Macromolecules 1997, 30, 6957—6965

6957

Low-Valent Metals as Reductive Cross-Linking Agents: A New

Strategy for Smoke Suppression of Poly(vinyl chloride)

Robert D. Pike,* William H. Starnes, Jr.,* J. Paul Jeng, William S. Bryant,
Peter Kourtesis, Christopher W. Adams, Scott D. Bunge, Yun M. Kang,

Andrew S. Kim, J. Hana Kim, Jason A. Macko, and Charles P. O’'Brien

Departments of Chemistry and Applied Science, College of William and Mary,
Williamsburg, Virginia 23187-8795

Received June 2, 1997; Revised Manuscript Received August 26, 1997®

ABSTRACT: Several types of additives that contain transition metals can promote the cross-linking of
poly(vinyl chloride) (PVC) by a mechanism that apparently involves reductive coupling of the polymer
chains. In solid PVC, the cross-linking occurs at 200 °C, and model-compound experiments show that it
can be ascribed to the preferential reductive coupling of allylic chloride structures when the coupling
agent is Cu(0). However, the concurrent coupling of other chloride moieties has not been entirely ruled
out. The evidence for reductive coupling consists of rapid gel formation accompanied by substantial
reductions (or minor changes) in the rates of total mass loss (as determined by thermogravimetric analysis),
C=C formation (as observed by Fourier transform IR spectroscopy), and HCI evolution (as determined
by acid—base titrimetry). Additives that promote the coupling process are sources of a zero- or low-
valent metal upon pyrolysis. These additives include a number of transition-metal carbonyls, divalent
formates or oxalates of the late transition metals, simple Cu(l) halides, and various complexes of Cu(l)
containing phosphites or other ligands. Since the reductive coupling agents tend to have low acidities,
they are not expected to promote the cationic cracking of char. Thus they are potentially attractive as
replacements for the PVC smoke suppressants that stimulate cross-linking by acting as Lewis acids.

Poly(vinyl chloride) (PVC) is inherently flame retar-
dant because of its high chlorine content. Thus it is
widely used as an electrical insulator and for other
applications in which flame spread must be minimized.
Nevertheless, PVC is subject to pyrolysis reactions that
ultimately lead to both smoke and flame. The mecha-
nism of PVC pyrolysis has received a great deal of
attention over the years,! and although some contro-
versies remain, a relatively complete picture now can
be presented. The initial step is dehydrochlorination,
which occurs at temperatures as low as 100—120 °C and
leads to the formation of conjugated polyene sequences.!
The subsequent chemistry of these polyenes determines
the fate of the pyrolyzing PVC. They can undergo
cyclization reactions that lead to benzene and other
aromatics.2® These hydrocarbons burn in the vapor
phase to generate smoke.23 Moreover, the heat gener-
ated during this combustion tends to intensify the fire
and facilitate the further pyrolysis of the polymer. If,
on the other hand, the polyene segments can be induced
to undergo cross-linking reactions, the intramolecular
production of volatile aromatics will be limited, and a
thermally stable char will result. Charring of polymers
reduces the heat transmission and mass transfer that
are associated with thermal degradation.* Thus, in the
case of PVC, charring effectively retards the production
of aromatic fuels, and the yield of char and the volume
of smoke are in inverse proportion.®

Numerous chemical agents for PVC smoke suppres-
sion have been disclosed.® Many of those that appear
to function primarily in the condensed phase are transi-
tion-metal compounds, particularly oxides and chlorides.
Molybdenum(V1) oxide has received particular scrutiny
with respect to its mode of smoke suppression.257-10 On
the basis of evidence from isotopic labeling studies and
the behavior of small-molecule PVC models, a series of
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Lewis acid promoted pathways has been proposed for
the thermal decomposition of PVC in the presence of
MoO3 or MoO,Cl, (a product formed from MoO3; and
HCI).8° These routes are summarized in Scheme 1.

The smoke-suppression action of Mo(V1) could be due
to its catalysis of at least three reaction types:?8
dehydrochlorination to form trans polyenes (step 1), cis-
to-trans isomerization (step 2), and the cross-linking of
polyene segments by Friedel—Crafts alkylation or
Diels—Alder cyclization (step 3; step 4 also could be
important if step 2 were reversible). The generation of
a largely trans polyene will inhibit benzene formation,
which requires at least one cis double bond.2 Cationic
(Friedel—Crafts) cross-linking could proceed according
to Scheme 2. Lewis acid abstraction of chloride creates
a carbocation that can alkylate a polyene. As was noted
above, cross-linking is expected to decrease the amount
of volatile hydrocarbon fuel produced by pyrolysis, while
increasing the mass of solid char. Nevertheless, al-
though MoO3; showed flame-retardant and smoke-sup-
pressant action in small-scale laboratory tests, large-
scale experiments involving higher enthalpy inputs
revealed a lack of such activity.10

