between 363 K and 383 K for the length of
time required to react all of the triphosgene. This then creates a flow of phosgene into the
reactor. The N, purge is kept on to allow the gas to flow through the solution and into the
scrubber. The Eckert cartridge is then disconnected and made safe using methanol.* The
solution in the reactor could then be heated and left to react under a nitrogen purge. As
with the triphosgene reactions, the solution is then transferred to a single-necked round
bottom flask and the solvent is evaporated using a rotary evaporator. As this method uses
phosgene as the reactant, a fourfold molar excess is needed to ensure all the starting

material is used up.?
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Figure 6. Modifications to apparatus for the use of Eckert cartridge

2.2.1.3 Scrubber System

A scrubber system was put in place at the back end of the reactor to neutralise any excess
phosgene gas or HCI produced in the reaction. Equation (5) describes the reaction process.
A peristaltic pump is used to force a 10% solution of NaOH through a column containing
raschig rings where it meets the gas from the reactor (Figure 7). A condenser is also built
into the system in order to stop the solution overheating and a thermocouple is inserted into

the reservoir of NaOH to measure any change in temperature.

NaOH + COCl, ————— NaCl + CO, + HCl

NaOH + HC| ——— > NaCl + H,0

2NaOH + COCl, ——» 2NaCl + CO, + H,0 ®)
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Figure 7. Scrubber system for destruction of excess phosgene

2214 Detection Methods

Another safety measure put in place was a fixed detection unit for phosgene gas (Compur
Statox 501). The unit comprised of a controller and a sensor head with a measuring range
of 0 — 0.3 ppm. An alarm was set to go off when the detector registered 0.02 ppm. This
value is the occupational exposure limit (OEL) for phosgene in the EU over an 8 hour
period. Phosgene dosimeter badges (Compur) were also used by any personnel entering the
laboratory where the phosgenations were being carried out. The badges consisted of two
types of paper, diffusion and indicator, which changes from yellow to brick red on
exposure to phosgene. A colour comparator chart could then be used to accurately evaluate
the phosgene dose that the person had been exposed to. Up to 150 ppm min™ can be

measured in this way.

Indicator paper acquired from Honeywell Analytics was also used to determine whether
samples contained any phosgene. This paper turned from cream to red on exposure to
phosgene gas; therefore it could be used to detect any toxicity in the samples and also in

the reaction apparatus. This paper is more sensitive than other methods used and can
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measure phosgene in the ppb range, making it a highly useful tool in maintaining the safety
of the laboratory procedure.

2.2.2 Chlorination

Another modification was made to the reactor in order to carry out chlorination reactions.
The front end of the reactor was modified so that both Cl, and N, were able to flow into
the reactor together or separately (Figure 8). An extra trap was also inserted after the oil
bubbler. A round bottom flask containing H,O and methyl orange as an indicator is placed
after the expansion vessel in the outlet line. This allows any excess Cl, to be neutralised
before entering the scrubber system. Cl, gas is provided by a lecture bottle. A N, flow is
used at all times to ensure the gases flow into the reactor and out into the scrubber.

To scrubber

>
>

LD

CI2 N2 u I

Figure 8. Modifications to apparatus for use in chlorination reactions
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2.3 Characterisation Techniques

2.3.1  Fourier Transform Infrared (FTIR) Spectroscopy

Infrared analyses were carried out on a Nicolet Avatar 360 FTIR spectrometer. A Pike
MIRacle ATR accessory with a diamond/ZnSe element was used for all samples as this
provided a straightforward way of measuring a range of substances including solids,
liquids and oils. Solid samples were measured using the high pressure clamp with a flat tip.
For liquids and oils, a trough insert was used forming a shallow well to allow close contact
with the crystal. The accessory was continually purged with dry air, from which the carbon
dioxide had been removed (Donaldson Ultrapac MSD 0025 M). All spectra were recorded
in absorbance with a resolution of 2 cm™, giving a data spacing of 0.964 cm™. 256 scans

were run in the region of 400 — 4000 cm™.

2.3.2  Nuclear Magnetic Resonance (NMR) Spectroscopy

'H-NMR and *C-NMR spectra were recorded on a Bruker Avance spectrometer fitted
with a Quattro nucleus probe (QNP) at 400 MHz for *H and 100 MHz for *C. A few mg of
the sample to be measured was dissolved in a deuterated solvent. Chloroform-d (CDCls)
was used where possible and dimethyl sulfoxide-ds (DMSQO) was used for the urea
compounds as they would not dissolve in other solvents. The solution was added to an
NMR tube to a 4 cm depth, which was then capped. This was added to an auto sampler
connected to the spectrometer. For samples measured without removal of the reaction
solvent, chlorobenzene, a Wilmad NMR capillary tube allowed a deuterated solvent (in this
case benzene-dgs) to be added to the NMR tube with the sample solution. This allowed
analysis of the product out with the aromatic NMR region where peaks for chlorobenzene

would appear.

2.3.3 Elemental Analysis

Elemental analysis for C, H and N were carried out using an Exeter Analytical C440

Elemental Analyser. Samples were weighed using a Mettler ultra micro balance.
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2.3.4  Melting Point Determination

The melting point determination was carried out on solid materials using a Stuart Scientific
SMP1 manual melting point reader, consisting of an electrically powered heating block, a
magnifying eyepiece and a mercury-in-glass thermometer. A few mg of the sample to be
analysed is placed in a capillary tube sealed at one end using a Bunsen burner, making sure
the depth of the sample was ~ 1 cm. The tube is placed in the heating block where it is
heated with a ramp rate of 10 K min™ to determine a rough melting point for the sample. A
fresh tube with more sample material added is then placed in the heating block after it has
cooled. This sample is heated at the same rate until it reaches ~75% of the expected
melting point. The ramp is then slowed to ~ 2 K Min™ in order to evaluate a more precise
result. The sample is watched throughout and the melting point recorded at the point the
sample turns to a liquid. This procedure was repeated several times in order to gain an

accurate result.

2.3.5 Thermal Analysis

Thermal gravimetric analysis was carried out on a Q500 Thermogravimetric Analyser (TA
Instruments) between the temperature range of 295 K to 503 K. A Q100 Differential
Scanning Calorimeter (TA Instruments) was used to carry out differential scanning

calorimetry analysis between the temperature range of 303 K to 503 K.

2.3.6  Available Chlorine

Available (or ionisable) chlorine is defined as the % weight of chlorine as determined after
reaction with an alcohol® ®*. The loss of chlorine under these conditions is believed to
occur by a polar mechanism, as alcohol has an ionizing capability similar to that of
polyols. This method is used in industry to determine free chlorine content or chlorine
containing impurities.”® It can therefore be used as a measure of the effect of these
impurities within isocyanate mixtures on its reactivity in polyurethane formulations. After
reaction with alcohol, the available chlorine can be determined by argentometry.®® For
example, the Volhard method® ® for the determination of chloride ions uses a back
titration with potassium thiocyanate to determine the concentration of chlorine in a

solution. First, a known volume of a silver nitrate is added to the solution, whereby the



29

silver ions will react with the chlorine forming a precipitate of silver chloride (6). Using an
excess amount ensures all the chloride ions will react. The solution is then titrated with
potassium thiocyanate solution as the thiocyanate will react with any excess silver to
produce silver thiocyanate (7). Fe** (ferric ion) is added to the solution as an indicator as
the slightest excess of thiocyanate reacts with Fe** to form a dark red complex® (8). This
method is used when the solution is acidic as this prevents hydrolysis of the Fe** ion.

A" @) * Clag —— AdCly (©)

_ 7
Ag’ag) + SCN(ag) > AgSCN “
Fe** aq + SCN@y ———  [FeSCN]* ®)

Two methods of chloride analysis were used to determine the available chlorine as
described below.

2.3.6.1 Volhard Method

A sample (~0.1 g) of the compound to be analysed was weighed into a dry conical flask,
dissolved in acetone (5 cm®, AR) and n-propanol (10 cm™, AR) was added. The solution
was stirred for 10 minutes before adding sulphuric acid (3 mol dm™, 1cm™) to acidify the
solution. The solution was then split into 3 equal portions and analysed for chloride content
using the Volhard method. Silver nitrate (20 cm™, 0.02 N) was added to the solution to
form AgCI. A few drops of ferric ammonium sulphate were added as an indicator and the
solution titrated with potassium thiocyanate (0.02 N) to find the number of moles of excess
Ag” ions. The end point in the titration was taken when the solution turns orange. The
procedure was repeated to test the accuracy of the experiment. The ionisable chlorine

content is found from equations (9) and (10).

=Moles of silver - molesof thiocyanate
Moles of chlorine = ([Ag+] X V(AgNO ,)) - ([SCN-]xV(KSCN))
=0.012- (0.02 x titre (L)) ®
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Moles of chlorinex 35.5
Sampleweightof chlorine(g)

lonisablechlorine=

(10)

2.3.6.2 Chloride Analyser

A sample (~0.01 g) of the compound to be analysed was weighed into a dry conical flask,
dissolved in acetone (5 cm™, AR) and n-propanol (10 cm®, AR) was added. The solution
was stirred for 10 minutes before adding sulfuric acid (3 mol dm?®, 1cm™®) to acidify the
solution. A Sherwood chlorine analyser was used to quantify the amount of free chlorine in
the solution using the argentometry method. An aliquot (0.5 cm™) of the sample solution is
added to an acid buffer and titrated against Ag®, generated electrochemically using silver
electrodes. The readout on the instrument gives the chloride concentration in mg L™. The
range for the analyser is 0 - 200 mgL™. The solution was analysed by the instrument 3
times and the average result taken. The percentage of chlorine available from the sample
can then be calculated using equations (11) and (12), giving the final result in %w/wCl.

Mass of Samplex gfm Clincompound
gfm of compound

Mass of chlorine =
(11)

Concentrationof Clx Total volume of solution><
Sampleweightof chlorine

lonisablechlorine= 100

12)

2.3.6.3 Standard Reaction

In order to test the two methods for measuring the available chlorine, a test reaction was
carried out using terephthaloyl chloride and analysed using both the Volhard titration
method and the chloride analyser. This compound is an acyl chloride which readily reacts
with alcohol to liberate HCI. The Volhard method gave an average result of 96.2 % w/w
Cl. The titration was carried out three times in order to provide a more accurate result. The
analyser method gave an average result of 98.0 % after being carried out four times. As the
expected result would be 100 %, these figures show that both methods are not exact, but
can be considered to be a satisfactory determination of the chlorine content. The analyser
method performed best most likely due to human error in carrying out the titration as the

end point is hard to see.
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2.3.7 Mass Spectrometry (MS)

Mass spectra were measured using JMS-700 by JEOL with fast atom bombardment as the
ionisation technique. The matrix used was 3-nitrobenzyl alcohol.

2.3.8 Gas Chromatography-Mass Spectrometry (GCMS)

Mass spectra were also recorded at Huntsman Polyurethanes Research and Development
Laboratories in Rozenburg using GCMS. A Varian CP-3800 gas chromatograph (Varian
FactorFour VF-5ms column) integrated with a Saturn 2200 mass spectrometer was used.
Solutions were analysed neat, by adding ~2 cm® to a vial with a crimp top and placed in an

autosampler.

2.3.9 Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography was also carried out in Rozenburg on a Hewlett Packard
HP1550 with a Polymerlab PLgel column, 5 pm, 100A, 300 x 7.5 mm. The UV detector
used was a spectroflow 757. Dichloromethane (DCM) was used as an eluent with a flow
rate of 0.75 ml min™ for 40 minutes. A 10% dilution of the solutions to be analysed was
carried out, 1g of product mixture was made up to 10g with DCM. Peak positions were

determined using standard solutions; however the instrument was not calibrated.

2.3.10 Yellow Index

The yellow index is a colour measurement carried out at the industrial centre (ASTM
D1925). This analysis was carried out in Rozenburg on a HunterLab UltraScan PRO. This
instrument is a high-performance colour measurement spectrophotometer which measures
transmittance between the range of 350 nm to 1050 nm. The yellow index is then
calculated by the computer. Solutions to be tested were analysed before and after the
reaction was carried out in screw top vials. When reporting results, the initial yellow index
result was subtracted from the result after the reaction had finished. This gave us an
indication to how much colour was produced during the reaction and not by the individual

starting materials.
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2.3.11 UV/NVis Spectroscopy

UV/Vis spectroscopy was carried out using a Perkin EImer Lambda 850 spectrometer. This
is a double beam, double monochromatic spectrometer with a photomultiplier R6872
detector. The spectrometer utilises pre-aligned tungsten-halogen and deuterium lamps to
record spectra in the range 175 nm to 900 nm with a resolution of < 0.05 nm. A sample of
the solution to be analysed was added to a rectangular quartz cell (Apollo Scientific) with a

path length of 10 nm. A second cell containing the solvent is used as a reference.

2.4 Phosgenation of 4-Benzylaniline

4-Benzylaniline (4-BA) is used as a model compound to investigate the synthesis of the
isocyanate and the side reaction producing urea and the dichloride molecule. This molecule
was chosen as it is the mono functional version of the diamine starting material used in the
industrial process. Therefore this simple molecule will be less likely to form polymeric
chains and other side products during the reactions. In order to test out the reaction
apparatus the phosgenation of 4-BA to 4-benzylphenyl isocyanate (4-BAl) was carried out.
Both methods of phosgenation were tested; the procedures and product analyses are given

below.

2.4.1 Triphosgene

Triphosgene (0.09 g, 3.3 mmol) was added to the reactor with chlorobenzene (15 cm®). The
resulting solution was cooled to 281 K using a cyclohexane/dry ice cooling bath. At this
stage the nitrogen purge was turned on then 4-benzylaniline (4-BA) (0.45 g, 2.5 mmol)
dissolved in chlorobenzene (15 cm®) was added dropwise to the solution via syringe. At
this point the solution is cloudy and yellow in colour. The reaction mixture is then heated
to 383 K and refluxed for 1 hour. At ~83°C the solution turns from cloudy to clear with a
hint of brown colour. The solution was allowed to cool and a sample taken for analysis

(without evaporation of the solvent).
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Figure 9. FTIR spectrum of 4-benzylphenyl isocyanate (4-BAl), product from phosgenation
of 4-benzylaniline (4-BA) with triphosgene

The product solution was analysed using infrared and NMR spectroscopy as detailed in
sections 2.3. The IR spectrum (Figure 9) shows a peak at 2265 cm™ corresponding to the
isocyanate out-of-phase stretching mode.®” The three bands at 1583 cm™, 1476 cm™ and
1445 cm™ correspond to the C-H deformations in the solvent chlorobenzene. *H and **C
NMR were carried out using an insert with benzene-ds as a reference as the product was
still in solution. This made it hard to distinguish between the atoms in the aromatic region
of the spectra; however the proton NMR did show the disappearance of the NH, peak at
~3.17 ppm. The analysis therefore indicates that the isocyanate was formed with no

evidence of the starting material.

2.4.2 Eckert Cartridge

A solution of 4-benzylaniline (4-BA) (0.91 g, 5.0 mmol) in chlorobenzene (30 cm®) was
added to the reactor with a cyclohexane/dry ice cooling bath keeping the temperature

below 283 K. The N, purge was turned on and the flow set to ~20 ml min™. An Eckert
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cartridge (20 mmol) was connected to the reactor as described in section 2.2.1.2 and heated
to 378 K. The tap is opened to allow the phosgene produced to flow into the reactor
alongside the nitrogen. After 10 mins the solution changed from clear brown to cloudy.
After a further 20 mins the heat was removed from the Eckert cartridge and the reactor was
heated to 363 K. As the temperature reached 355 K the solution turned clear. The N;
purge was increased to ~50 ml min™ and the reaction left for 3 hours. After the reaction has
finished, the solution is left to cool and the solvent is evaporated using rotary evaporation
at 318 K leaving a brown oil. The resulting product is tested for any residual phosgene

using phosgene indicator paper.

The IR spectrum of the product shows a broad peak at 2261 cm™ corresponding to the
isocyanate (Figure 10), with no evidence of the NH; stretching frequencies (vasym(N-H) =
3459 cm™ and vsym(N-H) = 3371 cm™). The *H-NMR and "*C-NMR spectra confirm that
the product is 4-benzylphenyl isocyanate again with no evidence of the amine. The spectra
was compared to that of 4-BAI purchased from Sigma-Aldrich and the starting material.
Therefore it has been proven that the use of the Eckert cartridge can provide a source of

phosgene and using a four-fold excess will see the reaction to completion.
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Figure 10. FTIR spectra of the starting material, 4-benzylaniline, and the product 4-

benzylphenyl isocyanate from reaction involving the Eckert cartridge
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2.5 Synthesis of Urea

Three different urea compounds were used within this project (Figure 11). Urea 1 was
acquired from Sigma-Aldrich. Ureas 2 and 3 were synthesized in-house as described

below.

(L

1,3-Diphenylurea (urea 1)

J OO

1,3-Di-p-benzylphenylurea (urea 2)

O T U Y OD

Oligomeric urea (urea 3)

Figure 11. Urea compounds studied within this research project

2.5.1 1,3-Di-p-benzylphenylurea (Urea 2)

A solution of 4-benzylaniline (0.55 g, 3.0 mmol) in chlorobenzene (15 cm®) was added to
the reactor described earlier. A solution of 4-benzylphenyl isocyanate (0.52 g, 2.5 mmol)
in chlorobenzene (15 cm®) was added drop wise to the solution using a syringe. The
reaction was carried out under nitrogen with an ice bath to stop a fast reaction taking place
ensuring all the material would react. On addition of the isocyanate the solution turns from
clear to cloudy. After 2 hours the product was recovered by vaccum filtration using a
Buchner flask to remove any trace of the starting material, leaving behind a white powder.
Analysis of the compound shows the product to be di-p-benzylphenyl urea with no starting
material present. Figure 12 presents the FTIR spectrum of the product, showing no starting

material is present.
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IR: v/ cm™ (intensity): 3301 (vs), 3023 (w), 1636 (m), 1588 (m), 1543 (m), 1511 (w),
1414 (w), 1303 (m), 1231 (m), 848 (w), 793 (m), 772 (m), 741 (m), 725 (m), 694 (M), 650
(m), 612 (m).

'H-NMR: (400 MHz, DMSO-ds) &/ ppm: 3.91 (2H, s, CH,), 7.17 (4H, d, aromat. CH),
7.27 (10H, m, aromat. CH), 7.39 (4H, d, aromat. CH), 8.60 (2H, s, NH).

BC{'H}-NMR: (100.5 MHz, DMSO-ds) & ppm: 40.47 (CH,), 118.35 (aromat. CH),
124.88 (aromat. CH), 128.41 (aromat. CH), 128.61 (aromat. CH), 129.01 (aromat CH),
134.63 (aromat. Cg), 137.71 (aromat. Cg), 141.67 (aromat. Cg), 152.56 (NHC,ONH).

Elemental analysis: Cy7H24N20 result (theory): C 82.04% (82.65%), H 6.12% (6.12%),
N 7.09% (7.14%).

MS: (FAB+) m/z: 184 ([CeHsCH.CsHNH]"), 392 ([M]"), 393 ([M+H]*).

Melting Point: 521 K.
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Figure 12. FTIR spectrum of 1,3-di-p-benzylphenylurea formed from reaction between 4-

benzylaniline and 4-benzylphenyl isocyanate

2.5.2 Oligomeric Urea (Urea 3)

1,1’-(4,4’-methylenbis(4,1-phenylen))bis(3-(4-benzylphenyl)urea), shortened to oligomeric
urea for ease, can be synthesised in two separate ways. Reaction of a mono isocyanate with
a diamine or reaction of a mono amine with a diisocyanate will each produce an oligomeric
compound with two urea groups. Both methods were utilised using the process described

in section 2.5.1, the details are given below.
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2.5.2.1 Mono Isocyanate

4,4>-Methylene dianiline (MDA, 0.55 g, 2.8 mmol) in chlorobenzene (25 cm®) was reacted
with a solution of 4-benzylphenyl isocyanate (4-BAl, 2.26 g, 10.8 mmol, 25 cm?). The
product was a white powder identified as the oligomeric urea with a yield of 76.0 %. A
large excess of the mono isocyanate ensured that all of the amine groups on the MDA
would react. The analysis carried out on the product is detailed below and the FTIR

spectrum shown in Figure 13.

IR: V/cm® (intensity): 3309 (m), 3026 (w), 2899 (w), 2360 (w), 1640 (s), 1590 (s), 1550
(s), 1511 (s), 1493 (m), 1452 (w), 1427 (w), 1412 (m), 1302 (m), 1239 (m), 1176 (w), 1108
(w), 1074 (w), 1017 (w), 908 (w), 859 (m), 809 (m), 750 (w), 731 (s), 697 (m), 639 (S).

'H-NMR: (400 MHz, DMSO-dg) &/ ppm: 3.77 (6H, m, CHy), 7.14 (26H, m, aromat. CH),
8.55 (4H, s, NHCCH).

BC{'H}-NMR: (100.6 MHz, DMSO-dg) &/ ppm: 40.42 (CH,), 118.28 (aromat. CH),
118.31 (aromat. CH), 125.81 (aromat. CH), 128.33 (aromat. CH), 128.55 (aromat. CH),
128.85 (aromat. CH), 128.94 (aromat. CH), 134.54 (aromat. C,), 134.91 (aromat. Cy),
137.59 (aromat. Cg), 137.69 (aromat. Cg), 141.60 (aromat. Cg), 152.51 (NHC,ONH).

Elemental analysis: C41H3sN4O; result (theory): C 79.43% (79.87%), H 5.87% (5.84%),
N 8.91% (9.09%).

MS: (FAB+) m/z: 77 ([CeHs]"), 182 ([CeHsCH2CsHaNH]"), 329 ([HN-CsHa-CHp-CsHa-
NHCONH-CgH4-CHa]**), 618 ([M+H]").

Melting point: 571 K

054 —— Oligomeric urea via mono isocyanate
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Figure 13. FTIR spectrum of oligomeric urea produced via mono isocyanate and diamine
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25.2.2 Mono Amine

4-Benzylaniline (4-BA, 1.05 g, 5.7 mmol) in chlorobenzene (20 cm®) was reacted with a
solution of 4,4’-methylene diphenyl diisocyanate (MDI, 0.70 g, 2.8 mmol, 15 cm®). The
product was a white powder identified as the oligomeric urea with a yield of 94.1 %.
Figure 14 shows the FTIR spectra and the characterisation details are shown below. On
comparison with Figure 13, both spectra show the same product is formed, with the other
analytical data providing evidence that in both cases the oligomeric urea is created.

IR: V/cm™ (intensity): 3307 (m), 3026 (w), 2898 (w), 1640 (s), 1590 (s), 1550 (s), 1511
(s), 1493 (m), 1452 (w), 1427 (w), 1412 (m), 1302 (m), 1239 (m), 1176 (w), 1108 (w),
1074 (w), 1018 (w), 908 (w), 859 (m), 809 (m), 750 (w), 731 (s), 697 (m), 639 (S).

'H-NMR: (400 MHz, DMSO-dg) &/ ppm: 3.77 (6H, m, CHy), 7.16 (26H, m, aromat. CH),
8.54 (4H, s, NHCCH).

BC{'H}-NMR: (100.6 MHz, DMSO-dg) &/ ppm: 40.43 (CH,), 118.28 (aromat. CH),
125.83 (aromat. CH), 128.35 (aromat. CH), 128.57 (aromat. CH), 128.87 (aromat. CH),
128.96 (aromat. CH), 130.29 (aromat. CH), 134.55 (aromat. C,), 134.92 (aromat. Cy),
137.61 (aromat. Cg), 137.70 (aromat. Cg), 141.63 (aromat. Cg), 152.51 (NHC,ONH).

Elemental analysis: C41H36N4O; result (theory): C 79.23% (79.87%), H 5.83% (5.84%),
N 9.08% (9.09%).

MS: (FAB+) m/z: 617 ([M]"), 618 ([M+H]").

Melting point: 571 K.
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Figure 14. FTIR spectrum of oligomeric urea produced via mono amine and diisocyanate
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2.6 Structure Analysis of Ureas by X-Ray Diffraction
(XRD)

2.6.1  Crystal Preparation

A few mg of 1,3-di-p-benzylphenyl urea was recrystallized with dimethyl sulfoxide (7
cm®). Some of the solvent was evaporated off at 462 K, the boiling point of dimethyl
sulfoxide, leaving a concentrated solution. This was left for 48 hours at room temperature
until crystals had been formed. The crystals were filtered using vacuum filtration and dried

with acetone.

The same procedure was carried out on the oligomeric urea in order to crystallise the
material. Unfortunately the compound was found to be too insoluble and attempts at using

different solvents or methods were unsuccessful.®®

2.6.2 Diffractometer

The crystallographic measurements were determined using a Bruker-Nonius APEX-I1I
diffractometer with a Mo-K,, radiation, A = 0.71073 A at 100 K. A list of reflections with
positions and intensities formed the output from the diffractometer, this data can then be

used to determine the crystal structure.

2.6.3 Structure Determination

Determination of the crystal structure was carried out using WinGX software.* This is a
suite that incorporates various programs such as SHELX97, SIR97, PLATON and
ORTEPIIL*® SHELXL97 is used to refine the structure of the urea.'® The PLATON
software was then used for validation by checking the crystallographic information file
(CIF) and issuing a set of alerts. Tests implemented by the software include checking bond
angles and lengths against standard averages, checking the symmetry is of the highest
order and checking intermolecular contacts and atom positions are accurate.’®® The
PLATON software also produced a list of atom coordinates, bond lengths, bond angles,
intermolecular interactions and checks on the planarity of aromatic rings.'®* For the

visualisation of the crystal structure the program ORTEPIII was used.
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2.7 Solubility Determination of Urea

Two different procedures were carried out in order to test the solubility of the urea
compounds. In both methods a sample of the urea compound to be measured was heated
in solution to 363 K. The solubility was then determined by weight measurements or using
'H-NMR spectroscopy.

2.7.1 Gravimetric Method

1,3-Diphenylurea (0.49g, 2.31 mmol) was added to a round bottom flask with
chlorobenzene (20 cm™). The solution was heated to 363 K for and stirred for 60 mins.
This temperature was chosen to represent the temperature at which the phosgenation of
4.4’-methylene dianiline (MDA) is carried out at in the industrial process. While still
warm, the solution was immediately filtered using a Buchner flask to leave a white solid.
This was dried in an oven at 373 K and the leftover urea weighed. The weight difference in
this case was 0.0656 g, giving a solubility of 15 mmol L™. The procedure was repeated

with no heating and gave a solubility of 13 mmol L™.

2.7.2  'H-NMR Spectroscopy Method

This heat treatment described in section 2.7.1 was repeated with 1,3-diphenylurea (0.048
molL™), 1,3-di-p-benzylphenylurea (0.026 molL™) and oligomeric urea (0.016 molL™)
where samples were taken before and after heating for *H-NMR analysis. The samples
were filtered with 0.2um Whatman syringe filters before the spectra were measured. No
weights were recorded for these reactions as the samples taken would affect the resultant

calculations. The results are discussed in section 3.3.1.

2.7.2.1 Quantitative *H-NMR Spectroscopy

As the solvent used in the heat treatments of the ureas is not deuterated, a Wilmad NMR
capillary tube containing benzene-ds was inserted into the main NMR tube in order to

provide the NMR spectrometer with an external lock. This set up allowed the deuterated
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solvent to remain separated from the solution to be analysed. The spectra obtained in this
way however were still dominated by the chlorobenzene (MCB) solvent peaks. Therefore
in order to increase sensitivity a solvent-suppression pulse sequence was used. This
method minimises the peaks in the region that the solvent peaks appear, in this case ~7 — 9
ppm. Reference spectra were prepared by recording spectra of the urea compounds
dissolved in DMSO, a solvent in which the ureas are soluble. This allowed identification of

the region in which to expect the signals relevant to the urea compounds to appear.

2.7.2.2 Solvent —Suppression Pulse Sequence

The solvent suppression method carried out was developed by Gibson® to determine the
solubility of amine hydrochloride salts in MCB. The pulse program used was Iclpnf2
which was taken from the standard Bruker library supplied with the spectrometer. This
program allowed the chlorobenzene protons to be selectively pre-saturated. A *H-NMR
spectrum was first recorded in the normal way to measure the range at which the MCB
protons occur. These were in the aromatic region therefore should not interfere with the

CH; or NH signals expected from the ureas.

2.7.2.3 Calibration of 4-BA as a Reference for Urea

In order to use *H-NMR methods quantitatively, an internal reference was used. A known
concentration of dichloromethane (DCM) was added to the insert containing the deuterated
solvent. The signal appearing for DCM could then be compared to the signal intensity of
the species to be investigated in order to calculate concentration. This method ensured the

reference species would not interact with the solution to be analysed.

4-Benzylaniline (4-BA) was used as a model species for urea as this compound is soluble
in chlorobenzene and has a CH, peak for the methylene bridge in the NMR similar to urea
2. Six solutions of 4-BA in chlorobenzene were made up and the *H-NMR recorded using
the solvent suppression method. The concentration of these solutions ranged from 5.0
mmol L™ to 1.0 mol L™. An insert with the DCM reference was added to the NMR tube.
The integrals of the peaks referring to CH, (3.71 ppm) and NH, (3.15 ppm) were
calculated and plotted with respect to concentration of 4-BA (Figure 15). This gave a

calibration curve in which the CH, peak of the urea could be compared to and the
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concentration calculated. The gradient of the linear regression was 217.364 + 2.607 a.u.
(mol L™)™. Therefore the urea concentration can be calculated by dividing the integral of
the CH; peak by 217.364.
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Figure 15. Plot of the integrals of CH, and NH, signals of 4-benzylaniline with respect to

concentration

2.8 Phosgenation of Urea

Two different urea compounds were used, 1,3-di-p-benzylphenylurea (prepared as
described in section 2.5.1) and 1,3-diphenylurea. Phosgenations were carried out in the
same way as described for 4-BA, section 2.4, utilising both methods for introducing
phosgene. However the temperature and quantities of the reactants were altered between
reactions. Table 1 describes the reactions carried out detailing the particulars. At the end of
each reaction the solvent was removed by rotary evaporation and analysis carried out on
the product using FTIR. The products in each case were a combination of several

compounds and are discussed in section 3.2
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Moles of :
Starting Phosgene Moles of Temperature Time
Reaction | Urea Compound Material / Method Phosgene/ K ./
mmol mins
mmol
1,3-di-p- .
1 benzylphenylurea Triphosgene 10 363 60
1,3-di-p- .

2 benzylphenylurea Triphosgene 10 323 150
. . 323 240

3 1,3-diphenylurea 2.5 Triphosgene 10 353 60
4 1,3-diphenylurea 2.5 Triphosgene 10 363 120
5 1,3-diphenylurea 5 Eckert 20 333 300
6 1,3-diphenylurea 5 Eckert 20 353 120
7 1,3-diphenylurea 1.25 Eckert 20 333 180
8 1,3-diphenylurea 1.25 Eckert 20 363 210
9* 1,3-diphenylurea 2.5 Eckert 20 388 300
4 . 20 383 180
10 1,3-diphenylurea 5 Eckert 20 383 240
11 1.3-dip- 0.5 Eckert 20 383 120

benzylphenylurea

4 1,3-di-p- 30 373 210
12 benzylphenylurea 2.24 Eckert 48 368 300
13* Product from Eckert 20 299 240

reaction 9
14 Product from Eckert 20 295 180
reaction 10
15 Product from Eckert 20 297 180

reaction 11

*Carried out in ODCB, Two step reaction, more phosgene added to convert all urea present

Table 1. Experimental details for the phosgenation of ureas

2.9 Synthesis

carbonyl Chloride (TCCC)

1,3-Di-p-Tolylchloroformamidine-N-

1,3-Di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC) was produced by the

phosgenation of 1,3-di-p-tolylcarbodiimide'®* ** for use as a model compound. The Eckert

method described in section 2.2.1.2 was used to produce phosgene for the reaction. A
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solutution of 1,3-di-p-tolylcarbodiimide (1.0431 g, 4.7 mmol) in chlorobenzene (25 cm®)
was added to the reactor and the temperature set to 298 K. Nitrogen was flowed through
the reactor at ~50 ml/min. The Eckert cartridge was heated to 373 K and left for 3 hours to
let the phosgene mix with the solution. The cartridge is then removed and the reaction left
for a further hour with the N, flow turned up to 250 ml min™. The solvent was stripped
using a rotary evaporator at 313 K leaving behind the product as a yellow oil. The product
was analysed as shown below. The FT-IR showed strong bands for the carbonyl chloride
stretch at 1753 cm™ and the v(C=N) at 1662 cm™. The main bands in the IR spectra are

similar to that seen in the literature'® 1%

therefore we can assume the product is 1,3-di-p-
tolylchloroformamidine-N-carbonyl chloride (TCCC). NMR analysis carried out supports
this statement with two separate peaks seen for the methyl groups in the compound. In the
starting material both methyl groups are seen in the same position as the compound is
symmetrical. The aromatic region is also split and the "*C-NMR shows an extra carbon
peak for the carbonyl chloride group. Mass spectra of the compound showed the mass of
the compound to be 321 g mol™ which corresponds to [M+H]". Peaks at 323 and 325 were

also present due to the chlorine isotope (*Cl).

After a few days, the airspace in the vial containing a sample of TCCC tested positive for
phosgene. This was a possible indication that the TCCC was releasing phosgene to form
the carbodiimide. This will be discussed in detail later (Chapter 4.1.1).

IR: V/cm ! (intensity): 2922 (w), 1753 (s), 1662 (s), 1505 (m), 1476 (w), 1189 (m), 1100
(w), 1022 (w), 815 (w), 740 (s), 700 (w).

'H-NMR: (400 MHz, CDCls) &/ ppm: 2.29 (3H, s, CHs), 2.34 (3H, s, CH3), 6.86 (2H, d,
aromat. CH), 7.13 (2H, d, aromat. CH), 7.25 (2H, m, aromat. CH), 7.30 (2H, m, aromat.
CH).

BC{*H}-NMR: (100.6 MHz, CDCls) &/ ppm: 21.05 (CHs), 21.27 (CHs), 120.36 (aromat.
CH), 127.51 (aromat. CH), 128.61 (aromat. CH), 129.62 (aromat. CH), 129.71 (aromat.
CH), 130.43 (aromat. CH), 136.21 (N=C,CIN), 139.94 (NC,=OCl).
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059 —— 1,3-Di-p-tolylchloroformamidine-N-carbonyl chloride
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Figure 16. FTIR Spectrum of 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride produced

from phosgenation of 1,3-di-p-tolylcarbodiimide

2.10 Synthesis of Isocyanide Dichlorides

Phenyl isocyanide dichloride (PID) was synthesized by conventional methods from phenyl
isothiocyanate and dichlorine.’®**%® A solution of phenyl isothiocyanate (1.41 g, 10.4
mmol) in chloroform (25 cm®) was added to the reactor described in section 2.2.2. An ice
bath was used to cool the reaction keeping the temperature below 276 K and a N, purge
used to maintain an inert atmosphere. Dichlorine gas was flowed at 30 cm® min™ for 30
min ensuring an excess amount of chlorine entered the system in order to push the reaction
to completion (a 2:1 Cl,: C¢HsNCS mol ratio is required). During this time the solution
became saturated with chlorine and turned a dark yellow/orange colour. The mixture was
stirred under N, for 2 h after which the solvent and sulfur dichloride were removed by
rotary evaporation at 308 K to leave a yellow oil identified from its properties as moisture
sensitive, phenyl isocyanide dichloride (yield 75-85 %). The reaction timings were chosen

to balance consumption of CsHsNCS with minimisation of ring chlorination.** %

Similarly prepared was p-tolyl isocyanide dichloride (TID) from p-tolyl isothiocyanate
(0.89 g, 5.96 mmol). The product after removal of solvent and SCI, was also isolated as a

yellow oil.

4-Fluoromethylphenyl isocyanide dichloride (4F-PID) was provided by Huntsman, after

being prepared from 4-fluoromethylphenyl isothiocyanate.
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2.11 Characterisation of Isocyanide Dichlorides

Samples of both phenyl and p-tolyl isocyanide dichloride compounds were investigated by

several methods to achieve identification and to determine sample integrity.

2.11.1 FTIR Spectroscopy

The aryl isocyanide dichloride compounds were characterised in their ATR IR spectra by a
strong v(C=N) band (1654 — 1647 cm™) and v(C-ClI) features (907 — 859 cm™, 846 — 808
cm™). The positions of the strong characteristic peaks were generally in good agreement
with corresponding data reported previously.'®% There was no evidence in the spectra
for isothiocyanate starting materials, since the intense band of the -NCS group ca. 2050
cm™ was not observed.’®® Figure 17 and Table 2 show the spectra and the assignments

form the main peaks attributed to both isocyanide dichlorides.

0.8
0.74 —— Phenyl isocyanide dichloride
0.6 -
0.5 -
0.4
0.3 -
0.2 - w
0.1 -

0.0 T T T T T T T T T T T T T T
0.5 -

Absorbance

p-Tolyl isocyanide dichloride
0.4

0.3 1
0.2 1

0.1 -

0.0 T T T T T T T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800

Wavenumber / cm™

Figure 17. FTIR spectra of phenyl isocyanide dichloride and p-tolyl isocyanide dichloride

synthesised from chlorination of the corresponding isothiocyanates
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Vmax / CM

-1

Phenyl isocyanide dichloride (PID)

p-Tolyl isocyanide dichloride

(TID) Assignment
Present Reference'® | Reference®”’ Present work

work
3062 3067 - - aromatic v(CH)

- - - 2920 aliphatic v(CH)
1654 1650 1650 1647 v(C=N)

aromatic

1486 1481 1480 1502 v(C=C)
907 913 907 859 Vasym(C-Cl)
846 845 875 808 Vsym(C-Cl)

Table 2. Characteristic IR bands for aryl isocyanide dichlorides

After a few days storage in a sealed vessel, the produced p-tolyl isocyanide dichloride

(TID) had physically changed from a liquid to an oily substance. Repeating the IR over

several days showed the v(C=N) band intensity had decreased and a new band was

observed at ca. 1751 cm™ (Figure 18). This was attributed to the C=0 bond of a carbamoy!

chloride. A band at 1538 cm™ also appeared, this was assigned to an amide Il bend. These

peaks indicate hydrolysis is taking place

105

to the product, p-tolyl carbamoyl chloride

(Scheme 8), spontaneous loss of HCI from this compound would lead to p-tolyl

isocyanate.

Cl O
H,0
\©\ )\ \©\ )k +  HCI
N Cl H Cl

p-Tolyl isocyanide dichloride

p-Tolyl carbamoyl chloride

Scheme 8. Hydrolysis of p-tolyl isocyanide dichloride
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Figure 18. FTIR spectra of p-tolyl isocyanide dichloride taken 1, 4 and 5 days after synthesis

2.11.2 NMR Spectroscopy

NMR data for both aryl isocyanide dichlorides are given in Table 3, chemical shifts being
reported using oy and d¢ scales. The proton labelling is shown in Figure 19 and the spectra
for both compounds are presented in Figure 20. The *H-NMR spectrum for phenyl
isocyanide dichloride is previously reported.** Its **C{*H} spectrum contained additional,
very weak features arising from a hydrolysis product described above. The *H-NMR
spectrum from the p-tolyl isocyanide dichloride sample showed it to be a 2:1 mixture of 4-
CH3CgH4N=CClI, (TID) and 4-CH,CICsH4N=CClI, (CI-TID), formed from chlorination of
the methyl group during synthesis. A DEPT *3C spectrum was recorded and found to be in
agreement with this conclusion as the spectra showed the signal at 4.63ppm was attributed
to a secondary carbon atom, indicating the methyl group has been chlorinated. After repeat
runs of the synthesis reaction it was found that limiting the flow of Cl, would limit the
chlorination of the methyl group. Therefore the reaction must proceed by first chlorinating
the isothiocyanate group fully then the methyl group. No evidence for chlorination of the

phenyl rings was observed for any compound.
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The aromatic region of the spectra is shown in Figure 21. The PID spectrum was
characteristic of an AA’BB’C spin system for a monosubstituted benzene, whereas TID

was represented an AA’BB’ system.''? Extra peaks are seen due to the CI-TID.

NMR parameter PID TID CI-TID
'H-NMR
On(CHg) 2.39
on(CH.CI) 4.63
AA’BB’ (AB) spin system; 7.09 793

signal centred at &4

AA’BB’C spin system; signals
centred at &

7.08(0), 7.27(p), 7.43(m)

BC{*H}-NMR

5c(CHar) 121.21, 126.01, 129.13 | 121.23,129.68 | 121.55, 129.48
5c(Car) 135.79 135.17, 135.90 | 134.78, 136.16

5¢(CI,CN) 144.82 142.11 144.80
5c(CHs) 21.08

5c(CH,Cl) 45.83

Table 3. NMR data for aryl isocyanide dichlorides PID (CsHsN=CCl,), TID (4-CH3CgH4sN=CCl,)

and CI-TID (4-CH,CICgH,N=CCl,)

Ha

Phenyl isocyanide dichloride

NCCl, Hg

Ha

Figure 19. Hydrogen labels for the aryl isocyanide dichloride compounds

NCCl,

p-Tolyl isocyanide dichloride
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Figure 20. 'H-NMR spectra of aryl isocyanide dichlorides
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Figure 21. 'H-NMR spectra of aryl isocyanide dichlorides — aromatic region, * indicates

peaks attributed to CI-TID
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2.11.3 Gas Chromatography-Mass Spectrometry (GCMS)

GC-MS analysis additionally confirmed the existence of the aryl isocyanide dichlorides.
PID showed two main peaks at 173 and 138 m/z. The compound can be identified as PID
due to the chlorine isotope pattern in the mass spectrum. For a molecule with two chlorines
3 lines will appear due to the presence of the chlorine isotope 3'Cl. This isotope exists as
24% with the *CI being 76%. Statistically there is a 24% chance that a Cl atom in a
molecule will have a mass of 37. Therefore we can determine that in a molecule with two
chlorine atoms, there is a 57% change both will have a mass of 35, a 37% chance both the
isotopes exist and a 6% chance they will both be 3’CI. These numbers give a ratio to which
the mass spectrum pattern will follow. For a molecule with one chlorine attached, the mass
spectrum will show 2 lines, with 76% a *'Cl and 24% a **Cl. For PID, the experimental
ratios are 56%, 39% and 5% for 173, 175 and 177 respectively. The peak at 138 m/z shows

a loss of chlorine in the analysis.

Table 4 gives the molecular ion peaks, ratios and characteristic mass fragments. The GC-
MS traces of both compounds indicated the presence of isothiocyanate starting materials.

GC-MS also showed that traces of ring- and/or CHs-group chlorinated species were

present.
Compound m/z Fragment
ohen ” 173 (56%), 175 (39%), 177 (5%) CeHsNCCl,
enyl isocyanide 5 5
dichloride (PID) 138 (75%), 140 (25%) CeHsNCCI
77 CeHs
_ _ _ ' 187 (59%), 189 (35%), 191(6%) CH3CgH4NCClI,
p-Tolyl |SOC)(/1e_\InI|Dc;Ie dichloride 152 (74%), 154 (26%) CHsCeHJNCCI
91 CH3CgH,4

Table 4. Mass spectra details of aryl isocyanide dichlorides

2.11.4 Thermal Analysis

Thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
carried out on both isocyanide dichlorides synthesized to investigate the stability of both

compounds.
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2.11.4.1 Thermal Gravimetric Analysis (TGA)

Figure 22 shows that decomposition commenced at a temperature of 338 K with large
decreases in mass observed at 393-413 K. In total 69.8% of the sample weight of phenyl
isocyanide dichloride had been lost, with a 48.0% weight loss for 4-methylphenyl
isocyanide dichloride. This weight loss corresponds to 121.39g in PID and 90.3g in TID, a
considerable part of the compound.

120
—— Phenyl isocyanide dichloride
1109 —— p-Tolyl isocyanide dichloride

100
90 -
80 -

70

Weight / %

60

50 H

40 -

30 4

20

I i I i I i I i I
320 360 400 440 480
Temperature / K

Figure 22. TGA profiles of aryl isocyanide dichlorides

2.11.4.2 Differential Scanning Calorimetry (DSC)

From Figure 23 shown below, both aryl isocyanide dichlorides have two peaks with
maxima of 406 and 432 K for PID and at 416 and 427 K for TID. These indicated the
occurrence of exothermic processes at temperatures significantly in excess of 353 K; on
this basis it was concluded that a temperature of ca. 430 K would be needed to decompose

thermally the aryl isocyanide dichlorides.
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Figure 23. DSC trace of aryl isocyanide dichlorides

2.11.5 Available Chlorine

The available chlorine content of both aryl isocyanide dichlorides were measured using the
technique described in section 2.3.6.2. For PID, the result was 53% w/w CI whilst TID
gave a result of 88% w/w CI. Therefore the release of CI for either compound was not
quantitative, although it was substantial in each case. These measurements indicate that
although release of chlorine was readily achieved, under these conditions it corresponded

to release of greater than one but less than two Cl atoms per molecule.

2.11.6 Summary

From the spectroscopic analysis of the isocyanide dichloride compounds it is fair to say
that the materials have been synthesized in high purity, however trace starting materials

remain, as detected by the very sensitive technique of GCMS.
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The thermal analysis carried out on the compounds indicate them to be thermally stable up
to 338 K, with a drastic change in the composition of the molecule at ~393 — 445 K. This
indicates a molecular decomposition path is occurring at this temperature. The available
chlorine analysis on both compounds shows that at least one chlorine atom is readily
released from the molecule; therefore it is proposed that the thermal degradation will begin
with the loss of chlorine.

2.12 Storage Methods for Unstable Compounds

As both isocyanide dichlorides and 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride
(TCCC) were found to be unstable compounds in atmospheric conditions, a method of
storing the compounds without further reaction had to be used. Initially the samples were
kept in crimped top vials in a fridge. This proved to be sufficient for TCCC but not for the
isocyanide dichlorides as evidenced by changes in the infrared spectra. They were then
moved to a desiccator, with the vials first flushed with nitrogen. This proved successful for
2-4 days, however after this time signs of hydrolysis were seen. Therefore a more rigorous
set up was developed in order to store the compounds for longer. The modified Schlenk
tube in Figure 24 was prepared for use as a storage vessel. This vessel containing the
compound to be stored was attached to a vacuum line (Figure 25) via Quickfit joints sealed
with silicon grease and attached with a Keck clip. The vessel was then evacuated and
backfilled with nitrogen. As the pressure reached atmospheric (760 Torr), the young’s tap
on the vessel was closed, sealing the compound in an inert atmosphere. This method

proved successful in storing the isocyanide dichlorides until they were required.

Figure 24. Schlenk tube used to store sensitive materials
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2.13 Rozenburg Reactions

The following reactions were carried out at Huntsman Polyurethanes Process Research and
Development Laboratory in Rozenburg. All experiments were carried out using a Stuart
block heater (SBH200D/3) with an aluminium block (ESTSHT1/0) with drilled holes to

accommodate glass vials. This provided a temperature range of 271 K to 473 K.