Model-compound reactions in the presence of MoO3;
led to rationalizations for these observations.8° Molyb-
denum(VI)-promoted alkene isomerization and alkyla-
tion dominated at 200 °C. However, at higher temper-
atures, cationic cracking reactions also occurred, causing
fragmentation of the models and their alkene products.
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This result is consistent with the observation that the
ratio of volatile aromatics to aliphatics decreases sharply
when PVC is pyrolyzed with MoOg3 at high tempera-
tures.> As fuels, aliphatic hydrocarbons are superior to
aromatics, and they produce less smoke. Therefore,
cationic cracking of PVC polyene residues during a fire
would be expected to increase and improve the fuel
available in the vapor phase and thus decrease the
smoke while increasing the flame spread. These effects
were, in fact, observed with MoOs-containing PVC
during large-scale tests.’® Hence it appears that while
limited Lewis acidity is useful for reducing smoke from
PVC, strong acidity may actually worsen the problem
of flame.

Acid-catalyzed cross-linking is not the only metal-
promoted coupling reaction that has been considered as
a possible mechanism for PVC smoke suppression.
Several years ago, a number of transition-metal-
containing additives were suggested to promote “reduc-
tive coupling” reactions in the pyrolyzing polymer.® The
reductive homocoupling of simple allylic and benzylic
halides, promoted by low-valent organometallic com-
plexes, actually is well-known (for examples, see Scheme
3).11 Moreover, several workers have demonstrated that
suspensions of highly active metal(0) powder also
promote allylic, benzylic, and (in some cases) alkyl and
aryl halide reductive coupling.’? The mechanism of
these coupling reactions (Scheme 4) may involve oxida-
tive addition of the organic halide to the metal center,
a process that increases the oxidation state of the metal
by two units: 0 — Il (or | — 111 if the starting metal is
univalent). Bimolecular ligand exchange then would
give rise to a metal dihalide and a metal dialkyl. The
latter species should readily undergo reductive elimina-
tion to yield the starting metal and a C—C bond.
However, an alternative mechanism for reductive cou-
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pling has been suggested by Ebert et al.,’2¢ and mech-
anisms involving free-radical intermediates also might
be operating in certain cases.

Scheme 5 illustrates the hypothetical reductive cou-
pling process in PVC under pyrolysis conditions. Allylic
chloride groups are present in the degrading polymer.!
They represent the sites of dehydrochlorination where
polyene growth occurs.’ Reductive coupling of allylic
chlorides on adjacent polymer chains would create cross-
links. Additionally, since the allylic chloride function-
alities would be removed by the coupling, that process
would stop the propagation of dehydrochlorination along
both chains.

In 1981 Lattimer and Kroenke® suggested that reduc-
tive coupling might account for the smoke-suppression
activity of MoOg3 in PVC. This possibility was shown to
be unimportant, however, by later work which revealed
that MoO3; behaves primarily as a Lewis acid coupling
agent.”~® There are a number of reasons why this
additive is an unlikely reductive coupling promoter. As
was noted already, reductive coupling should inhibit
PVC dehydrochlorination. However, MoOg3 greatly in-
creases the rate of evolution of HCI, as expected for a
Lewis acid.® Secondly, Mo(VI) is not an oxidizable
species and therefore cannot directly promote reductive
coupling. Thermal reduction of Mo(V1) would be neces-
sary in order for reductive coupling to take place.
Finally, none of the model compound studies using
MoO3 or MoO,Cl; has provided conclusive evidence for
the occurrence of reductive coupling reactions.”® Hence,
it appears that Lewis acid chemistry is dominant for
this metal oxide. Likewise, Lewis acid smoke suppres-
sion has been claimed for compounds of high-valent iron
and for some other metal salts.!3

Although the substances just referred to apparently
do not function via reductive coupling, there are other
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PVC additives that may promote such a reaction. Two
studies that examined a wide variety of potential smoke
suppressants for PVC showed copper compounds to be
one of the most effective classes®? (or, in fact, the single
most effective class®?) of transition metal salts. More-
over, copper(ll) compounds were shown to suppress
benzene production greatly during PVC pyrolysis,14 and
a recent XPS study provided evidence for significantly
enhanced cross-linking of PVC in the presence of Cu,0
at temperatures as low as 200—-300 °C.!’> If acid
catalysis were indeed of prime importance, then all of
these results would be quite surprising in view of the
relatively weak Lewis acidities of Cu(l) and Cu(ll).
Thus, for copper compounds, another cross-linking
mechanism, such as reductive coupling,® seems to be
required. It should be noted, however, that model-
compound studies have shown that although copper
salts do not readily catalyze either cis/trans alkene
isomerization or cracking reactions,'® they do act as
weakly acidic catalysts for Friedel—Crafts alkylation.?.16