2.13.1 Heat Treatments of Chloroformamidine-N-carbonyl
Chloride (CCC)

Experiments were carried out on 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride
(TCCC) to determine whether the isocyanide dichloride was a decomposition product. In
order to evaluate this a series of heat treatments were carried out on different solutions of
TCCC. It was also important to test solutions where an excess of phosgene was present in
order to mimic the industrial process. In order to do this phosgene was added to the

solvent, chlorobenzene. Two different concentrations were used, 1% w/w and 5% w/w.
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2.13.1.1 Closed Experiments

Solutions of TCCC in chlorobenze (MCB) or phosgenated chlorobenzene were made up at
different concentrations. ~7 cm® of the chosen solution was added to a number of vials and
sealed with a screw cap. These vials were then added to the heat block set at the desired
temperature. After a period of time, one vial was removed, crash cooled with air and the
solution analysed by GPC and CG-MS. Table 5 shows the details of all the reactions

carried out.
. recc Temperature / : ;
Reaction | Concentration / Solvent Sample Time / min
mmol L™ K
1 6 MCB 403 0, 120, 300
2 20 MCB 403 0, 120, 300
3 6 MCB 448 0, 60, 120, 180
4 <13 MCB 463 0, 15, 60, 120, 180
5 6 MCB 463 0, 120, 300
6 20 MCB 463 0, 120, 300
7 36 1% Phosgene/MCB 403 0, 120, 300
8 36 1% Phosgene/MCB 423 0, 60, 120, 240, 360
9 36 1% Phosgene/MCB 448 0, 60, 120, 240, 360
10 36 1% Phosgene/MCB 463 0, 120, 300
11 6 5% Phosgene/MCB 448 0, 60, 120, 180
12 6 5% Phosgene/MCB 463 0, 60, 120, 180

# - Filtered to get rid of solid particles therefore unknown concentration
Table 5. Experimental details for the heat treatments of 1,3-di-p-tolylchloroformamidine-N-
carbonyl chloride (TCCC)

2.13.1.2 Open Experiments

Experiments were carried out with open vials to let any gas produced escape from the
reaction. These were carried out in order to test if the carbodiimide would be produced
from the loss of phosgene in the reaction. A 0.1 M stock solution of TCCC (1.6084 g, 5.0
mmol) in chlorobenzene (50 cm®) was made up. A portion (20 cm®) was diluted in more
chlorobenzene (100 cm®) to give a 0.02 M solution. 10 cm® of this solution was then added
to 6 separate glass vials with no caps. The vials were then placed in different temperature
environments to study the decomposition of TCCC. The temperatures studied were 273,
293, 313, 333, 353 and 373 K. An ice bath was used for the vial at 273 K, one vial was left
standing at room temperature (293 K) while the others were placed in the heat block set to
the desired temperature. After an hour a sample of the solution was taken and analysed by
GPC and GC-MS.
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2.13.2 Isocyanide Dichloride and Chloroformamidine-N-carbonyl

Chloride Compounds as a Source of Colour

It was important to establish if colour is produced from isocyanide dichloride or
chloroformamidine-N-carbonyl chloride compounds and the extent at which the colour is
produced. A series of experiments were designed to test different concentrations of 4-
fluoromethylphenyl isocyanide dichloride (4F-PID) and 1,3-di-p-tolylchloroformamidine-
N-carbonyl chloride (TCCC) with or without the presence of 4,4’-methylene diphenyl
diisocyanate (MDI).

A number of solutions were made up as described in Table 6. For each solution different
concentrations of the main reactants (4F-PID or TCCC) were tested, the concentration of
MDI was kept constant giving different ratios of 4F-PID:MDI or TCCC:MDI. An aliquot
(~16 cm®) of each solution was added to a glass vial sealed with a screw cap. A test vial
with a solution of MDI in chlorobenzene (MCB) was made up in order to ensure the vials
were able to retain fluid and if any colour would be produced without the addition of the
isocyanide dichloride compound. These were placed in a heat block for 2 hours at 448 K.
The solutions were tested for colour using the yellow index indicator before and after the
reaction. The highest concentrated solutions were also analysed by GC-MS after the

reaction.

From the reactions carried out in sections 2.13.1 and 2.13.2 a selection of vials were
weighed before and after the experiments in order to see if any gas had escaped through the
screw top. The findings were that between 0.08 — 1.19 % weight was lost, with the average
being 0.36 %.

Experiment Concentration of Reactants / mmol Solvent
4F-PID TCCC MDI
1 - - 50 MCB
2 50, 25, 12.5,5, 1, 0.5 - - MCB
3 50, 25, 12.5,5, 1 - 50 MCB
4 - 50, 25,12.5,5,1,0.5 | 50 MCB
5 - 20, 10,5,25,1 - 1% Phosgene/MCB
6 - 20, 10,5,25,1 50 | 1% Phosgene/MCB

Table 6. Details of solutions used for colour experiments
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2.14 Heat Treatments and Photolysis of Isocyanide

Dichlorides

Reactions were carried out to look at the effect of thermolysis and photolysis on the
isocyanide dichloride molecules. UV/Vis and GCMS were used as analytical techniques in

an attempt to understand the mechanisms of colour formation.

2.14.1 Apparatus

2.14.1.1 Flask Reactor

Thermolysis reactions were carried out using either a three-neck or a one-neck round
bottom flask connected to a refluxer and heated using an IKA stirrer hotplate and an oil
bath. A contact thermometer was used to control the temperature. 20 cm® of the solution to
be reacted was added to the reactor and heated for a set length of time at the desired
temperature. Using a three-neck flask allowed a nitrogen purge to be added to one neck of
the reactor and this was used when necessary. In this case a rubber septum was used to
block the third neck of the flask. Using this set up allowed reactions to be followed over
time, whereby an aliquot of the solution could be removed by a syringe through the rubber

septum.

2.14.1.2 Radley’s Reactor

A Radley’s carousel 6 place reaction station was also utilised for the thermolysis reactions.
This allowed 6 reactions to be carried out simultaneously. The reactor contained a water
cooled aluminium reflux head and was placed on an IKA hotplate stirrer with a Fuzzy
Logic digital temperature controller used to monitor the temperature. The reaction vessels
were 25cm® glass round bottom reaction flasks connected to the reactor via gas tight
threaded PTFE caps with a PTFE valve. These contained a stainless steel gas outlet which
was connected to a vent and an opening for sampling which was capped with a Suba-Seal
septum. 15cm® of the solution to be heated was added to a reaction flask and attached to
the carousel. One flask was set up as a blank with only the solvent added. A thermocouple

linked to a digital readout was pushed through the rubber septum to measure the
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temperature inside the flask as a control. Solutions were then heated to 448 K for 2 hours,
cooled and samples taken for analysis.

2.14.1.3 Photoreactor

20cm® of the solution to be irradiated was added to a 5-neck flask reactor in which a
mercury lamp was placed in the middle of the flask (Photochemical reactors, mercury
lamp, model number 3010, 125 W, housed in a quartz immersion well). A cooling jacket
was used to keep the lamp and the solution cool. The radiation produced by the lamp was
predominantly at 365-366 nm, with smaller amounts in the ultraviolet region at 254, 265,
270, 289, 297, 302, 313 and 334 nm. Also significant amounts of radiation are produced in
the visible region at 405-408, 436, 546 and 577-579 nm. The reaction was left for 2 hours

before the solution was removed for analysis.

2.14.2 Preliminary Reactions

Reactions involving a combination of p-tolyl isocyanide dichloride (TID) with different
isocyanates (p-tolyl isocyanate (TI), 4-benzylphenyl isocyanate (4-BAl), 4,4’-methylene
diphenyl diisocyanate (MDI)) were carried out under different conditions in order to gain
some initial understanding of the colouration produced. Table 7 outlines the details of the
reactions carried out. The solutions were first analysed by UV/Vis separately before
mixing occurred. An aliquot of each were then added together and analysed again by
UV/Vis, the concentration of the reactants in these circumstances are halved. The solutions
then underwent thermolysis or photolysis in the apparatus outlined above, after which
further analysis was carried out. Direct analysis of the solutions afforded spectra in the
visible range, dilutions were then carried out to measure the absorbance in the UV range if

required.
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-I—/Izoclof_f' Reactant rc;%rl]ill Solvent Tempeéature / Tnlqrinnesl
- Tl 4.1x10° Acetonitrile 353 60
- 4-BAI 43x10° Acetonitrile 353 60
- MDI 3.7x10° Acetonitrile 353 60
3.5x 102 - - Acetonitrile 353 60
4.4x10? Tl 5.0 x 107 Acetonitrile 353 60
4.0x 10 4-BAI 4.9x 102 Acetonitrile 353 60
3.0x 10° 4-BAl 3.2x10° Acetonitrile 313 210
3.0x 107 4-BAI 3.0x 107 Acetonitrile 313 300
3.9x 107 MDI 4.0x 107 Acetonitrile 353 60
2.4x10° 4-BAl 4.0x10° Acetonitrile Irradiation 90
2.4x 107 4-BAI 4.0x 107 Acetonitrile Irradiation 180
1.2x10° MDI 1.4x 10° - 373K 60
5.2x 107 MDI 4.4x 102 Acetonitrile Irradiation 180
5.2x 107 4-BAI 5.0 x 10” Chlorobenzene 403 120
4.2 x 107 4-BAl 4.7 x 107 o-Dichlorobenzene 453 180
1.6 x 10? DBB 1.5 x 107 o-Dichlorobenzene 453 180
4.1x 107 - - o-Dichlorobenzene 453 180
- 4-BAl 4.1x 107 o-Dichlorobenzene 453 180

DBB = 1,4-Dibenzylbenzene

Table 7. Reaction details for the preliminary thermolysis

isocyanide dichlorides

and photolysis reactions of

2.14.3 Concentration Dependence of Isocyanide Dichlorides

It was important to look at whether colour was formed from isocyanide dichloride at

different concentrations. Mixtures of phenyl isocyanide dichloride (PID) with 4,4°-

methylene diphenyl diisocyanate (MDI) and polymeric MDI (PMDI) were looked at in

order to replicate the environment at the industrial centre. The polymeric MDI used in the

reactions was supplied by Huntsman Polyurethanes. This is a mixture which consists of

isocyanates with a varying amount of aromatic rings. In general this mixture will contain

50% 4,4’-methylene diphenyl diisocyanate, 5% 2,4’-methylene diphenyl diisocyanate, 25

% tri-isocyanates, 12% tetra-isocyanates and 8% higher methylene-bridged polyphenylene

polyisocyanates. Figure 26 shows examples of the compounds described. The commercial

product mixture of polymeric MDI contains an average of 2.8 NCO groups.*®




61

OCN I I NCO

4,4'-Methylene diphenyl diisocyanate 2,4'-Methylene diphenyl diisocyanate

OCN OCN

OCN NCO NCO

Tri-isocyanate

OCN NCO NCO NCO
Tetra-isocyanate

Figure 26. Isocyanate compounds in polymeric MDI

Solution Concentration /M .
PID MDI Polymeric MDI

PID (a) 0.0504 - -

PID (b) 0.0252 - -

PID (b) 0.0126 - -

PID (d) 0.0050 - -

PID (e) 0.0005 - -

PID + MDI (a) 0.0505 0.0515 -

PID + MDI (b) 0.0253 0.0515 -

PID + MDI (c) 0.0126 0.0515 -

PID + MDI (d) 0.0050 0.0515 -

PID + MDI (e) 0.0005 0.0515 -
PID + Polymeric MDI (a) 0.0505 - 0.0502
PID + Polymeric MDI (b) 0.0253 - 0.0502
PID + Polymeric MDI (c) 0.0125 - 0.0502
PID + Polymeric MDI (d) 0.0050 - 0.0502
PID + Polymeric MDI (e) 0.0005 - 0.0502

Table 8. Concentration details of solutions for concentration dependence thermolysis and

photolysis reactions
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2.15 EPR Study of Isocyanide Dichlorides

EPR spectroscopic measurements were carried out at the University of Manchester using a
Bruker EMX Micro X-band spectrometer equipped with a digital temperature control
system. Reactions were carried out in situ where the cavity could be set to the desired
temperature using the integrated heater for higher temperatures or cooled to lower
temperatures using liquid nitrogen. The compound N-tert-butyl-a-phenyl nitrone (PBN)®

was used as a spin trap to identify the formation of CI°.

Solutions containing phenyl isocyanide dichloride or p-tolyl isocyanide dichloride (0.1 mol
dm™) with the spin trap PBN (0.01 — 0.1 mol dm™) in benzene or toluene were flushed
with nitrogen before a sample was added to an EPR tube, which was then placed in the
spectrometer cavity. For blank reactions, solutions of separate components in benzene
were examined. A xenon arc lamp was used to photolyse the solutions in situ with a quartz
filter to cut off the radiation with a wavelength below 310 nm (i.e. irradiation at A > 310
nm). For all reactions a scan was run before irradiation commenced to check that no
radicals were present initially. For some of the runs such as the blank reactions or for
solutions with a low concentration, several scans were run and added together in order to
see if any radicals were present. Two different procedures were set up to follow the
reactions over time. The timer program was either set to record one scan every 30 seconds,
or to scan constantly (one scan taking 14 seconds to complete). Recording of the spectra
was carried out for up to 2 hours. Irradiation of the samples was either carried out
constantly whilst scanning took place, or the sample would be irradiated for 30 seconds
then the scanning was started immediately. Table 9 shows the details for the solutions that

were used in the EPR experiments and Table 10 shows all the procedures that were carried

out.
Solution Reactant Reactant Conce_r31tration / | Spin Trap Concggtration / Solvent
mol dm mol dm

A - - 0.051 Benzene
B PID 0.100 - Benzene
C TID 0.108 - Benzene
D PID 0.105 0.051 Benzene
E PID 0.110 0.103 Benzene
F PID 0.110 0.026 Benzene
G PID 0.100 0.026 Benzene
H PID 0.118 0.050 Toluene
I TID 0.108 0.051 Benzene

Table 9. Details of Solutions for use in EPR experiments
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Reaction | Spectrum File | Temperature / K Irradiation No. Of Scans | Time per Scan
Al 2980x1 295 None 500 14
A2 2818x2 292 30s 100 30
A3 2980x2 288 Constant/None 200/211 14
B1 2979x1 288 None 200 14
B2 2979x2 288 Constant/None 250/50 14
C1 3815x3 290 None 100* 14
Cc2 3815x4 290 10s 100 14
D1 2816x4 289 None 100* 14
D2 2978x1 290 None 250 14
D3 2816x5 289 30s 200 30
D4 2816x6 291 Constant 200 30
El 2816x11 290 30s 100 30
E2 2816x12 292 Constant 100 30
F1 2816x8 290 30s 50 30
F2 2816x9 290 Constant 100 30
G1 2978x5 288 Constant/None 200/200 14
G2 2978x7 298 Constant/None 200/200 14
G3 2978x9 308 Constant/None 200/200 14
H1 2819x4 193 30s 200 30
H2 2819x6 223 30s 200 30
H3 2819x8 253 30s 200 30
H4 2819x10 283 30s 200 30
H5 2819x2 293 30s 100 30
H6 2819x12 313 30s 100 30
11 2814x3 286 30s 100 30
12 2814x4 288 Constant 100 30

* Scans were added to each other rather than ran separately

Table 10. Experimental details for EPR experiments

2.15.1 Irradiation of Hexachloroplatinate (IV) Hexahydrate

The literature on the use of spin traps to trap Cl radicals is sparse and understanding of the
production, decay and side reactions of the process is limited. The irradiation of sodium

hexachloroplatinate (1) hexahydrate in the presence of the spin trap PBN was carried out,

|80

as described by Rehorek et al* in order to validate the experimental protocols.

Photoaquation and photoreduction to Pt

both occur and the accompanying ClI' is trapped
using PBN. Sodium hexachloroplatinate (1) hexahydrate (few mg) and PBN (ca 0.05 mol
dm™) were dissolved in DMSO as this solvent was successful in dissolving both the

hexachloroplatinate salt and the PBN. When the solution was irradiated constantly,
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scanning showed an eight line spectrum (Figure 27) previously seen in the literature,
clearly showing that the PBN-CI adduct is formed. The hyperfine values ac-3s = 6.28 G are
similar to that reported by Rehorek®. This outcome confirms the experimental procedure

can detect the presence of CI°.

T T T T T T T T T T T T T T
3330 3340 3350 3360 3370 3380 3390 3400
Magnetic Field / G

Figure 27. EPR spectrum of CI-PBN adduct from irradiation of sodium hexachloroplatinate

(IV) hexahydrate in the presence of the spin trap, PBN

2.15.2 Simulation of Experimental Spectra

Simulation work on selected recorded spectra was carried out using Bruker SimFonia

software package (version 1.25).

2.15.3 DFT Calculations of EPR Parameters to Support Radical

Identification

Density functional calculations were carried out at Manchester using the Gaussian03 suite
of programs.™® Geometries for the structures examined were fully optimized using the
B3LYP functional*** and the 6-311G(d,p)*>*!" basis. All structures were confirmed as
minima through vibrational analysis. Isotropic Fermi contact coupling constants were
calculated at these optimized geometries. For the evaluation of hyperfine couplings the
large EPR-111M® basis set was employed for all atoms except Cl. For Cl (since the EPR-III

basis is not defined for this atom) the IGLO-111*° basis was employed.
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2.15.4 Temperature Study

Experiments were carried out at low temperatures to investigate the behaviour of the
radicals produced (H1-H6). Toluene was used as a solvent as it’s melting point (180 K)
allowed us to use lower temperatures than benzene (melting point = 279 K). It was thought
the cooling of the reaction would slow down the formation of the radicals providing clearer
spectra. Six different temperatures were investigated, 193 K, 223 K, 253 K, 283 K, 293 K,
313 K For each temperature the sample was irradiated for 30 seconds and stopped.
Scanning was started immediately with 1 scan collected every 30 seconds. This was done
for up to 200 scans, or 100 minutes.

2.15.5 PBN Concentration Study

It was also important to study whether concentration had an effect on the radicals
produced. To investigate this separate solutions of PID with PBN were made up, each
contained different concentrations of PBN, however the concentration of PID was kept
constant. Three different concentrations of the spin trap were used, 0.1M, 0.05M and
0.026M (Solutions D, E and F). Reactions were carried out both where the sample was

irradiated for 30 s and where constant irradiation took place.

2.15.6 Kinetic Analysis

Reactions were also carried out to study temporal effects (G1-G3). For these the solutions
were irradiated for 45 minutes while constant scanning took place, the lamp was then
switched off and scanning was continued for a further 45 minutes. This procedure was
carried out at 3 different temperatures: 288 K, 298 K and 308 K. From the reactions carried
out the amount of each radical present was calculated and plotted against time to produce a
reaction profile. The second chlorine peak (centred at 3345.8 G) and the first nitrogen peak
(centred at 3354.2 G) were selected to calculate the radical quantities as they were
uniquely representative of the 2 spectral features observed (discussed later), with no

overlap of adjacent bands.

In order to produce an accurate reaction profile the peak width has to be taken into
consideration when analysing the EPR spectra. Equation (13) outlines the calculation

which can be used to calculate the intensity of the radical.?° This calculation can be made
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more precise by taking into account the lineshape.*® The equation is modified by replacing
the line width with the width of the line across one lobe of the derivative curve at a height
of 1/10 of the amplitude measured between the baseline and the peak maximum. The
reason for this is that this value is approximately equal for both Gaussian and Lorentzian
lines at one tenth height. Therefore the modified equation can be applied to all recorded
EPR spectra. Within the experiments carried out it was found the line width or line shape
did not change over time, therefore the peak height was used as an indication of the radical

quantities.

Intensity of Radical= w?a (13)

Where w = line width, a = amplitude
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3 Ureas

Urea compounds are a common by-product in the industrial synthesis of polyurethanes®.
They arise from the reaction between the amine starting material and the isocyanate
product. Research was undertaken to investigate the postulated side reaction described in
section 1.7. This chapter outlines studies carried out specifically on the urea compounds.

3.1 Urea Compounds

Three urea compounds were utilized in this project as described in section 2.5 and
presented in Figure 28. These molecules are model compounds relevant to the ureas that
would be produced in the industrial process. 1,3-Diphenylurea (IVVa) (urea 1) was the
simplest urea used in this research. As it can be acquired in pure form from a supplier it
was convenient for looking into different reaction conditions. 1,3-Di-p-benzylphenylurea
(IVb) (urea 2) was synthesized in-house from a mono-amine and a mono-isocyanate and
also used in phosgenation reactions. Changing either the amine or the isocyanate to a di-
functional compound produced the oligomeric urea (I\VVc) (urea 3). This compound was the
closest in structure to that formed in the industrial environment (polymeric ureas) and was

used as a comparison to urea 2 in order to examine the structure of the molecules.

(A

1,3-Diphenylurea (urea 1)

J OO

1,3-Di-p-benzylphenylurea (urea 2)

O T UYL

Oligomeric urea (urea 3)

Figure 28. Urea compounds investigated within this research project
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3.2 Phosgenation of Ureas

It has been postulated that the ureas produced in the industrial synthesis of MDI will
undergo phosgenation to form chloroformamidine-N-carbonyl chloride compounds (V1)
(CCC).>® The process is described in section 1.7. In order to verify this reaction,
phosgenation reactions were carried out on diphenyl urea (IVa) and 1,3-di-p-
benzylphenylurea (IVVb). Reactions were carried out as detailed in section 2.8, both

triphosgene and the Eckert cartridge methods were used.

3.2.1 Identification of Products

The FTIR carried out on the products from the phosgenations of the ureas show a mixture
of compounds including the starting materials. The products were identified by comparison
to the compounds listed in Table 11. 4-benzylaniline, 4-benzylphenyl isocyanate, 1,3-
diphenylurea and 1,3-di-p-tolylcarbodiimide were all purchased from a supplier and the
FTIR spectra recorded on the pure compound. 1,3-Di-p-benzylphenylurea and 1,3-di-p-
tolylchloroformamidine-N-carbonyl chloride (TCCC) were produced as described in
sections 2.5.1 and 2.9 respectively. These compounds are therefore not analytically pure
but the spectra are backed up by other reference compounds and from the characterisation
we can assume ~90 % purity. The spectra for the compounds so far are shown in Figure 29
to Figure 34. The other compounds listed were taken from literature infrared assignments.
The infrared data for the allophanoyl chlorides in the literature is ambiguous. It is our
understanding that both carbonyls should be seen as separate peaks in the region of 1700 —
1800 cm™.*** Some references have stated 2 peaks in that region for both carbonyls,*? 2
however others seem to suggest only one peak is seen alluding to one carbonyl.®? 124 12

This was taken into account when looking at the infrared spectra.

The amount of each compound found in the product mixtures varies from one reaction to
the next. Table 12 outlines the compounds identified from the FTIR with the relative size
of the product peaks (s = small, m = medium, | = large). The magnitudes of the compounds
were not quantitative and estimated by comparing the reference spectra and from one

reaction to the next.
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Classification

Reference Material

Wavenumber / cm™

Triphosgene (1)

Triphosgene®’

1832 (v(C=0)), 1178, 967, 945

Amine (II)

4-Benzylaniline (Figure 29)

3459 (Vasym(N-H)), 3371 (veym(N-H)),
1621, 1511, 1284, 1176, 730, 698

Isocyanate (I11)

4-Benzylphenyl isocyanate
(Figure 30)

2257 (v(N=C=0)), 1524, 1494, 1453

Urea (IV)

1,3-Diphenylurea (Figure 31)

3280 (v(N-H)), 1645 (v(C=0)), 1592,
1548, 1497, 1447

1,3-Di-p-benzylphenylurea
(Figure 32)

3301 (v(N-H)), 1636 (v(C=0)), 1588,
1543, 1510

Chloroformamidine

N-(2-cyanophenyl)-2-

hydroxyanilino)methanimidoyl

3305 (v(N-H)), 1650 (v(C=N)), 770

\Y C-CI
V) chloride**® (v(e-ch
1,3-Di-p-tolylchloroformamidine-N-
. ) 1753 (v(C=0)), 1661 (v(C=N))
carbonyl chloride (Figure 33)
CCC (VI)

1,3-Diphenylchloroformamidine-N-

carbonyl chloride

1755 (v(C=0)), 1660 (v(C=N)), 1590,
1487

Carbodiimide (VII)

1,3-Di-p-tolylcarbodiimide
(Figure 34)

3024, 2920, 2101 (v(N=C=N)), 1658,
1503, 1203, 813

1,3-Diphenylcarbodiimide™’

2936, 2139 (v(N=C=N)), 2105, 1588,
1487, 1202, 757

Allophanoyl chloride
(v

2,4-Dimethylallophanoyl chloride®**

3450 (v(N-H)), 3020, 1740 (v(C=0)),
1560, 1300, 1240, 1060

2,4-Di-tert-butylallophanoyl

chloride*?

3400 (v(N-H)), 1755 (v(C=0)), 1720
(v(C=0)), 1490, 1455, 1365

Table 11. Infrared assignments of compounds from the postulated reaction scheme
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FTIR spectrum of 4-benzylaniline purchased from Alfa Aesar
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FTIR spectrum of 4-benzylphenyl isocyanate purchased from Sigma-Aldrich
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FTIR spectrum of 1,3-diphenylurea purchased from Sigma-Aldrich
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0.7
0.64 — 1,3-Di-p-benzylphenylurea
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Figure 32. FTIR spectrum of 1,3-di-p-benzylphenylurea synthesized in-house (Section 2.5.1)
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—— 1,3-Di-p-tolylchloroformamidine-N-carbonyl chloride
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Figure 33. FTIR spectrum of 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride

synthesized as described in section 2.9
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Figure 34. FTIR spectrum of 1,3-di-p-tolylcarbodiimide purchased from Sigma-Aldrich
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Product (from FTIR)

_ Urea Phosgene | Temperature
Reaction
Compound Method /K I NIV [ VI VI IX | U
4-benzylphenyl ;
1 Uren Triphosgene 363 L L
5 4-benzylphenyl | 1 caene 323 L
urea
1,3-diphenyl - 323
3 urea Triphosgene 353 > °
4 1,3-diphenyl Triphosgene 363 L L
urea
. 1,3-diphenyl Phosgene 333 L|S
urea
] 1,3-diphenyl Phosgene 353 L|s|s
urea
; 1,3-diphenyl Phosgene 333 L|s|s
urea
8 1,3-diphenyl Phosgene 363 S|M|M
urea
9 1,3-diphenyl Phosgene 388 M M
urea
10" 1,3-diphenyl Phosgene 383 S ML M
urea
" 4-benzylphenyl | o oo 383 M M| M
urea
# 4-benzylpheny! 373 ’
12 urea Phosgene 368 M : >
13 Product from Phosgene 299 S* M M
reaction 9
" Product from Phosgene 295 S*|S L M
reaction 10
15 Product from Phosgene 297 M L
reaction 11

# Two step reaction, more phosgene added to convert all urea present

*Indicated from mass spectra

s = small, m = medium, | = large

| — IX = indicate products detailed in Table 11, U = unknown peak

Table 12. Product details from the phosgenation of urea reactions

3.2.2

Triphosgene Reactions (1-4)

Reactions 1 to 4 were carried out using the method of adding triphosgene directly to the

reactor. Figure 35 and Figure 36 shows the FTIR spectra from the product mixtures of the

four reactions. The two reactions carried out below 363 K show large amounts of

triphosgene starting material leftover in the product mixture (v(C=0) = ~1830 cm™). For
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the reactions carried out at 363 K, triphosgene is seen in lower amounts in reaction 1,
whereas it has disappeared in reaction 4, which is carried out over a longer period of time.
However in the four reactions all of the urea starting material is consumed (v(C=0) =
~1645 cm™). This is not surprising as the amount of triphosgene added was measured to
provide a four times molar excess of phosgene to the urea. These results back up the
statement by Eckert®® that although the use of gaseous phosgene requires this excess to
react all of the starting material, this is not the case with the trimer, which can be used in
equal amounts to the reactant whilst still producing high yields.

% Transmission
|_\
(@)

—— Reaction 1 ik

3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Figure 35. FTIR spectra of reactions 1 and 2, * indicates peaks attributed to triphosgene (I),
isocyanate (Ill) and CCC (VI)

All four reactions (1-4) produce the corresponding isocyanate relative to the urea starting
material (v(N=C=0) = ~2264 cm™). Ulrich and Sayigh'® reported the formation of
isocyanate from di-substituted ureas and phosgene. In this case the nitrogen of the urea will
attack the carbonyl group of the triphosgene to form an allophanoyl chloride (\VI11), which
decomposes to the isocyanate and HCI over time®?. However Ulrich has only researched
dialkyl ureas stating that diphenyl urea only reacts with phosgene above 423 K, proposing
a dissociation pathway to an amine plus the isocyanate.’® * No evidence of the

allophanoyl chloride or the amine is seen in the spectra; however at the temperatures and
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concentrations used, these compounds may be converted immediately to the isocyanate.
Any amine present will also react with the triphosgene and aid it’s breakdown to phosgene
gas. Therefore it is unclear at this stage what reaction mechanism is taking place, although
it is possible that the solid triphosgene is reacting different to phosgene gas as the results
seen here are different to those in the literature when aromatic ureas are reacted with

phosgene.'?> 1%

44 —— Reaction 4

2 Vi
* =|=VI

Absorbance

44 —— Reaction 3

14 4

' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1
3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Figure 36. FTIR spectra of reactions 3 and 4, * indicates peaks attributed to triphosgene (I),
isocyanate (Ill) and CCC (VI)

Reactions 1 and 4, which are heated up to at least 363 K both show the
chloroformamidine-N-carbonyl chloride (CCC) as a product (v(C=0) = 1757cm™, v(C=N)
= 1667cm™), with the longer reaction producing it in a larger amount. From these results, it
is noted that below 363 K only the isocyanate is produced and large amounts of the
triphosgene are left-over. As the temperature is increased up to 363 K, CCC is produced
where heat and a longer reaction time aids the breakdown of excess triphosgene (Scheme
9).

It has been shown that triphosgene will thermally decompose at 403 K3, although

phosgene has been found in ambient conditions in small quantities. From the results we
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have seen thus far, it is possible that two reaction pathways are occurring, below 363 K,
urea is reacting with the triphosgene to produce isocyanate via the allophanoyl chloride,
whereas above 363 K, the urea is reacting with phosgene (produced via decomposition of
the triphosgene) producing both CCC and isocyanate. These results show that the
phosgenation of urea is not a simple reaction with a series of pathways available.

0
R )L R cl
Ny N
H H

o)

R )k R <363 K R )\ R
\H N/ - Urea (IV) —>>363 K \N/ N/
-HCl + -2HCl

-CO,

o cl o) o) cl
Allophanoy! chloride (VIII) Chloroformamidine-N-
ClsC\ /CCls carbonyl chloride (V1)

O (@]

Triph 0 *
riphosgene
A | -HCI R——NCO

Isocyanate (lII)
R——NCO

Isocyanate (III)

Scheme 9. Reaction of urea with triphosgene

3.2.3  Eckert Cartridge Reactions (5-8)

Reactions were then carried out with the second method of phosgenation. For this an
Eckert cartridge was used to produce phosgene out with the reactor, which was then
flowed into the reaction aided by a nitrogen purge. These reactions were designed to mimic
the temperatures used in the first four reactions. The products produced from these
reactions differ dramatically from the triphosgene reactions. Firstly, all four reactions with
temperatures ranging from 333 K to 363 K produce chloroformamidine-N-carbonyl
chloride (CCC) (v(C=0) = 1749cm™) (Figure 37). Also no isocyanate is observed in any of
the product mixtures. This is contradictory to what is seen in the triphosgene experiments;
therefore we can conclude that CCC is produced from reaction with phosgene at
temperatures up to 363 K. Within this temperature range, isocyanate is only produced

when triphosgene is present, again implicating a separate reaction mechanism.

For all four reactions, not all of the urea has reacted, again, confirming different

mechanisms between phosgene and triphosgene. Only in reaction 8 do we see a
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considerable amount of the urea used up. This reaction differs from the others as it
combines the higher temperature of 363 K with a higher excess of phosgene (16 times).
During the course of these reactions it has also been noted that the urea is not fully soluble

at low temperatures, this is important and will be discussed later.

0.08
| — Reaction 8 0
0.04 4 Vil Vig V! M
-MWM\/HJ
%
0.00 ' T T 1 ' |IV 1 J
| —— Reaction 7

Q
(&)
(=
©
2
O -
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0.2 1 Ve U
*JM v||* VI*
0.0 — 1 r 1 r T - 1T r 1 T * 1
1 — Reaction 5
0.5 1 v, J
| e Vi
0.0 — 1t r 1 rr r1r rr T rr T * T

T
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-1
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Figure 37. FTIR spectra of reactions 5 to 8, * indicates peaks attributed to urea (IV), CCC (VI)
and carbodiimide (VII)
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A product first seen in these reactions is carbodiimide (v(N=C=N) = 2138 cm™), which
appears when the reaction temperature is increased to 363 K, although a small amount can
be seen in reactions 6 and 7. The carbodiimide is formed from decomposition of the CCC
releasing phosgene in the process. This provides an interesting result as although a higher
temperature is needed to aid the reaction of the urea, this will lead to breakdown of the

desired product, CCC. These results are summed up in Scheme 10.

o) cl
cl R )k R R )\ R
)\ \N N/ \N/ N/
NN <863K i " >363 K
- Urea (IV) S
)\ -2HCI -2HCI o) cl
- + =
0 cl CO, €Oz Chloroformamidine-N-
Chloroformamidine-N- 2 carbony! chloride (V1)
carbonyl chloride (VI) )J\
cl cl -COCl,
Phosgene

R\N//\N/R

Carbodiimide (VII)

Scheme 10. Reaction of urea with phosgene (Eckert cartridge)

3.2.4 High Temperature Reactions (9-15)

It has been reported elsewhere®®

that carbodiimide can undergo phosgenation at room
temperature to produce chloroformamidine-N-carbonyl chloride (CCC). Therefore a two-
step reaction was devised whereby higher temperatures would be used to react the urea to
the CCC, followed by decomposition to the carbodiimide; more phosgene would then be

added at room temperature to convert the carbodiimide back to the CCC.

Reactions 9-12 in Table 12 show experiments that were carried out between 368 and 388
K. In each reaction all the urea starting material is fully reacted (Figure 38). Carbodiimide
is produced in significant quantities at 383 — 388 K (as evidenced by v(N=C=N) at ~2135
cm-1). Experiment 9 uses o-dichlorobenzene (ODCB) as the solvent instead of
chlorobenzene (MCB) as originally it was thought temperatures higher than 403 K (boiling
point of MCB) would be needed to convert all of the urea. The use of ODCB created

problems in that after rotary evaporation at 333 K not all of the solvent had been
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evaporated, as leftover solvent can be seen in the analysis carried out (the boiling point of
ODCB is 453 K). The high temperature needed to remove the solvent also compromises
the product. Therefore this result may not be accurate and further reactions were carried
out using MCB.

1 —— Reaction 12
0.3 -
VI
*
0.0 T =TT
— Reaction 11

Absorbance

0.0 — 1 r 1 rr I + T * T 1 T 1 1
| — Reaction 9
0.2 4
*VII
0.0 — 1 r 1 r T T T + 1T * T * 1

3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Figure 38. FTIR spectra of reactions 9 to 12, * indicates peaks attributed to isocyanate (lll),
CCC (VI) and carbodiimide (VII)
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Reactions 10 — 12 produced the isocyanate (v(N=C=0) = 2260cm™), increasing as the
phosgene excess is increased. This result shows that phosgene can also react with ureas to
give isocyanate, but only at temperatures above 363 K. It is possible however that the urea
is starting to decompose at the higher temperature to isocyanate and amine, with the amine
being phosgenated to isocyanate. The product CCC is seen in reactions 10, 11 and 12 but
not in reaction 9. This is due to decomposition of CCC at the temperatures used to
evaporate the solvent (ODCB) as previously discussed. The product mixtures from 10 and
11 show a considerable amount of the carbodiimide is produced, however in reaction 12,
carried out at a lower temperature, no carbodiimide and a larger amount of CCC is
produced. This leads us to believe an equilibrium must be present between the CCC and
the carbodiimde and is dependent on temperature and the amount of phosgene in the
system. This will be discussed later (section 4.1.1).

The product mixtures from reactions 9-11, in which carbodiimide was produced were
phosgenated at temperatures ~298 K. The results from these reactions show that the
carbodiimide in the solution is converted back to CCC. The N=C=N stretch for the
carbodiimide (~2135 cm™) decreases whilst the C=0 (~1753 cm™) and C=N (~1661 cm™)
stretches corresponding to the CCC increase (Figure 39 and Figure 40). The isocyanates
seen in the mixtures are not largely affected in this reaction. Mass spectroscopy was
carried out on the products from reactions 12-15, where the CCC was present in higher
quantities. The spectra confirmed the identities of the compounds identified in the FTIR,
and also established that no allophanoyl chloride or chloroformamidine was present. A
small amount of isocyanide dichloride is seen in the mass spectra of reaction 12. This
reaction was carried out with the highest excess of phosgene (40:1) and showed no
carbodiimide in the product. It is therefore possible that the decomposition pathway of
CCC to the isocyanate and isocyanide dichloride is occurring in this case. The mass spectra
recorded for the diphenyl urea phosgenations (reactions 13 and 14) showed a small amount
of what appears to be the amine. This could be proof that in these reactions the urea is
producing isocyanate via a decomposition route of the urea, not via the allophanoyl

chloride.

In reactions 3, 9, 10, 13 and 14 a peak in the infrared spectrum appears at ~1721 cm™. This
is an unknown peak and could not be attributed to a specific compound. Possibilities for
the identity could be a product of trimerisation of the isocyanate, biuret or urethane. These

are all by-products produced in the reactions involving isocyanates.®
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Figure 39. FTIR Spectra of reactions 10 and 14, * indicates peaks attributed to isocyanate

(1N, CCC (VI) and carbodiimide (VII)
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Figure 40. FTIR Spectra of reactions 11 and 15, * indicates peaks attributed to isocyanate

(11, CCC (VI) and carbodiimide (VII)
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3.25 Discussion

The experiments carried out on the phosgenation of urea compounds have produced
varying results when temperature, method of phosgenation and amount of phosgene used
are altered. The different products produced in the reactions show there are several reaction
pathways occurring. References in the literature which link urea compounds to
chloroformamidine-N-carbonyl chloride (CCC), carbodiimides and chloroformamidines
mostly relate to alkyl substituted ureas or cyclic compounds. The only reference to an
aromatic urea, diphenyl urea, states that it reacts with phosgene over 423 K to give

isocyanate as the only product via the decomposition to the amine and the isocyanate.'?®

Scheme 11 outlines the reactions that are taking place in the experiments explored in the
sections above. It is proposed that two different mechanisms are taking place; in one the
nitrogen of the urea is attacked to form the allophanoyl chloride, while the other reaction
takes place at the oxygen, releasing CO, to form the chloroformamidine leading to the
CCC. This is similar to what is seen in the reaction of dialkyl ureas with phosgene, where
the ratio of allophanoyl chloride to chloroformamidine is dependent on the substituent.'®
128 It is suggested here that triphosgene is reacting with the nitrogen on the urea, whereas
above 363 K, it breaks down to phosgene which will then react preferably with the oxygen.
In these cases, the allophanoyl chloride is breaking down to produce the isocyanate seen in
the product mixtures and the chloroformamidine is being further phosgenated to CCC. It is
also possible that the allophanoyl chloride could be formed via hydrolysis of the CCC, **

130 however this is unlikely.
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There are three possible mechanisms for the formation of the allophanoyl chloride from
urea and phosgene discussed in the literature. Along with the N-attack from phosgene, the
intermediate formed from O-attack can undergo either intramolecular displacement to form
the allophanoyl chloride or further reaction with a molecule of urea (Scheme 12).%? Hence

there are ambiguities over the reaction mechanisms occurring.
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Scheme 12. Formation of allophanoyl chloride via O-attack

We can ascertain that the chloroformamidine-N-carbonyl chloride (CCC) molecule forms
as a product from the combination of phosgene and urea at temperatures above 333 K.
However temperatures above 363 K are needed to solvate all of the urea, which can lead to
formation of isocyanate and carbodiimide. The formation of the isocyanate in this way
could be due to dissociation of the urea to an amine and isocyanate'?®. There is only
evidence for a small amount of the amine present in the reactions with diphenyl urea, this
is due to further reaction with phosgene to the isocyanate. The addition of aromatic rings to
the urea starting material has little effect on the reaction. The reactions using the
triphosgene have shown the urea to fully react at lower temperatures; consistent with the

hypothesis that a separate reaction mechanism is involved.

The solid triphosgene was initially used in these reactions as it was thought to provide a

direct source of phosgene, however this is not necessarily the case and triphosgene has
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been found to react individually and distinctly. It was therefore established that the Eckert
cartridge offered a better source of phosgene and has a considerable advantage in that all
traces of phosgene can be removed from the product.

In summary there are several pathways that can occur when phosgene is reacted with
aromatic ureas, however it can be concluded that CCC will be produced from the
phosgenation of urea at temperatures above 333 K with a high concentration of phosgene
present.

3.2.6 Alternative Routes to Chloroformamidine-N-carbonyl
Chloride (CCC)

In all the reactions carried out no evidence for the allophanoyl chloride or
chloroformamidine is seen. This is surprising as both compounds have been identified
previously by infrared studies.®® It is possible these compounds are either reacting
immediately, or alternative mechanisms are occuring. There are numerous references in the
literature which link urea compounds to CCC, isocyanates, allophanoyl chlorides,
carbodiimides and chloroformamidines.®% 102 103, 122-125,128-137 gchama 13 shows the various
reactions that have been discussed in the literature. The routes shown in red only involve
the compounds that have been identified in the reactions carried out in this project. Ulrich
states that urea can be dehydrated to carbodiimides with excess phosgene.® If this reaction
was occuring, the carbodiimide would be expected in the product mixture. It is seen in the
reactions with phosgene but not triphosgene. An explanation for this could be that the CCC
is immediately being formed as the triphosgene provides a larger excess of phosgene in
solution than the phosgene gas. This could therefore explain the absence of the

chloroformamidine.

Another reaction that could occur is the formation of carbodiimide via two molecules of
isocyanate reacting together.** However this reaction occurs above 423 K over a long
period of time therefore it is unlikely this reaction is occurring in our experimental

arrangement.
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3.3 Urea Structure

Twitchett™ and Ulrich et al®® postulated that phosgene would react with the urea via the
imidic form (Scheme 11). However no concrete evidence for the tautomerism of the urea
can be found in the literature. Thus in order to understand the mechanisms involved in the
reaction it was important to gain information about the structure of the urea compounds

looked at in this study.

3.3.1 Solubility

Reactions were carried out in an attempt to quantify the solubility of the ureas in the
process solvent, chlorobenzene (MCB). This is an important property of the compound as
it can provide insight into the reaction mechanisms. The degree of solubility in the solvent
may indicate the extent at which tautomerisation to the imidic form takes place. Both
weight measurements and "H-NMR spectroscopy were used to try and quantify the amount
of urea in solution before and after heating at 363 K. The solvent suppression method
outlined in section 2.7 was used to record the spectra as this would suppress the solvent

peaks in order to lower the limit of the concentration that could be measured.

From the heating of 1,3-diphenylurea (urea 1) in MCB at 363 K, a solubility of 15 mmol L
! was calculated from weight measurements, with a reaction at room temperature affording
a solubility of 13 mmol L™. This initially indicates that the solubility of 1,3-diphenylurea
in MCB is very low, whilst heating the solution increases the value slightly. However this
method is not the most accurate, due to human error and possible fluctuations in the
weighing device. Therefore quantitative *H-NMR measurements were used to see if this

could provide more accurate results.

As described in section 2.7.2.3, 4-benzylaniline (4-BA) was used to create a calibration
curve for the number of protons in the molecule. Reference spectra of the ureas in DMSO
showed the NH signal for the ureas appears at ~8.6 ppm and the CH, signal for both ureas
1 and 2 at ~3.85 ppm (Figure 41). Although these signals will change in different solvents,

it provides an indication of the region that the signals will appear.
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Figure 41. Reference "H-NMR spectrum of 1,3-di-p-benzylphenylurea in DMSO

Figure 42 presents the spectra of all three ureas in MCB before and after heating at 363 K
for 1 hour along with a sample of 4-BA in MCB. The signal at ~4.4 ppm refers to the
DCM reference in the sample. In each of the spectra there is a broad peak ~3.5 ppm. This
is likely to be from leftover amine starting material from the synthesis of the ureas.
However in the case of ureas 2 and 3 the signal increases after heating. It is possible this is
due to the decomposition of urea to the amine and the isocyanate, however the CH, peak
for the methylene bridge only occurs in the solution of urea 2 after heating. No peaks are
seen in any of the spectra in the region where the NH signal of the urea should be. These
results indicate that at this level of sensitivity no urea is seen in the *H-NMR. However as
it is possible the spectra is misleading, the concentration of the compound providing the
peak at ~3.5 ppm was calculated. This was 9.99 mmol L™ for urea 1, 13.5 mmol L™ for
urea 2 and 55.9 mmol L™ for urea 3. These values are also consistent with the solubility
calculated for 1,3-diphenyl urea by weight measurement. However if the peak is attributed
to the urea compound, this would indicate the solubility as Urea 1 < Urea 2 < Urea 3. This
is unexpected and contradictory to the observations noted when trying to dissolve the three
ureas in various solvents, including MCB. Therefore it is more likely that this peak is due

to unreacted amine from the synthesis of the ureas although the results are unfortunately
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inconclusive. These values however do provide a maximum limit for the solubility of the
ureas of 55.9 mmol L™, as the peak used to calculate this value was the one with the largest
integral in all of the spectra. This work is not as complete as one would have liked,
however the spectra recorded does confirm the low solubility of ureas in the process
solvent, MCB.

—— Compound in MCB
—— Compound in MCB after heating at 363 K
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Figure 42. '"H-NMR spectra of 4-BA in MCB and ureas 1, 2 and 3 in MCB before and after

heating
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3.3.2  Structure Determination of 1,3-Di-p-benzylphenylurea

Further investigation into the reaction mechanism was undertaken using crystallographic
studies. 1,3-Di-p-benzylphenylurea was recrystallized with DMSO and single crystal X-ray
diffraction carried out to gain information about the crystal structure of the molecule. The
experimental details are found in section 2.6. The X-ray details and information about the
crystal structure are shown in Table 13. The crystals formed are in the orthorhombic
system within the polar space group Fdd2. Figure 43 shows the structure of the urea with
the numbering system for the atoms. Molecules are stacked together by hydrogen bonding
between the anti NH donors and the carbonyl O atom acceptors of the next molecule
(Figure 44) and by m-stacking. The carbonyl group is parallel to the ¢ axis therefore the
molecular chains are formed in the c direction. Cleavage would consequently be parallel to
the c-axis. This structure is similar to the crystal structure of 1.3-diphenylurea (urea 1)
which had previously been reported by Deshapande® and Bis(4-biphenylylurea.®* In
general the structures of the disubsituted aromatic ureas already reported all show
hydrogen bonding between the amide hydrogens and the oxygen on the next molecule. In
di-p-benzylphenyl urea the phenyl rings C and A are twisted with respect to each other by
30.7°. The same is seen for the rings B and D. Rings A and B are tilted with respect to the
urea plane by 79.3°. The distances and angles are presented in Table 14 and Table 15.

It was also the intention to measure the crystal structure of the oligomeric urea (urea 3),
however within the time period of this project attempts to crystallise the material were
unsuccessful. The powder form of the compound was used to try and gain some structural
information using x-ray powder diffraction; however this technique did not offer any

information on the crystal structure.

The intermolecular forces seen in 1,3-di-p-benzylphenylurea and the 1.3-diphenylurea
studied by Deshapande® give a tightly packed structure. This structure coincides with the
low dissolution of urea at low temperatures in the process solvent. In this investigation it
was found that DMSO was the best solvent for dissolving the ureas at room temperature,
even then all three ureas would only partially dissolve. The favourable solvation power of
the DMSO is linked to it’s high dielectric constant (¢ = ~46.5)'*® 13 and that it is a highly
polar aprotic solvent.*® It is also a Lewis base which will coordinate to the carbon
atoms,**® weakening the hydrogen bonding in the urea therefore helping to solubilise the
compound. This is more difficult in the longer chain oligomeric ureas as the longer chains

will increase hydrophobicity in the compound.
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Identification code

1,3-Di-p-benzylphenylurea

Empirical formula Cu7H24N0
Formula weight 392.49
Temperature / K 100 (2)

Crystal colour colourless
Crystal description needle

Crystal size / mm

0.40 x 0.10 x 0.05

Crystal system

orthorhombic

Space group

Fdd2 (No. 43)

alA 18.6632 (12)
b/A 46.730 (3)
cl/A 4.6397 (3)
al® 90
Bl° 90
yl® 90
v/IA® 4046.4 (5)
4 8
p(calc) /g cm? 1.289
p/mm* 0.079
F(000) 1664
AlA (Mo-K,) 0.71073
Orange/° 1.74<0<23
-21<h<23
Index ranges -58 <k <56
-5<1<5
No measured 0
No unique, Rint 1229, 0.000
No observed [I1>24(1)] 105

Tmax, Tmin 0.8969, 0.9914
Data / Parameters 1229/ 142
Goodness-of-fit on F? 1.143

R1, wR2 [I>24(1)]

0.0294, 0.0641

R1, wR2 (all data)

0.0347, 0.0665

Ap(max), Ap(min) / e A®

0.175, -0.178

Table 13. X-ray details of 1,3-di-p-benzylphenylurea




Figure 43. Molecular structure of 1,3-di-p-benzylphenylurea
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Figure 44. Hydrogen bonding in 1,3-di-p-benzylphenylurea
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Bond | Distance/A | Bond | Distance/A | Bond Distance / A
C1-01 1.223 C4-C5 1.396 C9-C10 1.408
C1-N1 1.352 C5-C6 1.392 C10-C11 1.385
C2-C3 1.387 C5-C8 1.521 C11-C12 1.407
C2-C7 1.400 Cc6-C7 1.396 C12-C13 1.398
C2-N1 1.441 c8-C9 1.530 C13-C14 1.391
C3-C4 1.393 C9-C14 1.384

Table 14. Bond distances for 1,3-di-p-benzylphenylurea




Bond Angle /° Bond Angle /° Bond Angle /°
01-C1-N1 | 123.18 C6-C5-C8 121.56 C10-C9-C8 119.89
N1-C1-N1 | 113.64 C4-C5-C8 119.90 | C11-C10-C9 | 121.53
C3-C2-C7 | 120.03 C5-C6-C7 121.62, | C10-C11-C12 | 118.89
C3-C2-N1 | 121.44 C6—C7-C2 118.94 | C13-C12-C11 | 120.06
C7-C2-N1 | 118.51 C5-C8-C9 111.76 | C14-C13-Cl12 | 119.84
C2-C3-C4 | 120.32 | C14-C9-C10 | 118.57 | C9-C14-C13 | 121.07
C3-C4-C5 | 120.60 | C14-C9-C8 | 12147 C1-N1-C2 123.02
C6-C5—-C4 | 118.48

Table 15. Bond angles for 1,3-di-p-benzylphenylurea

Figure 45. Unit cell of 1,3-di-p-benzylphenylurea
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3.3.3 FTIR Study

Infrared spectra of the ureas were recorded using ATR FTIR, Figure 46 shows the spectra
of 1,3-diphenylurea (Urea 1), 1,3-di-p-benzylphenylurea (urea 2) and oligomeric urea (urea
3). The spectra for ureas 2 and 3 were obtained after the crude material was recrystallized
in DMSO. The main bands and their assignments are presented in Table 16, the bands were
compared to those seen for ureas in the literature.'?" ****3 The stretching mode of the N-H
vibration is seen at 3280 cm™ for urea 1 and at ~3305 cm™ for the two longer chain ureas.
Al three compounds show a band at ~1640 cm™ for the carbonyl stretching mode (C=0).
This is characteristic for a bidentate urea (ordered H-bonded), with monodentate urea
~1700 — 1650 cm™ and a band at ~1715 — 1690 cm™ would be
indicative of free urea.’** *** This is consistent with a study by Hocker, who found that in

producing a band

solution the carbonyl stretching frequency of diphenyl urea can shift from 1640 cm™ to
1705 cm™. 1

Research using density functional theory (DFT) calculations was carried out on these
molecules by Farrell and co-workers.**> The bands seen in the experimental spectra were
consistent with calculations based on the crystal structure of ureas 1 and 2, where the
molecules are tightly packed via hydrogen bonding. No evidence of an O-H stretch (3600
cm™) or a C-O-H bend (1410 - 1310 cm™) representing the imidic form of the urea is seen
in any of the spectra recorded for ureas 1, 2 and 3. The C=N stretch is ambiguous as it will

be in the same region as the aromatic C=C bonds, making it difficult to identify.*?

Wavenumber / cm™ _
Urea l Urea 2 Urea 3 Assignment
3327 - - v(N-H)
3280 3301 3306 v(N-H)
3145 - 3035 | 3083 — 2924 | 3085 — 2829 Aromatic v(C-H)
- 1709 v(C=0) (non H-bonded)
1645 1636 1640 v(C=0) (H-bonded)
1592 1588 1590 C-H bend (aromatic)
1548 1543 1552 NH deformation (amide II)
1497 1510 1510 v(C-C) skeletal or v(C-N)
1440 1415 1412 v(C-N)
1314 1303 1302 amide Il
1230 1231 1239 amide Il

Table 16. Infrared assignments of ureas 1, 2 and 3
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Figure 46. FTIR spectra of ureas 1, 2 and 3

In the spectrum obtained from a crude sample of urea 3 shows a small band at 1709 cm™,
which is reduced after recrystallization (Figure 47). The most plausible explanation for this
band is due to less ordered or ‘free’ urea. This could arise from rotation of the dihedral
angle leading to an imperfection in the molecular chain (Figure 48). Hence the compound

would contain a small percentage of non H-bonded urea linkages, giving rise to the band at
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1709 cm™. This may help to explain the unsuccessful attempts to form crystals from the
material. This is more prominent in the longer chain urea due to an increase in the number
of linkages leading to an increase in the possibility of defects — conformal options that

ultimately work against attainment of a crystalline structure.

0.6 | —— Urea 3 crude
05 . — Urea 3 recrystallized

Absorbance

T T T T T T T T T
2000 1800 1600 1400 1200 1000
Wavenumber / cm™

Figure 47. FTIR spectra of urea 3 before and after recrystallization
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Figure 48. Structure modification of urea 3
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3.4 Alternative Reaction Mechanism

From the studies carried out in this body of work, the infrared spectrum of 1,3-di-p-
benzylphenylurea in the solid state shows no evidence for a tautomeric form. The C=0
stretching vibration is seen at 1636 cm™, indicating the urea is bidentate with H-bonding in
an ordered fashion."** The compound has also proved to be very insoluble in many
solvents, including chlorobenzene, water, tetrahydrofuran, dichloromethane, isopropanol,
butanol, ethanol and acetonitrile, only DMSO was found to dissolve the solid, poor
solubility is a known issue for aromatic substituted ureas.**? Also the crystal structure
determined for 1,3-di-p-benzylphenylurea shows a tightly packed unit cell, therefore the
conversion into the imidic form will be hindered. Thus it seems unlikely the urea will
undergo tautomerisation unless fully solvated. In the process solvent this may be possible
at high temperatures > 373 K. However we have seen urea reacting with phosgene via
attack on the oxygen to produce chloroformamidine-N-carbonyl chloride (CCC) at a
temperature of 333 K. These results have therefore put the mechanism postulated by
Twitchett™ into doubt as it is difficult to understand how the urea would be soluble enough

in the industrial process to form the imide.

We therefore propose an alternative mechanism to the tautomerisation which is shown in
Scheme 14. Step one in this reaction would involve interaction between the solid urea and
solvated phosgene with elimination of HCI. From the X-ray structure, cleavage of the
crystal is likely to occur parallel to the crystal ¢ axis. This will expose the N-H---O
bifurcated H-bonding motifs that run through the solid along the c direction. These can be
described reasonably as a (Brensted) acid-base interaction in which the H of a ArN-H
group is transferred partially to the keto oxygen. Addition of OCCI,, into the system sets up
a competition for H between O and CI (of OCCI,). The reaction is visualised as requiring
two steps, since the geometries of the reactants appear to be incompatible with a four-
centred transition state. Only the first (elimination of HCI) is heterogeneous; the second

step and all subsequent reactions could occur in solution.

The lack of imidic form for the urea would also help to explain why the triphosgene reacts
at the nitrogen rather than the oxygen. Triphosgene reacts primarily with nucleophilic
reagents. Both nitrogen and oxygen based nucleophiles can react, however with
compounds including an amide carbonyl group triphosgene will react with the enol form of
the compound (R-C(=NR’)OH).*" If the urea does not exist in the enol form at the

temperatures investigated, it can be assumed that reaction at the nitrogen is preferred.
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Scheme 14. Alternative reaction mechanism for phosgenation of urea

3.5 Summary

The work carried out in this chapter has seeked to provide an understanding of the reaction
between urea and phosgene relevant to the industrial synthesis of MDI. A number of
reactions were carried out on both 1,3-diphenylurea and 1,3-di-p-benzylphenylurea using
either triphosgene or an Eckert cartridge as the phosgene source. The results showed that
several pathways are occurring, with triphosgene and phosgene reacting with the urea

differently. The trimer prefers N-attack on the urea to produce the allophanoyl chloride
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leading to the isocyanate. Phosgene however prefers O-attack leading to the CCC.

Isocyanate can also be formed via decomposition of the urea or the CCC.

The crystal structure of 1,3-di-p-benzylphenylurea has been solved and found to contain
hydrogen bonding between the oxygen of the carbonyl group and the amide hydrogens,
with w-stacking between the aromatic rings. This creates a very stable structure and
accounts for the low solubility of the compound. 1,3-Diphenylurea has a similar structure
and has also proven to be insoluble in many solvents.?® Thus it is unlikely the urea will
react via a tautomeric form as postulated by Twitchett.”® An alternative mechanism is
therefore suggested, whereby the solvated phosgene will react with the solid urea at the

oxygen position to form the CCC.



Chapter 4

Chloroformamidine-N-carbonyl Chloride
(CCQ)

99



100

4 Chloroformamidine-N-carbonyl Chloride (CCC)

The previous chapter outlined the reaction of a diaryl urea with phosgene proving that at
temperatures above 333 K the chloroformamidine-N-carbonyl chloride (CCC) (VI)
compound is produced. However this reaction is not a simple one, with a possible
equilibrium between the CCC and the carbodiimide (VII) occurring. It was also unclear as
to what the decomposition products of the CCC are. It was therefore important to
investigate the CCC compound in a purer form to establish whether the molecule would
break down to give the isocyanide dichloride as a product. This chapter describes the
experiments carried out on 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC)
(Vla).

4.1 Heat Treatments of 1,3-Di-p-tolylchloroformamidine-
N-carbonyl Chloride (TCCCQC)

It is postulated that the chloroformamidine-N-carbonyl chloride (CCC) moiety will break
down to form the isocyanide dichloride compound and an isocyanate in the presence of
HCI at a temperature of 353 K.>* 1% This is suggested by an internal report,®* although a
second pathway to the carbodiimide also exists. A series of heat treatments under closed
conditions were performed at Huntsman Polyurethanes Process Research and Development
Laboratory in Rozenburg. The reaction details are described in section 2.13. Several
solutions of  1,3-di-p-tolylchloroformamidine-N-carbonyl  chloride (TCCC) in
chlorobenzene were heated to various temperatures and the products analysed by GC-MS
and GPC. Phosgene was added to some of the solutions to recreate the reaction conditions

involved at the industrial centre.

4.1.1 CCC/Carbodiimide Equilibrium

Due to limited standards being available, only two compounds were picked out in the GPC
traces, these were the starting material, 1,3-di-p-tolylchloroformamidine-N-carbonyl
chloride (TCCC), and 1,3-di-p-tolylcarbodiimide (TCD). These compounds appeared as

the two major peaks in the traces, with only small peaks indicating other compounds were
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present. This did, however, provide a useful tool in examining the formation of
carbodiimide from the TCCC under different conditions.

41.1.1 Closed Reactions

Solutions  of  1,3-di-p-tolylchloroformamidine-N-carbonyl  chloride (TCCC) in
chlorobenzene without phosgene were heated at 2 separate temperatures, 448 K and 463 K,
for 3 hours. The reactions were carried out in separate closed vials, each analysed by GPC
(Figure 49) after a certain length of time. Both reactions show similar results, the TCCC
peak (~29.5 mins) appears in the starting solutions, decreasing after the first hour of the
reaction. The peak at ~31 mins, attributed to the 1,3-di-p-tolylcarbodiimide (TCD), is
missing at the start of the reaction but then increases to a maximum. This result shows that
all of the TCCC is being converted to the carbodiimide at both temperatures. The trace at
120 mins for 463 K does show a small amount of TCCC, however it is important to note
that each solution analysed had came from a separate vial, therefore there may be some
discrepancies as all vials may not be under exactly the same conditions. For instance the
outer vials on the heat block may be at a slightly different temperature than the inner ones,
or some caps may not be sealed properly, leading to the leakage of any gases formed. The
drift in the peaks seen in the reaction at 463 K is due to changes in the mobile phase of the
instrument that can occur over time. The result is confirmed in the GCMS trace for the
reaction at 448 K (Figure 50). The peak at 72.8 mins shows the carbodiimide, which

increases with time, whereas the TCCC peak (106.4 mins) decreases.

The reaction was repeated with solutions of TCCC in chlorobenzene containing 5%
phosgene. The results are shown in Figure 51, clearly indicating throughout the reaction,
no TCCC is lost and no carbodiimide is formed. Similar results are seen when a solution of
1% phosgene was used instead of the 5%. After 4 hours at 448 K one solution showed the
carbodiimide had been produced (Figure 52), however this was presumed to be due to
phosgene leaking out of the vial, as the solution analysed after 6 hours did not show any
carbodiimide. At 423 K the solution at 6 hours showed the carbodiimide had been
produced. These results point towards an equilibrium between the CCC moiety and the
carbodiimide. In order to look at this further a set of reactions were carried out with open

vials.
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Figure 49. GPC traces of a solution of TCCC in chlorobenzene heated to 448 K and 463 K

over three hours
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Figure 50. GC chromatograph of a solution of TCCC in chlorobenzene heated to 448 K over

three hours
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Figure 51. GPC traces of a solution of TCCC in chlorobenzene with 5% phosgene heated to

448 K and 463 K over three hours
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Figure 52. GPC traces of a solution of TCCC in chlorobenzene with 1% phosgene heated to

423 K and 448 K over six hours
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41.1.2 Open Reactions

Solutions of TCCC in chlorobenzene were placed in vials at different temperatures ranging
from 273 K to 373 K. These vials were left open to air for one hour to let any gases escape
from the reaction, after which the solutions were analysed by GPC (Figure 53). It is clear
from the results that below 313 K only a small amount of 1,3-di-p-tolylcarbodiimide
(TCD) is produced, however above that temperature, the amount of carbodiimide produced
increases significantly. However the peaks pertaining to TCCC do not show an obvious
decrease, this is again likely due to the different solutions being analysed. Therefore
although the peaks cannot be accurately compared between solutions, the ratio of
TCD:TCCC at each temperature indicates the production of carbodiimide increases with
increasing temperature. This is presented in Figure 54, which plots the ratio against
temperature. The ratio was calculated by dividing the peak area of the carbodiimide by the

TCCC peak area. The graph clearly shows the ratio increases with temperature.

We have seen that an excess of phosgene will force the equilibrium to produce CCC even
at temperatures of 463 K (Figure 51). Therefore the position of the equilibrium will depend

on temperature and the concentration of phosgene in the reaction environment.
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Figure 53. GPC traces of solutions of TCCC in chlorobenzene in open vials for one hour
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Figure 54. Ratio of carbodiimide/CCC peak area with respect to temperature

41.1.3

Equilibrium Involving Chloroformamidine-N-carbonyl Chloride

The reactions discussed so far have therefore shown that an equilibrium exists between the

chloroformamidine-N-carbonyl chloride (CCC) and the carbodiimide compounds (Scheme

15). This reaction will have an effect on the phosgenation of urea as if the CCC is

produced under an atmosphere with no excess phosgene, above 313 K the carbodiimide

will be formed. However if an atmosphere of phosgene is used, the formation of the

carbodiimide will be impeded and the CCC will be the major product produced.

cocl,
/ —_—

> 313 K

1,3-Di-p-tolylchloroformamidine-
N-carbonyl chloride

N=xN

1,3-Di-p-tolylcarbodiimide

Scheme 15. Postulated equilibrium between 1,3-di-p-tolylchloroformamidine-N-carbonyl

chloride and 1,3-di-p-tolylcarbodiimide
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4.1.2 Isocyanide Dichloride as a Decomposition Product

GC-MS analysis was a useful tool in determining the trace compounds in the reaction
mixtures. It could therefore be used to determine whether or not any isocyanide dichloride
compounds had been produced. A solution of p-tolyl isocyanide dichloride (TID) in
chlorobenzene (MCB) was used as a standard. The GC-MS plot (Figure 55) shows a peak
at 20.4 minutes with a mass of 187 corresponding to TID. Smaller peaks are seen at 21.4
minutes and 30.2 minutes, these are due to p-tolyl isothiocyanate and 4-
chloromethylphenyl isocyanide dichloride respectively. The presence of these species is

described in section 2.11.
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Figure 55. GC chromatograph of p-tolyl isocyanide dichloride (TID) in chlorobenzene

All of the closed heat treatments described in section 2.13.1.1 were analysed by GCMS,
looking at a range of temperatures, concentration of TCCC and concentration of phosgene.
Table 17 shows the reaction details taken from the experimental section along with
information about the main products produced. In order to show a rough distribution of the
three compounds relevant to this work, the height of the peaks attributed to 1,3-di-p-
tolylchloroformamidine-N-carbonyl chloride (TCCC), 1,3-di-p-tolylcarbodiimide (TCD)

and p-tolyl isocyanide dichloride (TID) were measured and the percentage of each
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compound calculated relative to each other. As this did not take into account any side
products this did not give an accurate measure of the amount of each product however was
deemed a satisfactory method in order to discuss the breakdown of TCCC into TID.

TCCC Product distribution
Reaction | Concentration / Phosgene Temperature after 120 mins / %
1 Concentration / % / K

mmol L TCCC | TCD | TID
1 6 0 403 66.0 34.0 0.0
2 20 0 403 61.3 37.7 0.9
3 6 0 448 26.3 73.7 0.0
4 <13 0 463 0.0 100.0 0.0
5 6 0 463 2.0 98.0 0.0
6 20 0 463 29.3 70.7 0.0
7 36 1 403 95.2 4.2 0.6
8 36 1 423 95.9 3.5 0.7
9 36 1 448 96.2 3.2 0.6
10 36 1 463 90.6 8.2 1.1
11 6 5 448 98.2 1.6 0.2
12 6 5 463 96.9 2.6 0.5

Table 17. Details of heat treatment reactions of TCCC

No evidence for TID is seen in any of the starting solutions and in all cases where TID is
evident; it appears after the first time period. In all of the solutions containing phosgene, a
very small amount of carbodiimide is seen compared to the TCCC. The solutions without
phosgene show a large amount of carbodiimide, backing up the results from the GPC

analysis that in an atmosphere of phosgene the TCCC will be favoured.

For the reactions without phosgene, only one solution of TCCC showed evidence for the
TID. This was at the highest concentration of TCCC without phosgene (20 mmol L™) and
at the lowest temperature considered (403 K). In the GC-MS traces for this reaction, a high
amount of TCCC was still present in the solutions, whereas the other reactions carried out
at higher temperatures in MCB without phosgene showed that although TCCC still existed:;

the majority of the concentration had been converted into the carbodiimide.

When 5% phosgene solutions were used, a small amount of TID was seen at a TCCC
concentration of 6 mmol L™ for both 448 K and 463 K. For these reactions vary little
carbodiimide is present. The solutions with 1% phosgene all showed peaks for the

isocyanide dichloride, these solutions all had a higher concentration of TCCC of 36 mmol
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L™ and were heated to a range of temperatures from 403 to 463 K. Figure 56 shows the
GCMS trace of reaction 9 (Table 17), where a 36 mmol L™ solution of TCCC in 1%
phosgene/MCB was heated to 448 K for 6 hours. The peaks at 73.3 mins and 106.4 mins
correspond to 1,3-di-p-tolylcarbodiimide (TCD) and TCCC respectively. A peak relating to
the TID can be seen at 20.3 mins, this generally increases as the reaction proceeds and is
not in the starting material. A peak is also formed at 21.6 mins showing a mass of 131.9 g
mol™. This is identified as p-tolyl isocyanate and shows similar amounts are produced
compared to TID. From the GPC results from the same solutions (Figure 52) we see that at
360 minutes the TCCC is converted to the carbodiimide, this can also be seen in the
GCMS. Therefore the decrease in the TID peak in that time is due to less TCCC in the
solution. The mass spectrum for this peak is identical to that seen in the standard solution
of TID, as explained in section 2.11.3. Figure 57 shows the GCMS traces of the four
solutions of TCCC in 1% phosgene/chlorobenzene after 2 hours at different temperatures
(reactions 7-10). The results show that the amount of TCCC and carbodiimide in the
solutions are comparable and that for the TID peak the only considerable difference is at
the highest temperature of 463 K, where the peak is larger.
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Figure 56. GC chromatograph of reaction 9, TCCC in chlorobenzene with 1 % phosgene at
448 K
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Figure 57. GC chromatograph of TCCC in chlorobenzene with 1 % phosgene after 2 hours at

various temperatures

4.1.3 Heat Treatment of Isothiocyanate

In all the GCMS traces a peak at 21.5 mins can be seen for the p-tolyl isothiocyanate. This
is found to be a trace product in the 1,3-di-p-tolylcarbodiimide bought as a starting
material for the 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC). GCMS
analysis of a solution of 1,3-di-p-tolylcarbodiimide in chlorobenzene confirmed this. As an
isocyanide dichloride can be produced from reaction of the isothiocyanate with Cl,, it was
important to rule out if it could be produced from isothiocyanate and phosgene. Therefore
heat treatments were carried out on p-tolyl isothiocyanate (TITC). Reactions 3 and 9 from
Table 17 were repeated with TITC in chlorobenzene as the starting material, the results are
shown in Figure 58. Both reactions show similar results. The large peak at 21.7 mins
corresponds to the starting material. A small peak appears at 20.3 mins, where the TID
would be expected, however the mass spectra of this compound was 148.8 g mol™ and is
identified as an isomer of the starting material. The other small peaks between 19 mins and
21 mins are also confirmed to be isomers of TITC. This result confirms that the isocyanide
dichloride seen in the heat treatments of TCCC is most likely a breakdown product of the
TCCC.
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Figure 58. GC chromatograph of p-tolyl isothiocyanate in chlorobenzene after heating to 448
K

4.2 Summary

From the reactions discussed above, it can be concluded that 1,3-di-p-
tolylchloroformamidine-N-carbonyl chloride (TCCC) can be broken down to p-tolyl
isocyanide dichloride (TID) and isocyanate using temperatures above 403 K, with more
TID being produced at higher concentrations of TCCC or at a higher temperature of 463 K
(Scheme 16). This result correlates what is suggested in the literature®®. An atmosphere of
phosgene is required to stop the TCCC decomposing to the carbodiimide, 1,3-di-p-
tolylcarbodiimide (TCD). It is postulated from the results seen in section 4.1.1 that an
equilibrium exists between TCCC and TCD. This result confirms that if a carbodiimide-N-
carbonyl chloride compound is produced in the industrial process, it will break down to

form an isocyanide dichloride at temperatures above 403 K and with excess phosgene.
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> 313K
1,3-Di-p-tolylcarbodiimide

1,3-Di-p-tolylchloroformamidine-
N-carbonyl chloride

> 403 K
cl
+
P
N cl OCN
p-Tolyl isocyanide dichloride p-Tolyl isocyanate

Scheme 16. Postulated reaction of 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride

4.3 Modified Reaction Scheme

The work carried out in this project so far has been successful in confirming the postulate
that an isocyanide dichloride can be formed in the industrial process to produce MDI.*
Scheme 17 shows the reaction scheme proposed from the experiments carried out on
model compounds relevant to the more complex materials used at the industrial centre. It
was found that the urea compounds produced by reaction between an amine and an
isocyanate, a side reaction in the industrial procedure, can be phosgenated to produce a
chloroformamidine-N-carbonyl chloride (CCC). This reaction occurs at temperatures
above 333 K however a separate pathway can occur which forms an allophanoyl chloride,
which then decomposes to an isocyanate. Both pathways can occur as the carbonyl of the
phosgene can react with either the nitrogen or the oxygen on the urea. It is suggested that
the urea doesn’t react via tautomerism as proposed™ but that solvated phosgene will react
with the solid urea compound. This is indicated by the low solubility of urea compounds in

a number of solvents.

The chloroformamidine-N-carbonyl chloride (CCC) will break down on heating above 403
K to an isocyanide dichloride and an isocyanate. This process however is hindered by
equilibrium between the CCC and the carbodiimide compound. The carbodiimide is

favoured at temperatures above 303 K where no atmosphere of phosgene is present. Since
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there is a large presence of phosgene in the industrial synthesis, the reaction conditions
would therefore lead to the formation of the isocyanide dichloride.

The next stage was to discover if this molecule had a role to play in the formation of colour
in the MDI product stream. A postulated reaction mechanism involves the release of

chlorine radicals which can attack the methylene bridge in MDI.*

The subsequent two
chapters describe firstly how electron paramagnetic resonance (EPR) spectroscopy was
used to measure the capability of the isocyanide dichloride as a source of chlorine radicals
and, secondly, how UV/Vis spectroscopy could be utilised to investigate the extent at

which colour was formed under different reaction conditions.
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Scheme 17. Modified reaction scheme
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Chapter 5

Electron Paramagnetic Resonance (EPR)

Study of Isocyanide Dichlorides
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5 Electron Paramagnetic Resonance (EPR) Study

of Isocyanide Dichlorides

Electron paramagnetic resonance (EPR) studies were carried out on both phenyl isocyanide
dichloride (PID) and p-tolyl isocyanide dichloride (TID) to discover if chlorine radicals
would be produced by irradiation of the compounds. The spin trap N-tert-butyl-a-phenyl
nitrone (PBN) (XI) was used in this work in order to trap any chlorine radicals released so
they could be recorded by the spectrometer. As discussed in section 1.9.1, chlorine radicals
are short-lived and a spin trap is needed in order to record them. Scheme 18 shows the
PBN-CI® adduct (XII) that is produced when a chlorine radical is trapped by PBN.

Cl

t-Bu
N

10
O

N-tert-Butyl-a-phenylnitrone PBN-CI adduct (XII)
(PBN) (XI)

Scheme 18. Addition of chlorine radical to the spin trap, PBN

The spectra produced by the chlorine adduct contains 8 lines with a 1:1:2:2:2:2:1:1 pattern.
This stems from three overlapping quartets (Figure 59) as the nitrogen signal will be split
into 3 lines as a 1:1:1 triplet due to the hyperfine coupling (I = 1). The nitrogen will be
coupled to the chlorine, splitting each line into four (I = 3/2). Shoulders observed on most
of the peaks originate from the chlorine isotope *’CI. These lines would further split due to
the hydrogen but these peaks are weak and not easily discernable. The experimental details

of the reactions discussed below are outlined in section 2.15.

It was originally intended to measure the EPR spectrum of the thermal and photo
degradation of the isocyanide dichloride compound in the presence of the spin trap. A
preliminary thermolysis reaction was carried out on a solution of TID + PBN in o-
dichlorobenzene in which the solution was heated to 443 K. On following the reaction no
signal was recorded by the spectrometer. On further research of the spin trap there are

issues regarding it’s stability on heating. Janzen et al. recorded the chlorine adduct of PBN
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at temperatures up to 363 K.**® However Symons et al. found it to be thermally unstable
over ~270 K.**" Therefore the photolysis method was forcefully adopted in order to

measure the release of chlorine radicals from isocyanide dichlorides.

Figure 59. PBN-CI adduct splitting diagram

5.1 Blank Reactions

It was important first to determine if the isocyanide dichloride compounds or the spin trap,
PBN, would form radicals alone in solution. In order to test this a series of blank reactions
were run. Solutions of either phenyl isocyanide dichloride (PID), p-tolyl isocyanide
dichloride (TID) or N-tert-butyl-a-phenyl nitrone (PBN) in benzene were irradiated at A >
310 nm separately to determine if radicals could be produced. Figure 60 shows the EPR
spectra of a solution of PID in benzene which was irradiated constantly for 47 minutes.
The spectrum shown was the last one to be recorded and shows no EPR-active radicals are
present in the absence of the spin trap. It is still possible radicals are being formed,
although are too short-lived to be recorded directly. A solution of TID in benzene also
produced the same result. However, when a solution of the spin trap, PBN, in benzene was
irradiated constantly, the spectra showed a radical was present (Figure 61). The spectrum
shown was recorded after 47 minutes and shows three equal lines with splitting to three
smaller lines. This is consistent with a nitrogen radical coupling to a hydrogen atom with
the hyperfine constants: ay = 14.31 G, ay = 1.96 G. This radical species was not present
when the sample was recorded in the dark and increased as irradiation continued. When the
irradiation was stopped, scanning of spectra was continued for a further 47 minutes. In this

time no decrease in the signal was noticed. This indicates this radical is a predominately
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stable species. The hyperfine couplings indicate this radical to be the hydroxyl adduct of
PBN, hydroxybenzyl-N-tert butyl nitroxide (XI11) (Figure 62)**%, likely arising from trace
water in the solution. Table 18 gives the hyperfine values seen in the literature. The
formation of this radical is in small amounts and can be described as negligible; therefore it

will not interfere with further experiments (this is explained further in section 5.4).

T T T T T T T T T T T T T T T
3330 3340 3350 3360 3370 3380 3390 3400
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Figure 60. EPR spectrum of phenyl isocyanide dichloride (PID) in benzene after 47 minutes

of constant irradiation
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3330 3340 3350 3360 3370 3380 3390
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Figure 61. EPR spectrum of N-tert-butyl-a-phenylnitrone (PBN) in benzene after 47 minutes

of constant irradiation
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OH
t-Bu
N
Q
Figure 62. Hydroxybenzyl-N-tert butyl nitroxide (XIII)
al/G
Solvent o T Reference
N H
CeHs 14.31 | 1.96 | Present work
H,O | 15.46 | 2.72 8
H,O | 13.40 | 2.00 7
CCIsF | 14.00 | 2.80 148

Table 18. Hyperfine coupling constants for hydroxybenzyl-N-tert butyl nitroxide radical
observed together with literature values

5.2 Identification of the EPR Active Species

The next step was to ascertain the spin trap could be used to observe any radicals that were
being formed from the isocyanide dichlorides. For this PBN was added to solutions of PID
or TID in benzene. Samples were then irradiated for either 30 seconds before scanning
commenced or constantly while scanning was in progress. This allowed the monitoring of
the formation of the PBN-CI adduct. Figure 63 shows the spectra recorded when a solution
of PID + PBN underwent constant irradiation. The first scan was recorded immediately
after irradiation was started and shows an 8 line pattern consistent with the chlorine adduct
of PBN. After 25 minutes the spectra is more defined and the coupling to the **Cl and *H
are distinguishable. After 50 minutes the spectra shows little change. The hyperfine
splitting constants for the chlorine adduct for PID + PBN in benzene are ay = 12.32 G, ag;-
35 = 6.25 G, aci37 = 5.20 G and ay = 0.80 G, which is consistent with previous studies
(Table 19).79, 80, 146, 149
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Figure 63. EPR spectra of PID + PBN in benzene with constant irradiation at 0, 25 and 50

minutes

Solvent TN 35(3/G37CI i Reference
DMSO | 12.56 | 6.28 present work®
CeHs | 12.32 | 6.25 | 5.20 | 0.80 | present work®
CeHs | 12.28 | 6.18 | 5.20 | 0.78 | present work®
CeHs | 12.12 | 6.05 | 4.88 | 0.75 146
CCl, |12.22 |6.08 |5.00 | 0.80 150
CHsCN | 12.70 | 6.20 | 5.12 | 0.89 80
CHsCN | 12.33 | 6.20 | 5.12 | 0.83 7
CeHs | 12.31 | 6.36 | 5.00 | 0.75 149

Table 19. Hyperfine coupling constants for PBN-CI adduct observed together with literature
values, a-c derived from: (a) PtClg?, (b) CsHsN=CClI,, (c) 4-CH3;CsH4N=CCl,

This result therefore shows that the chlorine adduct of PBN is formed when PID + PBN is

irradiated in solution. This evidence points towards chlorine radicals being formed by PID
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which can only be seen when a spin trap is used. No evidence of any hydrolysis product is
seen in the spectra.

An experiment was then carried out where a solution of PID + PBN in benzene was
irradiated for only 30 seconds. Scanning was started immediately after the lamp was
switched off and scanning continued for 100 minutes. Initially the signal for the chlorine
adduct is replicated, Figure 64 shows selected spectra at 0, 12.5, 25 and 50 mins. This
radical decays as the scanning proceeds whereby a three line signal referring to a second
radical species is formed. This species has a hyperfine splitting of ay = 8.00 G, indicating a
nitrogen based radical without any coupling to other atoms.

—— 50 mins

—— 25 mins

Time

— 12.5 mins

—— 0 mins

3330 3340 3350 3360 3370 3380 3390 3400
Magnetic Field / G

Figure 64. EPR spectra of PID + PBN in benzene after 30 s irradiation

Several different possibilities were considered for the identification of the second radical,
these included compounds that could possibly be formed in the irradiation of PID + PBN
in solution. The hydrolysis product of PBN, hydroxybenzyl-N-tert butyl nitroxide (XIII),
which is seen in the blank reactions, can be ruled out as the hyperfine splitting have
different values as that seen before and also no splitting to *H is seen. The second postulate
is that after initial irradiation the residual PID would form a radical (XI1V) (Figure 65). If

this was the case and it was long-lived enough in order to record the spectrum, it would be
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seen in the blank reaction when PID was irradiated without the spin trap. As we see no
evidence for this we can again rule this species out. The PBN-PID adduct (XV) (Figure
65). would stem from the addition of residual PID after cleavage of the chlorine to the
PBN spin trap forming a second adduct. However the splitting pattern of this radical would
be more complicated than the 3 lines due to coupling with nearby hydrogen atoms. The
PBN cation radical (XV1) (Figure 65) of PBN has been demonstrated to occur when laser
flash photolysis is used at 266nm.*** However no epr spectra have been reported for the
cation and it would be expected to occur in the blank reaction when a solution of PBN in
benzene was irradiated. Again we can therefore rule this species out as an option. Benzoyl-
N-tert-butyl nitroxide radical (XVII) (Figure 65) has been previously reported to occur in
reactions involving PBN with chlorine, benzene or other oxidizing agents.**® ' The
spectra and splitting values are also consistent with our results (Table 20) therefore the
identity of the unknown species in the spectra can be assigned to benzoyl N-tert-butyl
nitroxide radical (XV11).

t—Bu\ /O
N
N
=
/' cl
N/\CI
PID radical (XIV) PBN-PID adduct (XV)
0
+ /t-BU /t-Bu
N N
Q 9
Cation radical (PBN™) (XVI) Benzoyl-N-tert-butyl

nitroxide (XVII)

Figure 65. Postulates for identity of second radical species on irradiation of PID + PBN in
benzene
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Solvent aleG Reference
CeHs 8.00 | present work®
CeHe 8.01 | present work”

CHsCN 8.08 °

CH3(CH,)4CHs | 7.89 149
CeHs 7.67 152

Table 20. Hyperfine coupling constants for benzoyl-N-tert-butyl nitroxide radical (XVII)
observed together with literature values, a-b derived from: (a) CgHsN=CCl,, (b) 4-
CH3C6H4N:CC|2

Before each experiment that was run a spectrum of the starting solution (PID + PBN in
benzene) was recorded to see if any radicals would appear without irradiation. In around
50% of the solutions a small signal was seen indicating radicals were indeed present.
Figure 66 shows an example spectrum where 100 scans were performed and the spectra
added together, producing a clearer signal to look at. This signal clearly shows a mixture of
the PBN-CI adduct (XII) and the benzoyl N-tert-butyl nitroxide radical (XVII). As this
signal is small compared to those seen in the irradiated solution, it is possible daylight may
be affecting the solutions while they are being prepared. One solution which was kept in
the dark showed no signal when scanned by the spectrometer. This was used to test the
reaction without irradiation over time, whereby the solution was scanned for 47 minutes at
1 scan every 14 seconds. A weak three line signal (Figure 67) which appeared after 22
minutes and increased over time indicated the formation of the benzoyl N-tert-butyl
nitroxide radical. This is an interesting result as firstly no hydrolysis product is seen as
with PBN in solution without the PID and also no chlorine adduct is formed. This will be
discussed further in section 5.6 but it is clear that several different processes are occurring

in this reaction.
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Figure 66. EPR spectrum of PID + PBN in benzene without irradiation

T T T T T T T T T T
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Figure 67. EPR spectrum of PID + PBN in benzene without irradiation (dark) after 47 minutes

5.3 Verification of Benzoyl N-tert-butyl Nitroxide Radical

531 DFT Calculations

In order to confirm the second species as the benzoyl-N-tert-butyl nitroxide radical (XVI1),
DFT calculations were carried out at Manchester on the molecule and also on the PBN-PID

adduct (XV). This adduct was also investigated as it was the one candidate which could not
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be fully ruled out from the blank experiments carried out. Figure 68 shows the spin

densities for both species.

Figure 68. BALYP/EPR-III (Cl: IGLO-III) spin densities (isosurface value 0.004 au, t-Bu group
shown in wireframe for clarity) for a) benzoyl-N-tert-butyl nitroxide radical (XVII) and b) PBN-
PID adduct (XV)

In the PBN-PID adduct (XV) the Mulliken spin densities on the N—-O« unit are 0.45 (N)
and 0.51 (O), the Fermi contact couplings are 12.2 G (N) and —14.8 G (O). The protons of
the phenyl unit nearer to the radical centre show very small spin densities (range 0.0003 —
0.0023) with the largest Fermi contact coupling being 0.3 G. In the benzoyl-N-tert-butyl
nitroxide radical (XVII) the spin densities on the N—O« unit are 0.27 (N) and 0.58 (O), the
O atom of the carbonyl unit carries most of the remaining spin density (0.14). The carbonyl
O atom pulls away significant spin density from the N atom, reducing the hyperfine
coupling. The corresponding Fermi contact couplings are 5.5 G (N), —14.8 G (O) and -3.5
G on the carbonyl O atom. The spin density and the hyperfine coupling on the O atom are
both very similar in (XVII) and (XV), while those for N are significantly different. In
(XVI1) the phenyl protons again show very small spin densities, with the largest proton
hyperfine being less than 0.1 G. Comparisons with experimental values in Table 20,
suggest that the second species observed is (XVII) rather than (XV). Fermi contact
couplings are typically slightly underestimated in Gaussian orbital calculations'*® due to

the difficulty of treating the density at the nucleus. For species (XVII) experimental values
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in solution are 7.67 — 8.08 G for the N hyperfine. These values are substantially smaller
than those calculated for (XV) but are a little larger than those calculated for (XVI1). Thus

assignment to radical (XVI1I) is favoured.

5.3.2 Simulations

Simulations on selected spectra were carried out in order to validate the experimental
results. Figure 69 show the simulation of the spectra recorded when a solution of PID +
PBN underwent constant irradiation. Figure 70 shows the simulation of the 30 s irradiated
solution at both 0 and 50 minutes. The results show good correlations for both the PBN-CI
adduct (XII) and the benzoyl-N-tert-butyl nitroxide radical (XVII). This excellent
agreement between the simulated and observed spectra reinforces the assignments for the
octet and triplet splitting patterns. The reactions carried out on p-Tolyl isocyanide
dichloride (TID) gave the same results as the PID indicating both compounds behaved in

the same way under irradiation with the spin trap.

—— Simulation

—— Experimental

T T T T T T T T T T T T T
3330 3340 3350 3360 3370 3380 3390 3400

Magnetic Field / G

Figure 69. Simulation and experimental spectra of PID + PBN in benzene after 50 mins
constant irradiation, parameters from simulation are ay = 12.32 G, ac.3s = 6.25 G, ag.37 = 5.20
Gand ay=0.80 G
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Experimental 0 mins Experimental 50 mins

Simulation 0 mins

Simulation 50 mins

3340 3360 3380 3400 3340 3360 3380 3400
Magnetic Field / G
Figure 70. Simulation and experimental spectra of PID + PBN in benzene after 30 s

irradiation, parameters from simulation are 0 mins —ay = 12.32 G, acj.35 = 6.25 G, aci37 = 5.20
G, 50 mins —ay =8.00 G

5.4 Low Temperature Study

Reactions were carried out at low temperatures to see if there would be any effect on the
radicals produced. In theory the lifetime of the radicals should be increased by the cold
temperatures but it is also possible the production of the radicals would be slowed down.
Solutions of phenyl isocyanide dichloride (PID) + N-tert-Butyl-a-phenylnitrone (PBN)
were made up in toluene in order to access temperatures below 273 K. Five different
temperatures were investigated, 193 K, 223 K, 253 K, 283 K, 313 K. For each temperature
the sample was irradiated for 30 seconds and stopped. Scanning was started immediately
with 1 scan collected every 30 seconds. Figure 71 shows the spectra recorded immediately

after irradiation at 0 minutes and 50 minutes later at the different temperatures.
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Figure 71. EPR spectra of PID + PBN in toluene after 30 s irradiation at various temperatures

The resultant spectra recorded at 283 K are the closest to room temperature and the spectra
we have seen previously (Figure 64). An 8 line signal referring to the PBN-CI adduct (XI1)
appears however no splitting to the **Cl and *H are seen. As the temperature is lowered to
253, 223 and 193 K, the spectra become more defined as peaks pertaining to the **Cl and
'H splitting begins to develop. This is possibly due to slower spin-lattice relaxation or
slower exchange interactions, such as electron transfer. At the higher temperature of 313
K, two small shoulder peaks can be seen. These are from the benzoyl N-tert-butyl nitroxide

radical (XVI1) which is already starting to form.

After 50 minutes, the two lowest temperatures, 193 K and 223 K, show little change in the
spectra. No sign of a second species is seen, indicating the reaction has been slowed down
or is not occurring at this temperature. The PBN-CI adduct (XII) only shows slight decay
therefore the longevity of the radical increases as temperature decreases. The spectra at 253
K shows a mixture of the two species, indicating the PBN-CI adduct is decaying and the

benzoyl N-tert-butyl nitroxide radical is forming. At 283 K the PBN-CI adduct has almost
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fully decayed, with small humps showing signs of the radical. The benzoyl radical is
clearly seen therefore the formation of this must increase with increasing temperature. This
is backed up by the spectrum recorded at 313 K as all of the PBN-CI adduct is gone and

only the benzoyl radical is seen.

Simulations were carried out on selected spectra at 193 K and 223 K. When these were
subtracted from the experimental spectra, the 6 line signal relating to hydroxybenzyl-N-tert
butyl nitroxide, the hydrolysis product of PBN can be seen. Calculations carried out
estimated this radical to make up on average 14.8 % of the total signal. Therefore we can
count this as negligible as the signal for the PBN-CI adduct dominates the spectra

recorded.

5.5 PBN Concentration Study

Reactions were also carried out using different concentrations of N-tert-Butyl-a-
phenylnitrone (PBN). In each solution the concentration of phenyl isocyanide dichloride
(PID) was kept constant (0.1 M) and the concentration of PBN was changed (0.1 M, 0.05
M and 0.026 M). This parameter was changed in the hope the results may give an insight
into the reaction mechanism involved in the formation of the benzoyl N-tert-butyl nitroxide
radical (XVII). Figure 72 shows the spectra at 0, 12,5 and 25 minutes after the samples had
been irradiated for 30 seconds. As before, the PBN-CI adduct is formed, decays and then
the benzoyl radical is formed. The spectra shows that the concentration of PBN has little
effect on the reaction, with the higher concentration possibly producing more radicals as
the chlorine adduct takes longer to decay. This is consistent since the PID is equal or in

excess, the more PBN should produce more of the PBN-CI adduct.
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Figure 72. EPR spectra of PID in benzene with different concentrations of PBN after 30 s

irradiation

Spectra was also recorded under constant irradiation (Figure 73), again showing similar
results to that seen previously whereby the PBN-CI adduct is formed throughout the
process, the spectra becoming more defined as time goes on. As the concentration of the
PBN increases, the three line spectrum for the benzoyl radical starts to become more
apparent. This helps to confirm the species as the benzoyl radical as it is clear this radical
is formed from the spin trap, PBN and not from the PID as the production of it changes
with PBN concentration. As more of the benzoyl radical is formed with higher PBN
concentration, this could be indicative of a reaction taking place between the PBN-CI
adduct and PBN.
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Figure 73. EPR spectra of PID in benzene with different concentrations of PBN with constant

irradiation

5.6 Reaction Study and Kinetics

From the EPR spectra presented thus far it is clear the PBN-CI adduct (XI1) is formed from
a chlorine atom transfer process between PID and PBN. It has not been established
whether the second radical which is formed, benzoyl N-tert-butyl nitroxide radical (XVI1),
is a product of further reaction of the PBN-CI adduct, or formed directly from the PBN.
Benzoyl radicals leading to benzoyl spin adducts can be formed from benzaldehyde, an
impurity sometimes found in N-tert-Butyl-a-phenylnitrone (PBN).”* However if this was
the case here the blank reactions involving PBN would have showed the formation of the
benzoyl radical. Reactions instead show the hydrolysis product, hydroxybenzyl-N-tert

butyl nitroxide (XII1), is formed.

It is proposed that the benzoyl-N-tert-butyl nitroxide radical can be formed from a reaction
between the PBN-CI adduct and additional PBN in a consecutive reaction (Scheme 19).**
The benzoyl radical should be accompanied by a second product, N-tert-butylbenzylimine

(XVI11)**!. Evidence for the formation of this species is provided by the GC-MS spectrum,
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m/z 162 (M+, CGH5CH:NC(CH3)3, 9%), 105 (C6H5CH:N, 41%), 77 (C6H5, 15%), of a
sample of PID + PBN, which had been irradiated for 45 min.

0
0
Oe

2

PBN t-Bu

Y

10
W
c

PBN-CI adduct (XII)

-HCI
Y
0]
XN t-Bu t-Bu
N / N/
* |
Q
N-tert-Butylbenzalimine Benzoyl-N-tert butyl
XV nitroxide (XVII)

Scheme 19. Formation of benzoyl-N-tert-butyl nitroxide radical through a consecutive

reaction

In an attempt to understand the reaction mechanism in more depth, a series of experiments
were carried out to investigate the route of formation of the benzoyl radical and the kinetic
processes involved within a generalised reaction scheme. As outlined in the experimental
(Section 2.15.6), solutions of PID + PBN in benzene were irradiated at different
temperatures over time. The irradiation was then stopped while scanning continued to look
at the decay processes of the radicals formed. Figure 74 shows the reaction profile for the

intensity of the PBN-CI adduct with Figure 75 showing the benzoyl radical.
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Figure 74. Reaction profile of the PBN-CI adduct at various temperatures
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Figure 75. Reaction profile of the benzoyl radical at various temperatures
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The formation of the chlorine adduct shows an initial steep increase until a steady rate is
reached. At this point radicals are both being formed and are decaying simultaneously.
After a period of time the chlorine radicals reach a maximum concentration, possibly at the
point where no starting material is left; after this point only the decay process is seen. As
the temperature is increased, the rate of radical formation is slower. This is indicative of
the higher temperature favouring the back reaction/decay process. After the irradiation is
stopped the chlorine radicals rapidly decay, with the highest temperature giving the fastest
decay rate. Table 21 shows the half life values for both the radicals at the three different
temperatures to confirm this. The decay process for the PBN-CI adduct (XI1) approximates
to single exponentials, however they do not adhere to simple first order kinetics over the
full duration studied, implying that the decay process is not first order over the full time
sequence studied, indicating a degree of complexity in the decay process.

Half life (tl/z) /s
PBN-CI adduct (XIl) | Benzoyl radical (XVII)

Temperature / K

288 308 2516
298 315 2063
308 207 1161

Table 21. Half life values for radicals produced by PID + PBN in solution

The profile for the benzoyl radical (Figure 75) is very different, which is produced after ~
3 minutes and at a slower rate. Similar to the chlorine adduct it reaches a maximum
concentration then starts to decrease, again due to radical decay. When the irradiation is
stopped, the benzoyl radical initially increases in concentration to a second maximum, and
then slowly decays as time progresses. This behaviour indicates that the benzoyl radical is
not being formed solely from further reaction of the PBN-CI adduct with PBN (Scheme
19) as indicated by Sang et al.**® However this does not rule out this mechanism
completely, as it may be happening under irradiation. Plots of [A]o-[A] versus time for all
three temperatures for times > 3500 s show an approximately linear fit (Figure 76),
therefore the decay process of the benzoyl radical can be assigned to zero order Kinetics.
This indicates the decay process to be a simple one compared to the decay of the PBN-CI
adduct. Summarising, stage 1 of the reaction under irradiation approximates to first order

kinetics, whereas the second stage after irradiation follows zero order kinetics.
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Figure 76. Plot of [A]o-[A] versus time for benzoyl-N-tert-butyl nitroxide (XVII) > 3500 s at

various temperatures

These results point towards two separate processes occurring simultaneously to form both
radicals. The benzoyl radical is not solely formed from the PBN-CI adduct in a consecutive
reaction, however the presence of the starting material, PID, is required as the benzoyl
radical is not formed when PBN is irradiated in solution on its own. As mentioned
previously a solution of PID + PBN kept in the dark does show a small amount the benzoyl

radical (VI1) being formed, demonstrating the possibility of a non-photochemical route.

Scheme 20 and Scheme 21 show two postulated pathways for the formation of the benzoyl
radical without the involvement of the PBN-CI adduct (XII). Both schemes involve the
formation of the PBN®" cation radical as described previously in section 5.2. This can be
formed by either a photochemical process or by chemical oxidation due to the presence of
the PID. Eberson®>® has commented on the formation of the cation via oxidation processes,
whilst Zuberev'® has reported on the use of photoionisation. A possible chemical
oxidising agent would be dichlorine, formed from decomposition of PID. The cation can
then either undergo nucleophilic attack from an OH (Scheme 20), presumably from water
in the solvent, to form the hydroxy benzyl-N-tert butyl aminoxyl radical, which will be

oxidised to the benzoyl radical. However if this was the case we would expect the hydroxyl
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radical to last long enough in order for the spectra to be recorded, especially as it is seen in
the blank reaction of PBN in benzene. The second scheme (Scheme 21 shows the cation
reacting with a second molecule of PBN to form the benzoyl radical plus a second product
N-tert-butylbenzylimine (XVI11)."*" As mentioned previously this product has been found
in the GC-MS of a sample of PID + PBN which had been irradiated for 45 minutes.

These observations lead to the belief the benzoyl radical is being formed from two
different competing pathways. Excess PBN reacts with either the PBN-CI adduct (XII) or
the PBN®" cation radical (XV1). Both mechanisms are promoted by the presence of PID.
Scheme 22 shows the proposed overall kinetic scheme outlining the processes taking place

in the irradiation of a PID in the presence of the spin trap, PBN.

t-Bu X t-Bu
h T/ PID or hv N/
o Oxidation o
N-tert-Butyl-a-phenylnitrone PBN cation radical
(PBN) (XI) (XVI)

Nuclephilic | *H20

Attack H*
o) OH
t-Bu t-Bu
\ e \ P
Q H Q
Benzoyl-N-tert butyl Hydroxybenzyl-N-tert butyl
nitroxide (XVII) nitroxide (XIII)

Scheme 20. Postulated scheme 1 for the formation of benzoyl N-tert-butyl nitroxide radical
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Scheme 21. Postulated scheme 2 for the formation of benzoyl N-tert-butyl nitroxide radical
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Scheme 22. Proposed kinetic processes
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5.7 Summary

EPR studies have been carried out on both phenyl isocyanide dichloride and p-tolyl
isocyanide dichloride. The irradiation of both compounds with the addition of the spin trap,
PBN, has shown the chlorine adduct, PBN-CI® is formed indicating a Cl-atom transfer
reaction is taking place. This reaction also indicates that isocyanide dichlorides can act as a
source of chlorine radicals. A secondary radical, benzoyl N-tert-butyl nitroxide radical is
also formed. The kinetic analysis carried out shows the reaction is not a simple one but
stems from two competing reactions where excess PBN will react with the PBN-CI adduct
(XI1) or the PBN*®" cation radical (XVI), a process initiated by photolysis or the isocyanide

dichloride.

Importantly with respect to the industrial scenario, these studies confirm aryl isocyanide
dichloride compounds to be a source of CI°. Previously this had been assumed but was not

proven.
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Chapter 6

Isocyanide Dichlorides
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6 Isocyanide Dichlorides

From the previous chapters, it has been proven that the urea side reaction from the
phosgenation of 4,4’-methylene diphenyl diisocyanate (MDI) can indeed lead to
isocyanide dichlorides via formation of a chloroformamidine-N-carbonyl chloride (CCC).
It was therefore important to understand the role at which these molecules play in the
colouration problems seen in the final MDI product. This chapter outlines the investigation

into the isocyanide dichloride molecules and the extent of colouration.

6.1 Reaction of Isocyanide Dichlorides with Isocyanates

(Preliminary Reactions)

Initially it was unclear as to whether the isocyanide dichloride compounds were stable
molecules. As they could not be acquired from any supplier, phenyl isocyanide dichloride
(PID) and p-tolyl isocyanide dichloride (TID) were produced as described in section 2.10.
Both compounds were also characterized by various techniques (section 2.11). It was
found that isocyanide dichlorides (1X) are unstable in atmospheric conditions, hydrolysis to
carbamoy!l chlorides (X) readily occurs on contact with moisture in the air. This led to the

initial belief that these compounds could be unstable and break down easily upon heating.

6.1.1 Heat Treatments (Low Temperature Studies)

Preliminary studies were carried out on p-tolyl isocyanide dichloride (TID) in solution with
various isocyanates at temperatures of 353 K to find out if any colouration takes place.
Three different isocyanates were chosen, p-tolyl isocyanate (TI), 4-benzylphenyl
isocyanate (4-BAl) and 4,4’-methylene diphenyl isocyanate (MDI). Each had a varying
degree of complexity, it was hoped the simplest compound in p-tolyl isocyanate would
give an indication into the reaction mechanism. Reactions were carried out in a round
bottom flask attached to a condenser; details are outlined in section 2.14.2. Analysis was
carried out by UV/Vis spectroscopy as this provided a useful method in analysing coloured

species.
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Initial blank reactions were carried out to test the reaction methods and to determine if any
colour was formed by the isocyanate or solvent. Acetonitrile was chosen as a solvent as it
has a boiling point of 355 K allowing the solutions to be refluxed at the required
temperature (~353 K). It is also a common solvent for use in UV/Vis spectroscopy as it
does not absorb above 190 nm thus will not interfere with the product spectra, allowing
measurements in both the UV and visible range to be carried out.®® Solutions were diluted

in order to record the UV range spectra.

5 —— 4,4'-Methylene diphenyl diisocyanate
—— After heating at 353 K
1
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Figure 77. UV spectra before and after thermolysis of selected isocyanates

Figure 77 shows the UV spectra of the isocyanate starting materials before and after
heating at 353 K. The spectra for both 4-BAIl and MDI show that no changes are observed
in the reaction solution indicating the compounds are unchanged. The spectrum for T1 does
show a slight change after heating below 220 nm however this is very small and no
noticeable changes were seen in the solution by the naked eye. The spectra for TID in
solution before and after thermolysis are shown in Figure 78 (UV range) and Figure 79
(visible range). Again no major changes are noted in the spectrum; however there is a
slight decrease in absorbance below 350 nm. This could be due to decomposition of the p-
tolyl isocyanide dichloride (TID) to the carbamoyl chloride, therefore decreasing the

concentration of the TID in solution. These results indicate that the three isocyanate
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compounds are thermally stable up to 353 K. The TID only shows a small change therefore
can also be considered relatively stable up to this temperature. This is an unexpected result

for the TID as it was initially expected to break down upon heating due to the hydrolysis

seen at ambient temperature.
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Figure 78. UV spectra before and after thermolysis of TID — UV region
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Figure 79. UV spectra before and after thermolysis of TID —visible region
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Reactions were then carried out on mixtures of p-tolyl isocyanide dichloride (TID) with p-
tolyl isocyanate (TI) or 4-benzylphenyl isocyanate (4-BAl). The absorbance spectra of TID
with T1 in the UV range (Figure 80) shows a small increase in absorbance after the reaction
was carried out. The visible range spectra (Figure 81) shows a feature ~ 410 nm indicating
a reaction between the compounds is taking place. Although the solutions before and after
the reactions were light yellow, the visible spectrum indicates colour is increased in
intensity. It is likely this change is too small to notice with the naked eye.

When changing the isocyanate to 4-BAl, the spectra in the UV region (Figure 82) shows a
peak at ~230 nm in the starting solution is shifted to ~260 nm after heating at 353 K for 2
hours. It is possible the peak at 260 nm is indicative of a quinonoid type structure of the 4-
BAI (Figure 83). Schollenberger and Stewart™ found that in their investigations of
urethane material based on 4,4’-methylene diphenyl diisocyanate (MDI), the absorbance
spectra showed a peak at 245 nm decreased on exposure to light, whilst a peak at 275 nm
increased. The explanation for this was the loss of aromaticity due to the formation of a
quinonoid structure. The solution mixture before and after reaction again looked similar in
colour to the naked eye, however small solid particles were noted forming after the

reaction was stopped.
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Figure 80. UV spectra of thermolysis of TID + Tl in acetonitrile — UV region
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Figure 81. UV spectra of thermolysis of TID + Tl in acetonitrile — visible region
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Figure 82. UV spectra of thermolysis of TID + 4-BAl in acetonitrile — UV region
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S

Figure 83. Quinone type structure arising from 4-benzylphenyl isocyanate (4-BAl)

NCHO

An experiment was then carried out to follow the reaction over time to determine if the
feature at 260 nm would increase as the reaction progressed. A solution of TID + 4-BAl in
acetonitrile was heated to 313 K and followed by drawing samples periodically for
analysis. The reaction was carried out at both high and low concentrations to analyse both
the visible and UV regions. The spectra recorded in the UV region is presented in Figure
84 and shows a feature appears at ~270 nm after the first sample is analysed at 30 minutes.
Again this could possibly be due to a quinonoid compound. Over time this peak shows
slight differences in size, although these are not consistent with respect to time; this is
presented in Figure 85, where the absorbance at 273 nm was plotted against time. The
feature at 230 nm which refers to the isocyanate, does not change as the reaction proceeds.

The spectra in the visible range (Figure 86) also shows no evident changes to the solution.
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Figure 84. UV spectra of thermolysis of TID + 4-BAl in acetonitrile at 313 K over 3.5 hours —
UV region
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Figure 85. Plot of absorbance at 273 nm vs time for reaction of TID + 4-BAl at 313 K

— 0 mins
— 30 mins
60 mins
— 120 mins
180 mins
— 240 mins
— 300 mins

Absorbance

T T T T T T T T T T T T T
350 400 450 500 550 600 650 700
Wavelength / nm

Figure 86. UV spectra of thermolysis of TID + 4-BAl in acetonitrile at 313 K over 5 hours —

visible region



145

A reaction was carried out with the third isocyanate, MDI. Again the solution was heated
to 353 K for 1 hour and spectra recorded in both UV and visible regions (Figure 87 and
Figure 88). The low concentration spectra show a feature at 275 nm in the mixture before
the heating process. However this disappears after the reaction, this is contradictory to
what is seen with the other isocyanates. Again, solid particles had formed in the reaction. It
is possible that as these particles were not soluble in acetonitrile, this contributed to the
unexpected result that no features are seen in the UV spectrum after heating. At the higher
concentration, the spectra show a shift in absorbance after heating. The solution mixture
from this experiment turned from light yellow to orange, backing up what is seen in the
spectra (visible region). This represents the first result for the observation of significant
colouration. The reactions carried out up to this point suggest that the TID is reacting with
the isocyanate but only to a small extent as little or no colour is observed. The most
complex isocyanate, MDI, produces the highest absorbance and is most successful in
delivering a positive result. These results are surprising as it was thought that the
isocyanide dichlorides would readily react at low temperatures. At this juncture it was
recognised that heating the solutions to 353 K was not causing major changes to the

colouration of the solutions.
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Figure 87. UV spectra of thermolysis of TID + MDI in acetonitrile — UV region
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Figure 88. UV spectra of thermolysis of TID + MDI in acetonitrile — visible region

6.1.2 Photolysis Reaction

The use of an irradiation source was used to look at the effect of photolysis on a mixture of
p-tolyl isocyanide dichloride (TID) + 4-benzylphenyl isocyanate (4-BAl) in order to
investigate if this energy would succeed in promoting the reaction. Experiments were
carried out at two concentrations to record both the UV and visible spectra. The resultant
spectra show differences to the solutions heated at 353 K. The UV region of the spectra
recorded (Figure 89) does not show any distinct features, however in the visible region the
spectra recorded after irradiation shows the absorbance of the mixture shifts from ~375 nm
to ~475 nm (Figure 90). The solution during the reaction changes from colourless to brown

as shown in the picture in Figure 90.
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Figure 89. UV spectra of photolysis of TID + 4-BAl in acetonitrile — UV region
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Figure 90. UV spectra of photolysis of TID + 4-BAl in acetonitrile — visible region
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6.1.3 Identification of Products Using Spectroscopic Methods

In order to investigate the possible product formed in the reactions above, FTIR and ‘H-
NMR analysis were carried out on reactions involving p-tolyl isocyanide dichloride (TID)
and 4,4’-methylene diphenyl diisocyanate (MDI). For the thermolysis reaction no solvent
was used in order to allow the reaction to take place at a higher temperature. Both
compounds were added to a round bottom flask connected to a condenser and heated to
373 K for one hour. As the MDI melts at ~313 K the application of a solvent was not
needed for the reactions to mix. The product formed from the reaction was a dark
brown/red oil. For the photolysis reaction a solution of TID + MDI in acetonitrile was
irradiated for 3 hours. Afterwards the solvent was evaporated to leave a brown oil. Both
products were analysed using ATR-FTIR and *H-NMR (chloroform-d used as a solvent).
Figure 91 and Figure 92 show the spectra obtained along with the spectra of the starting

materials for comparison.

The infrared spectra of the products after both reactions show a considerable amount of the
MDI is still present (v(C=0) = ~2260 cm™), however the band referring to the C=N stretch
of the TID (1647 cm™) has almost disappeared. In the thermolysis case a band at 1750 cm™
indicates possible hydrolysis to the carbamoyl chloride is taking place, however after
photolysis an unknown band appears at 1690 cm™. Bands at ~800 cm™ and ~1570 cm™ are
possibly due to loss of aromaticity in the MDI compound, however this is limited. A peak
at 1700 — 1750 cm™ indicates a new carbonyl species is being formed. These results are in
comparison to the reaction carried out by Schollenberger on a MDI based urethane
compound.™* The *H-NMR spectra recorded is ambiguous, however in both cases the peak
for the methylene bridge in MDI at 3.75 ppm appears after the reaction, on the other hand
the methyl group on the TID (peak at 2.20 ppm) decreases. From these results no distinct
product can be identified and only a small amount of the isocyanate has reacted. Hence
backing up the conclusions from the UV/Vis spectra that no distinct chances are noted in

the compounds that are reacting.

The results so far therefore indicate that the colouration cannot be linked to a new product
as the chromophore cannot be identified by spectroscopic techniques. This implies the
colouration is due to a low concentration species with a high molar extinction coefficient.
The UV spectra of reactions involving 4-BAI and the IR spectra looking at MDI may
indicate the loss of aromaticity and the formation of a quinonoid type structure. This would

relate to the yellowing seen in aromatic based polyurethanes.”
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Figure 91. FTIR spectra of MDI, TID and mixtures after heating at 373 K and photolysis
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Figure 92. "H-NMR spectra of MDI, TID and mixtures after heating at 373 K and photolysis

6.1.4 Analysis and Characterisation of Isocyanide Dichlorides

It is clear from the thermolysis reactions carried out thus far that further characterization of
the isocyanide dichlorides was needed. Both phenyl isocyanide dichloride (PID) and p-
tolyl isocyanide dichloride (TID) were comprehensively analysed by FTIR, *H and **C
NMR, GCMS, thermal analysis (TGA and DSC) and by calculation of the available
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chlorine. These methods and the results are outlined in section 2.11. The TGA carried out
on the compounds shows that they start to decompose at 338 K. However the majority of
the mass loss occurs between 393 and 413 K. Hence further thermolysis reactions were
carried out at higher temperatures. It is conceded that the early colour studies were perhaps
over-cautious but it is noted that molecules with a number of Cl atoms can be prone to
thermal decomposition due to steric interactions*>> and a cautious approach was initially

favoured.

6.1.5 Heat Treatments (High Temperature Studies)

Mixtures of p-tolyl isocyanide dichloride (TID) + 4-benzylphenyl isocyanate (4-BAl) in
solution were heated to 403 K and 453 K for 2-3 hours and the analysis carried out by
UV/Vis. In order to reflux the solutions at these temperatures a different solvent to
acetonitrile had to be used. The process solvent, chlorobenzene (bp = 405 K) and o-
dichlorobenzene (bp = 453 K) were used, however this restricted the spectra that could be
recorded as these solvents interfere in the absorption below 300 nm therefore only the
visible range could be studied. Figure 93 and Figure 94 show the resultant spectra. At 403
K the product solution shows a peak at ~ 430 nm indicating the colour change seen in the
associated picture of the vial (light yellow). The reason for the spectra absorbing above
550 nm is due to the solid particles in the solutions. These particles likely arise from the
hydrolysis of the TID to the insoluble carbamoyl chloride as the absorbance is seen before

the reaction in the solution of TID with 4,4’-methylene diphenyl diisocyanate (MDI).
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Figure 93. UV spectra of thermolysis of TID + 4-BAl in chlorobenzene at 403 K
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Figure 94. UV spectra of thermolysis of TID + 4-BAl in o-dichlorobenzene at 453 K
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At the higher temperature of 453 K the absorbance of the solution after heating is increased
to ~475 nm, with the absorbance going off the scale at this point. Again this is reflected in
the picture, where the solution after heating is dark yellow in colour. These results are
consistent with the TGA and DSC analysis proving that a high amount of energy is needed
to break down the isocyanide dichloride molecule. In the reactions studied thus far, the use
of light (broad band UV-Vis irradiation) and a temperature of 453 K are sufficient to allow
decomposition of the dichloride to produce colour formation. However the way in which

decomposition occurs and the source of the colouration are not clear at this juncture.

The postulated reaction mechanism involves attack of the methylene bridge in polymeric
MDI by chlorine radicals produced from isocyanide dichlorides to form a conjugated
compound.®® Therefore it was important to establish whether a different compound not
containing any isocyanate groups would produce a similar result. The compound 1,4-
dibenzylbenzene (DBB) was acquired from Sigma-Aldrich. This compound consists of 3
benzene rings attached by methylene linkages with no other functional groups (Figure 95).
A solution of DBB + p-Tolyl isocyanide dichloride (TID) in o-dichlorobenzene (ODCB)
was heated at 453 K for 3 hours. The spectrum of the solution after heating (Figure 96)
shows an increase in absorption ~400 — 500 nm, with a yellow colour seen with the naked
eye. "H-NMR spectra were recorded for this reaction, however no distinct changes were
seen. This was not the result expected as it was hoped information regarding the attack of
chlorine radicals on the methylene bridge would be distinguishable. This again
demonstrates that as no clear evidence is seen in the spectroscopy for new products, the

chromophore responsible for the colour is produced in small amounts.

Figure 95. 1,4-Dibenzylbenzene
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Figure 96. UV spectra of thermolysis of TID + DBB in o-dichlorobenzene at 453 K

Blank reactions whereby separate solutions of 4-benzylphenyl isocyanate (4-BAl) and p -
tolyl isocyanide dichloride (TID) in o-dichlorobenzene (ODCB) underwent heating to 453
K were also carried out. The results from these reactions (Figure 97) were surprising as
although the 4-BAl solution showed no changes, the TID solution showed a considerable
colour change, with higher absorption in the range of 400 — 500 nm. This indicates the
isocyanide dichloride molecule is reacting with itself and is acting as the main source of
colour. The addition of isocyanate intensifies the colour, suggesting that the colouration

arises from two contributions:
a) Breakdown of p-tolyl isocyanide dichloride (TID)

b) Reaction products via reaction of active phase of p-tolyl isocyanide dichloride

(TID) and isocyanate
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Figure 97. UV spectra of thermolysis of TID and 4-BAl in o-dichlorobenzene at 453 K

6.2 Source of Colour Formation

The reactions discussed in section 6.1 indicate TID as the main source of colour with the
intensity increasing as a secondary reactant is added. To establish these results, the
concentration dependence of the isocyanide dichloride was examined. Reactions that were
carried out at Huntsman Polyurethanes Process Research & Development Laboratory in

Rozenburg allowed the analysis of solutions using an industrial method.

6.2.1 Yellow Index Analysis (Rozenburg)

Yellow index is a test carried out at the industrial centre to test the quality of the product; it

16 A number of

measures the yellow colour using absorbance methods (ASTM D1925).
combinations of compounds were tested involving 4-fluoromethylphenyl isocyanide
dichloride (4F-PID), 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC),
phosgene and 4,4’-methylene diphenyl diisocyanate (MDI). Table 22 shows the solutions
used. 4F-PID was used in these reactions as the fluorine would act as a marker in the

GCMS analysis to help distinguish any product formed from the isocyanide dichloride



156

compound. For each experiment the concentration of 4F-PID or TCCC was varied, whilst
keeping the concentration of MDI constant. The full reaction details can be found in
section 2.13.2. Solutions were heated to 448 K for 2 hours, with analysis for yellow index

carried out before and after the reaction.

Figure 98 shows the yellow index measurements of the different solutions with respect to
the 4F-PID or TCCC concentration. For all the results the yellow index of the starting
solution has been subtracted from the final result, therefore each line on the graph shows
the increase in colour. The results show that the 4F-PID mixed with MDI gives the largest
colour change, followed by the 4F-PID solution. The TCCC solutions also produce colour
although not much change is seen when MDI is added. The TCCC solution in the absence
of phosgene does not produce colour, this is due to the TCCC being converted to the
carbodiimide as outlined in Section 4.1.1. The black square at 0.05 M indicates a solution
of MDI in the absence of 4F-PID or TCCC. This acts as a blank and shows no colour is
produced from MDI on its own. The graph also shows that the colour intensity increases
with concentration of the 4F-PID or TCCC. In the case of the TCCC solutions the

appearance of colour could be down to 2 possibilities:-

1. The 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC) is releasing

chlorine to react further

2. The 1,3-di-p-tolylchloroformamidine-N-carbonyl chloride (TCCC) is first breaking

down to the p-tolyl isocyanide dichloride which then produces colour

GCMS analysis was carried out on the highest concentrated solutions in each reaction after
the experiment had been carried out. For the TCCC solutions in the phosgene atmosphere,
the p-tolyl isocyanide dichloride (TID) and the p-tolyl isocyanate (TI) are seen in the
spectrum. Thus it is very likely the isocyanide dichloride is responsible for the colouration
rather than the TCCC directly.

Experiment Number Reactants
1 MDI
4F-PID
4F-PID + 0.05M MDI
CCC + 0.05M MDI
CCC with 1% phosgene
CCC + 0.05M MDI with 1% phosgene

o~ lwW|IN

Table 22. Solutions used to measure yellow index
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Figure 98. Graph of yellow index vs concentration for solutions heated at 448 K for 2 hours

6.2.2 Thermolysis and Photolysis of Isocyanide Dichlorides —

Concentration Dependence

After identifying the isocyanide dichloride moiety as a source of colour, further reactions
were carried out in order to understand the reaction mechanisms occurring in both the
thermolysis and photolysis of isocyanide dichlorides. For this a series of reactions were
carried out involving phenyl isocyanide dichloride (PID), 4,4’-methylene diphenyl
diisocyanate (MDI) and polymeric MDI. Three different combinations were looked at, PID
in ODCB, PID + MDI in ODCB and PID + polymeric MDI in ODCB. For each
combination a number of solutions containing differing PID concentrations were made up,
with the isocyanate concentration kept constant throughout. See section 2.14.3 for
experimental details. Each solution was heated to 448 K or irradiated in a photoreactor for
2 hours. Reactions involving heat were carried out both with and without a nitrogen purge.
UV spectroscopy was used to look at the changes in absorbance of the solutions before and

after the reactions.
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The UV spectra for the reactions of phenyl isocyanide dichloride (PID) in ODCB can be
seen in Figure 99 along with colour pictures of the solutions. The solution with the highest
concentration of PID is on the left hand side, decreasing to the right. For the starting
solutions an increase in the concentration of PID results in absorption at a higher
wavelength. After heating at 448 K, a similar pattern is seen and each solution has also
shifted to a higher wavelength. However the photolysis results are different, a shift in the
wavelength is still seen in all of the solutions however it is not concentration dependent.
When looking at the solutions containing MDI and PMDI, Figure 100 and Figure 101
respectively, similar results are seen. In each case the photolysis of the material produces a
higher shift in wavelength, however heating of the solutions is uniform with respect to
concentration. The only exception in this case is the highest concentration of PID in the
presence of MDI after heating. This is an anomalous result although a repeat of the
reaction produced the same outcome. The starting solution with the highest concentration
in the PID + PMDI case shows a high absorbance, this is due to solid particles in the

mixture.

It is noted at this point that combining PID and polymeric MDI at 448 K leads to highly
coloured solutions. In fact the colouration seen in the vials in Figure 101 is similar to that
encountered in the industrial operation. Thus it is thought that the trends seen at the
industrial complex are being reproduced and the proceeding methodology provides some

insight to factors that influence the process of colour formation.
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Figure 99. UV spectra of solutions of PID (at different concentrations indicated) before and after heating at 448 K or photolysis for 2 hours
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Figure 100. UV spectra of solutions of PID (concentrations shown in legend) + 0.05 M MDI before and after heating at 448 K or photolysis for 2hours
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6.2.3 Nitrogen Purge Experiments (High Temperature)

The thermolysis reactions involving MDI and PMDI were repeated using a nitrogen purge
throughout the reaction. The UV spectra are shown in Figure 102 and Figure 103. These
results differ drastically from those seen before (Figure 100 and Figure 101). Again all the
solutions are consistent with regards to concentration of PID. However the shift in
wavelength after heating is not as dramatic as in the solutions without the N, purge. In
order to compare all of the reactions, the integrals of the curves between 450 and 500 nm
was plotted against concentration (Figure 104). The solutions were also examined visually;
Table 23 shows pictures of the solutions after the reaction has taken place. It is clear from
the results that with both heating and irradiation, the colour intensity increases with the
conjugation of the isocyanate, i.e. PMDI gives the darkest coloured solutions. For the
photolysis reactions the concentration of the PID does not seem to affect the colour,
whereas it does have an effect on the heated solutions. Generally with the heated reactions
the intensity of the colour increases with PID concentration. The reactions with the

nitrogen purge produce colour that is less intense than the reactions with no nitrogen.

After heating at 448 K with N, PID + 5 x 102 M MDI

5.0x 10° M
—25x%x10°M

1.3x10%M
—5.0x10°M
5.0x10* M

Absorbance

04 T T T T T T T T T T

300 400 500 600 700 800 900

Wavelength / nm

Figure 102. UV spectra of PID + 0.05 M MDI in solution before and after heating at 448 K with

a N, purge for 2 hours
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Figure 103. UV spectra of PID + 0.05 M PMDI in solution before and after heating at 448 K

with a N, purge for 2 hours
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Figure 104. Integrations of the UV spectra from Figure 99 to Figure 101



At start

After photolysis

After heating at 448 K

After heating at 448 K with N, purge

PID Photograph not available

PID + MDI

PID +
Polymeric
MDI

Table 23. Colour photos of solutions of PID, PID + MDI and PID + PMDI before and after reactions (highest concentration is on the left hand side, decreasing to

the right)
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Two of the reactions carried out were also studied over time. Both reactions contained PID
+ polymeric MDI, one with a nitrogen purge and one without (Figure 105). The results
from these showed that once the colour is initially formed the reaction slows down, where

little if any more colouration is seen. This profile is suggestive of a concentration limited

reaction.
0.05 M PID + 0.050 M PMDI
31 without N, purge
Start
2 1 — 120 mins
180 mins
14 — 240 mins
3
C
g o -
§ 0.05MPID + 0.013 M PMDI
< 31 with N, purge
Start
27 —— 120 mins
240 mins
1+ — 360 Mins
0 4

T T T
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Figure 105. UV spectra of PID + PMDI in solution heated to 448 K over time

In order to back up the results seen, a reaction was carried out whereby a solution of PID +
PMDI was heated to 448 K for 2 hours with the N, purge. After this time the purge was
stopped and samples taken for a further 2 hours. The results, shown in Figure 106, show
that an increase in absorbance is seen after the first hour with the N, purge. This does not
change after the second hour. When the N, purge is stopped, the absorbance increases for a
second time, then is unchanged after the fourth hour. These results confirm that the use of
the inert gas quenches the reaction and that after the initial increase in absorption, no

further increase in colouration takes place.

Summarising, these purge experiments establish the processes leading to colour, CI°
formation following thermal decomposition of phenyl isocyanide dichloride (PID), which

can then react with MDI, however, the presence of air (O,) appears to amplify the
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colouration process. Temporal studies (Figure 105) suggest the amplification process to be

concentration limited with respect to an unspecified reagent.

4
— 0.05 M PID + 0.05 M PMDI
— 60 mins, N, purge

- 120 mins, N, purge

— 180 mins, no purge
240 mins, no purge
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Figure 106. UV spectra of PID + PMDI in solution heated to 448 K with N, purge for 120, then
purge stopped

6.2.4  Analysis of Product Mixtures by GCMS

Samples from the thermolysis and photolysis reactions were selected for analysis by GC-
MS. The samples chosen were 0.05M PID in OCDB, 0.05M PID + 0.05M MDI in ODCB
and 0.05M PID + 0.05M polymeric MDI in ODCB. Table 24 shows the outcome of a
semi-quantitative analysis where the compounds found in the analysis are indicated as
follows: + low peak height, + + medium peak height, + + + high peak height. The double
lines in the table have been added to separate the reactions where the data can be sensibly

compared. The main conclusions drawn from the analysis are outlined below.



167

MDI MDI MDI | Poly | Poly | Poly
Component PID PID PID + + + + + +
P Start | UV | heat | PID | PID | PID | PID | PID | PID
start uv heat | start uv heat
Phenyl isocyanate (PI) ++ + ++ + + +++ + + ++
Phenyl isocyanide
dichloride (PID) +++ + i o e B e e B e B I e s
Phenyl isothiocyanate 4 - - - N t e N N o
(PIT)
Chlorinated phenyl
isothiocyanate (CI-PIT) + + +++ | trace | trace | ++ | trace | trace +
Dichlorobiphenyl
isomers (DCBPh) trace + trace | trace + trace | trace | ++ | trace
Trichlorobiphenyl ) i i ) ) )
isomers (TCBPh) A A tH+
MDI - - - +4++ | +++ | ++ 4+ + + + + + +
CI-MDI - - - - - trace - - +
Triiso - - - - - - ++ ++ ++

Table 24. Table of components found in the GCMS analysis, PID = phenyl isocyanide
dichloride, MDI = 4,4’-methylene diphenyl diisocyanate, Poly = Polymeric MDI, + = low peak
height, + + = medium peak height, + + + = high peak height

a) Thermolysis

From the heating reactions, the main product is phenyl isocyanate. This may be a product
from hydrolysis of the phenyl isocyanide dichloride (PID) involving the loss of HCI
(Scheme 23). The results also show that the PID concentration of the sample is decreased
by ~50%. However both the isothiocyanate and the chlorinated isothiocyanate
concentration have increased. If the isothiocyanate is being chlorinated then the
isothiocyanate concentration would be expected to decrease not increase. Small amounts of
the chlorinated MDI are also found in the heat treatments of PID + MDI and PMDI (284
m/z). This compound lends evidence to the chlorination of the isocyanates by the

isocyanide dichloride.
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Phenyl isocyanide dichloride Phenyl carbamoyl chloride Phenyl isocyanate

Scheme 23. Hydrolysis of phenyl isocyanide dichloride (PID) leading to phenyl isocyanate

b) Photolysis

The main products seen from the photolysis reactions are dichlorobiphenyl and
trichlorobiphenyl (Figure 107), with several isomers found in each sample. These
compounds are not seen in the thermolysis reactions. This indicates a radical based
reaction process is taking place, possibly with the generation of a phenyl radical reacting
with the o-dichlorobenzene solvent. The mechanism for this reaction could possibly
involve abstraction of a hydrogen atom from the solvent or substitution of a hydrogen atom
induced by the phenyl radical.”®” The GC-MS peak for PID does not show any change to
the concentration of PID, indicating the decomposition of the compound is limited and the

chromophore produced is a minority species.

Cl Cl
Cl Cl
Cl
Dichlorobiphenyl Trichlorobiphenyl

Figure 107. Chlorinated compounds
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6.3 Summary and Discussion

The results from the heat treatments show that isocyanide dichloride acts as a source of
colour when heated to temperatures comparable to those used in the production of MDI
(448 K). Isocyanide dichloride produces colour on its own in solution, however, the
addition of MDI increases the intensity of the colour, with further increase occurring in
solutions with polymeric MDI. A proposed mechanism for the colouration of the final
commercial product involves the conjugation of the aromatic isocyanates. The CI® radicals
produced from the isocyanide dichloride compounds will attack the methylene bridge in
the backbone of MDI by abstracting hydrogen and forming a conjugated compound

leading to a quinonoid structure (Scheme 24).

OCN I I NCO
1°| -HCl

+C

L3
||||Iii |||Iii] -
OCN NCO OCN

+cl’

L]
OCN NCO

NCO

o

+H

/

OCN NCHO
Mono quinone imide
OCN NCO
Chloro-bis-(4-isocyanato-phenyl)-methane
<
Colour OHCN NCHO

Di quinone imide

Scheme 24. Conjugation of MDI via attack from Cl°radicals
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As polymeric MDI forms long chains this process will produce highly conjugated systems
which can cause colouration as they absorb light in the visible region of the
electromagnetic spectrum. Scheme 25 shows how a longer chain isocyanate compound
would be affected. As the chain increases the maximum absorption increases moving from
the UV range to the visible range. This happens as the double bonds in the chain act as
auxochromes which are the components responsible for adsorption in the visible range. A
well known example of this is p-carotene.’® A product of this reaction would be
chlorinated MDI (at the methylene bridge) (chloro-bis-(4-isocyanato-phenyl)-methane),
which has been found in the MDI product stream at the industrial complex, although

Ulrich™® has stated this compound arises from the presence of chlorine in phosgene.

OCN ‘ ‘ NCO ‘ NCO OCN ‘ ‘ NCO ‘ NCO
+Cl* \ -HCl l
.
OCN NCO NCO OCN NCO NCO
+Cl® '
Cl
& I II II ~
ocN l l NCO l NCO OCN NCO NCO

Chlorinated polymeric MDI .
+H

= =
Colour <—]
OHCN NCO NCO

Polymeric quinonoid structure

Scheme 25. Conjugation of Polymeric MDI via attack from Cl°radicals

There are many studies in the literature on the photo and thermal degradation of
polyurethanes based on MDI.*" % %6 158 Although we are investigating the starting
isocyanate material, the findings in the literature are relevant to the observations made
here. Several reports have suggested the formation of quinonoid groups and associated
conjugation in polyurethanes based on aromatic isocyanates is one of the reasons for the

colouration seen in this class of compound.*” *** **° A study on the irradiation of an MDI
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based polyurethane indicated that an accumulation of paramagnetic products was observed,
favouring the formation of conjugated bonds. The stability of these paramagnetic species
was found to be high at temperatures up to 453 K,**® indicating they would be stable in the

industrial process.

Within the research carried out in this chapter, the UV and infrared studies on mixtures of
p-tolyl isocyanide dichloride (PID) and 4-BAIl or MDI have indicated the loss of
aromaticity (Sections 6.1.1 and 6.1.3) which leads to further conjugation and the possible
formation of a quinonoid structure. Quinonoid compounds are known chromophores,
derivatives of quinomethanes and quinone imines constitute an important group of dyes
and pigments such as crystal violet and phenolphthalein as they show strong absorption in
the visible range of the spectrum.*®" **2GCMS analysis carried out on mixtures of PID with
MDI or Polymeric MDI has shown evidence of the chlorination of the methyl bridge
within the isocyanate compound. These results lead to the mechanism proposed (Scheme

24) as being favoured in the production of colour seen in this body of work.

6.3.1 Issues Relating to Oxidising Reagents

In the thermal reactions the addition of a nitrogen purge has been proven to quench the
reaction and decrease the formation of colour. It is possible that oxygen or water present in
the solutions in the absence of the purge may be playing a part in the reaction. Oxygen has
previously been found to increase the rate at which yellowing occurs in polyurethane
materials. In a study of the thermal degradation of the isocyanate TDI (toluene
diisocyanate), the presence of oxygen produced a darker colour to the reaction in
nitrogen.*® No explanation is given for the colour change in this case. Ultraviolet radiation

decreased the time in which the isocyanate took to turn yellow in nitrogen.

Beachell and Chang® studied the photodegradation of polyurethanes by looking at the
photolysis of a model compound (ethyl N-phenylcarbamate). They reported that when the
reaction was carried out in oxygen, the UV/Vis spectra showed the absorbance was shifted
to a higher wavelength than when the reaction was carried out in nitrogen, along with an
increase in the rate of the reaction. This is similar to what is seen in the UV/Vis
spectroscopy analysis carried out in this project on mixtures of PID and MDI/polymeric
MDI. On further study by Beachell and Chang it was found that the addition of
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benzophenone increased the rate of oxygen consumption. This was due to a triplet-triplet
energy transfer system from the benzophenone (donor) to the urethane.®

The role of oxygen can be linked to the formation of quinonoid structures via oxidation of
the methylene bridge in MDI based polyurethanes. Schollenberger states that the oxidation
will be activated by heat or light to form the quinone-imide structure.** From this process
a compound with a carbonyl at the methylene bridge position will be formed, similar in
structure to benzophenone. It was found that phosphorescence emission from MDI based
polyurethanes was similar to that of benzophenone, suggesting that the emission is from
the triplet state of an aromatic carbonyl group.”” In the infrared studies carried out on a
mixture of MDI and TID, it was evident a new carbonyl species was being formed. It is
unclear although whether this is from the MDI or the TID. However the formation of
carbonyls via oxidation looks to play a part in the colouration process. 4,4'-Diisocyanato-
benzophenone is a potential product from oxidation of MDI (Scheme 26). This compound
has been found by GCMS analysis in an industrial sample of MDI.*®3

The oxidation of organic molecules to quinonoid structures is well known and has useful
applications such as for molecular switching devices.’®**%® A study relevant to the work
here has shown that polyethylene terephthalate undergoes thermal and thermo-oxidative
degration to form a conjugated aromatic systems leading to colour. The rate of the reaction
was faster in air than in nitrogen and the formation of a quinonoid structure was deemed to
be the most important factor contributing to the colouration.'®® It has also been found that
radicals can play a part in the mechanism, for example phenoxyl radicals can be oxidized

to form quinonoid chromophores.*”

Schollenberger also commented on the oxidation of an m-phenylene diisocyanate based
urethane and aniline to form a quinonoid structure.™ TID has been proven to readily
hydrolyse to the carbamoyl chloride which in turn can form the isocyanate, therefore it is
possible that the isocyanide dichloride compounds could undergo reaction processes to
form a quinone. This would create a mechanism for the formation of colour seen when PID
is heated or irradiated on its own in solution. Further to this the CI radicals produced by
the isocyanide dichlorides will ‘activate’ the isocyanate species (MDI/polymeric MDI) in

order for oxidation and/or conjugation to occur (Scheme 26).
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OCN NCO
4,4'-Methylene diphenyl diisocyanate

+ClI® [ -HCI
=
-
OCN NCO OCN NCO
0,/H,0
i Futher conjugation
OCN NCO
4,4'-Diisocyanato-benzophenone Colour
Colour

Scheme 26. Activation of MDI by CI* followed by oxidation and conjugation

6.3.2 Colour Formation

Blank reactions carried out where the isocyanate 4-benzylphenyl isocyanate (4-BAl)
underwent a heat treatment at 463 K showed no colour was produced and the UV spectra
indicated no changes to the solution. Therefore it can be said that in the absence of the
isocyanide dichloride, no visible colour is produced. From the work carried out in this
project it is believed that isocyanide dichlorides are formed from the thermolysis of
chloroformamidine-N-carbonyl chloride (CCC) compounds and that they act as a trigger

for colouration.

The absence of oxygen will attenuate the colour intensity, thus colour formation is

accentuated to a fixed degree in the presence of oxygen. It is possible that different
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chromophores with similar UV/Vis spectra are being formed. The conjugated species and
the quinonoid structures responsible for absorbance in the visible region would therefore
come from two separate sources. Both pathways would be initiated by the hydrogen
abstraction of the methylene bridge in the isocyanate by chlorine radicals produced from
the isocyanide dichloride (Scheme 26). Along with the conjugation pathway, oxidation by
molecular oxygen would promote formation of carbonyl species similar to benzophenone,
leading to an added source of colour.

6.3.3 Thermolysis Vs Photolysis

In the reactions involving heat, the colour generally intensifies as the concentration
increases. However this is not always the case and a concentration dependence does not
exist in the photolysis reactions. This may suggest two or more absorbing species are

formed or there are competing processes.

It can thus be concluded that the irradiation of the solutions provide different results than
the heat treatments. This is also seen in the GCMS analysis, where the irradiated mixtures
produced multiple chlorinated compounds, presumably occurring from radical based
processes. Therefore this is indicative of different reaction pathways occurring. Below are

the proposed events occurring in each situation:
a) Thermolysis:
PID + Partner (MDI) + Heat + O,/H,O — Colour
b) Photolysis:
PID + hv + Solvent — Radical Chemistry — Colour

Although different mechanisms are involved in producing colour, it is believed that in both
instances the colour is due to conjugated chromophores. In each case the formation of
which will be dependent on the means of initiation, i.e. thermal or photolytic. The thermal

case corresponds to the industrial scenario.



175

Chapter 7

Conclusions
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7 Conclusions

The aim of this project was to investigate a side reaction in the production of MDI and its
link to the colouration seen in the final product. The work was based on a postulated
reaction scheme™ leading to chloroformamidine-N-carbonyl chloride (CCC) compounds
via the phosgenation of ureas. This compound would then decompose to give an
isocyanide dichloride, which would release chlorine radicals resulting in highly conjugated

polymeric MDI, providing a high absorbance in the visible range.

Scheme 27 shows the full reaction scheme starting with 4-benzylphenyl isocyanate (4-
BAI). The reaction scheme has been modified from the postulated reaction reported by
Twitchett™ with the observations noted within this project. It is noted that Twitchett
provided little experimental evidence for his postulate and this work is seen as explicitly
exploring that chemistry. The next sections go on to explain each part of the scheme in

more detail.
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7.1 Side Reaction from Ureas to Isocyanide Dichlorides

Initial reactions carried out reacting isocyanate materials with amines proved to form solid
urea compounds (Scheme 28). Two urea compounds, 1,3-diphenylurea and 1,3-di-p-
benzylphenylurea were used as model compounds to investigate the reaction of ureas with

phosgene.

+
NCO
4-Benzylphenyl isocyanate
)OI\
N N
H H

1,3-Di-p-benzylphenylurea

Scheme 28. Reaction between isocyanate and amine to form urea

Phosgenation reactions were carried out using the solid bis(trichloromethyl) carbonate
(triphosgene) as this provided a source of phosgene that was safer to handle in the small
quantities used in the laboratory. The compound was either added directly to the reactor or
first decomposed producing a stream of phosgene gas into the reactor via an Eckert
cartridge. Reactions with both 1,3-diphenylurea and 1,3-di-p-benzylphenylurea showed a
mixture of products was produced in the reactions, dependent on the conditions used.
Several reaction pathways can occur (Scheme 29), with triphosgene and phosgene reacting
in different ways. It is proposed that triphosgene will favour N-attack of the urea to form
an allophanoyl chloride, breaking down to an isocyanate. Phosgene however will favour O-
attack, leading to the chloroformamidine-N-carbonyl chloride (CCC) moiety. This

compound will decompose to isocyanate and isocyanide dichloride in the presence of a
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large excess of phosgene. In the absence of phosgene however, the CCC will decompose to
produce the carbodiimide. It is also postulated a third route leading to the isocyanate
occurs, via breakdown of the urea to amine and isocyanate, with the amine further

phosgenated to the isocyanate.

‘/\‘\ +COCl, ‘/\‘\
—_—

O O . >353 K O O

NCO NCO

4-Benzylphenyl isocyanate 4-Benzylphenyl isocyanate

-~

-HCI

1,3-Di-p-benzylphenylurea

+COCl, 1,3-Di-p-benzylphenylallophanoyl chloride

O-attack -co,

1,3-Di-p-benzylphenyl chloroformamidine 4-Benzylphenyl isocyanate

+COCl,
-HCI

+COCl,

>303 K
-cocl,

Scheme 29. Phosgenation of phosgene — competing reactions

Crystallographic studies on 1,3-di-p-benzylphenyl urea have showed the structure of the
compound to be tightly packed with hydrogen bonding between the oxygen of the carbonyl
group and the amide hydrogens, with n-stacking between the aromatic rings. This is
consistent with studies on other aryl ureas, which show a similar arrangement. *H-NMR
methods used to investigate the solubility of 1,3-diphenyl urea, 1,3-di-p-benzylphenyl urea
and oligomeric urea showed that they are relatively insoluble in the process solvent,
chlorobenzene (MCB). Infrared studies on the solid ureas also backed up the
crystallographic work which indicates the ureas are only found in the amide form in the

solid state and do not undergo tautomerization. A mechanism has therefore been proposed
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whereby the solvated phosgene will react with the solid urea at the oxygen position to form
the CCC.

Heat treatments on the CCC moiety have confirmed isocyanide dichloride as a
decomposition product, along with the isocyanate at temperatures above 403 K (Scheme
30). The reaction is hindered by the amount of phosgene present in the solution, the lack of
which can lead to the carbodiimide being formed. This reaction occurs at a lower
temperature of 313 K, with an increase of carbodiimide formed as the temperature
increases. In the industrial process this reaction will occur at the point the polymeric MDI
mixture undergoes heat treatments to remove excess phosgene and HCI (the stripper stage
shown in Figure 1). The high temperatures coupled with a high concentration of phosgene
are ideal conditions for formation of the isocyanide dichloride.

>403 K
Cl
+
N
NCO Cl N
4-Benzylphenyl isocyanate 1,3-Di-p-benzylphenyl isocyanide

dichloride

Scheme 30. Decomposition of chloroformamidine-N-carbonyl chloride (CCC) to isocyanide

dichloride and isocyanate
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7.2 Radical Chemistry

Electron paramagnetic resonance (EPR) spectroscopy of photo-irradiated samples provided
evidence that isocyanide dichlorides can act as a source of chlorine radicals. PBN was used
as a spin trap. The reaction forms an eight line spectrum consistent with the PBN-CI adduct
of the spin trap. A secondary radical produced in the reaction with a three line spectrum
was assigned as benzoyl N-tert-butyl nitroxide radical, the identification of which is
backed up by DFT calculations. The analysis of the growth and decay characteristics of
both radicals indicate the species are formed in concurrent reactions. This led to a
postulated mechanism for the reaction scheme leading to the benzoyl radical. This
involved the oxidation of PBN through irradiation or on reaction with the isocyanide
dichloride to form a PBN™ radical cation. This reacts with excess PBN to form the benzoyl
radical. A competing mechanism whereby the benzoyl radical is formed from reaction
between excess PBN and the PBN-CI adduct is also thought to occur.

7.3 Formation of Colour

Both phenyl and p-tolyl isocyanide dichlorides were synthesized and characterised by a
variety of techniques. The compounds were found to be stable up to 403 K in an inert
atmosphere. However upon heating above this temperature or by irradiation of the
compounds the molecule would decompose and initiate the colouration of the solution.
Addition of MDI and Polymeric MDI increased the intensity of the colour, with studies
also proving a concentration dependence between the isocyanide dichloride and colour
intensity. This confirmed the isocyanide dichloride was responsible for the onset of colour.
The removal of oxygen from the system quenches the reaction indicating one mechanism
for the colouration process originates from the oxidation of the methylene bridge in the
MDI backbone. Cl radicals are proposed to activate this process also leading to conjugation
and the formation of quinonoid type structures (Scheme 31). GCMS analysis carried out on
the mixtures of PID with MDI or polymeric MDI indicated that the irradiation of the

solutions resulted in chlorination and formation of phenyl radicals.
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Scheme 31. Reaction of chlorine radicals with 4-BAl to produce colour

7.4 MDI Scheme

Scheme 32 shows the full reaction scheme focusing on MDI and the conjugation of the
polymeric MDI. This scheme, based on the experimental work on the model systems, is

more relevant to the compounds that will be produced in the industrial process.
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7.5 Future Work

With reference to Scheme 27 it is noted that indirectly chloroformamidine-N-carbonyl
chloride (CCC) is the source of the colour, with this species only existing in the presence
of phosgene. In the industrial complex it is the thermal decomposition of this compound
which leads to the formation of isocyanide dichlorides. These compounds can act as a
source of chlorine radicals which lead to colouration in the final product. One possible
route for minimising this process could be to purge the product solution < 400 K, thus
favouring the carbodiimide compound which is in equilibrium with the CCC. This method
would also reduce any oxygen content in the solution which can amplify the presence of
the chromophores responsible for the colour. Further work is necessary to exploit the
potential of this suggestion. It is also recommended that additional investigation into the
role of oxygen in the process is carried out. Being able to pinpoint the chromophoric
species by analytical methods would help to fully understand the oxidation process.
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