For several reasons, some of which were given above,
reductive coupling agents should offer a number of
advantages over strictly Lewis acid based smoke sup-
pressants. As may be seen in Scheme 5, each reductive
coupling cross-link would halt simultaneously the growth
of two polyene sequences. The resulting inhibition of
dehydrochlorination would slow the degradation of the
polymer. In fact, isolated allylic chloride defect sites
might be attacked, stabilizing the polymer against the
earliest stages of thermal degradation. Nonallylic sites
conceivably could couple to some extent as well, and
such reactions also would retard dehydrochlorination
if they involved tertiary chloride (which is thermally
labile2¢d) or the cross-coupling of thermally stable and
thermally labile C—CI groups. The shorter polyene
segments resulting from allylic coupling would serve to
restrict the amounts of benzene and other aromatics
generated during pyrolysis. Furthermore, metal addi-
tives which were readily reducible, and thus might act
as reductive coupling agents, would typically be weak
Lewis acids. Therefore, while they might promote some
beneficial Friedel—Crafts cross-linking,”16b they would
not be likely to catalyze char cracking.

In general, good candidate reductive coupling agents
would be expected to possess the following attributes:
(i) The metal should have relatively low electrochemical
activity. In other words, the metal ion should be
relatively easy to reduce to the zero oxidation state. (ii)
The metal should be present in a low oxidation state in
the additive compound. Alternatively, the metal com-
plex should possess oxidizable ligands. These could
generate low- or zero-valent metal by means of thermal
reductive elimination. (iii) The temperature at which
the metal was reduced would, of course, have to be well
above those of polymer processing. (iv) Finally, the
additive should be inexpensive and colorless (if possible),
and it should not impart adverse properties to the
polymer formulation.

Prior to the present work (portions of which have been
described elsewherel?), studies involving copper com-
pounds and other additives had provided little, if any,
evidence for the reductive coupling of model chlorides
or PVC itself. Nevertheless, Cu(ll) was known to be
readily reducible to Cu(l) (AG® = —15 kJ mol™%) or
Cu(0) (AG® = —66 kJ mol~1),18 and thus it was conceiv-
able that the smoke-suppressant activity shown by both
Cu(ll) and Cu(l) stemmed from a combination of weak
Lewis acidity and the ability to promote reductive
coupling reactions.
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Objective and Approaches

The goal of the current study was to identify metal
additives that could promote reductive coupling in
thermally degrading PVC and were essentially non-
acidic. In order to reach this objective, experiments
were carried out with both the polymer and appropriate
model substances. In keeping with the preceding
discussion, the criteria used to establish reductive
coupling of the polymer itself were the rapid formation
of cross-linked resin (insoluble gel) accompanied by
decreases (or minor alterations) in the rates of total mass
loss (as determined by thermogravimetric analysis
(TGA)), C=C formation (as determined by Fourier
transform IR (FTIR) spectroscopy), and HCI evolution
(as determined by acid—base titrimetry). These criteria
contrast markedly with those for Lewis acid promoted
cross-linking, which are gelation in conjunction with
major increases in the rate of mass loss and in the rates
of production of double bonds and HCI.

Experimental Section

General Information. The PVC was obtained from Ald-
rich; it contained no additives and had a nominal inherent
viscosity of 1.02. Tetrahydrofuran (THF) was distilled from
sodium benzophenone ketyl. Organic model compounds for
PVC were purchased from Aldrich and used as received.
Copper powder (99.999%) and copper(l) iodide (Aldrich), cop-
per(11) formate and nickel(ll) formate (Pfaltz and Bauer), the
metal carbonyl complexes (Strem), and the metal chlorides
(Aldrich or Fisher) were obtained from the indicated com-
mercial sources. All formate, oxalate, and chloride salts were
dried in a vacuum oven at 100 °C prior to use. They then were
analyzed by TGA (vide infra) for residual water content. Metal
additive (9.1 wt %, 1 part by weight) and PVC (10 parts by
weight) were mixed by grinding in a liquid-nitrogen-cooled
mortar. All experiments involving PVC or model compounds
were carried out under argon. The high-purity copper powder
was stored and handled in an argon-filled drybox.

Instrumentation. Thermogravimetric studies were con-
ducted by using a Shimadzu TGA-50 instrument or a Seiko
DT-TGA 200 apparatus under a flowing nitrogen atmosphere
(50 mL/min). Three protocols were used: (i) 200 °C isothermal
for 1 h for PVC-additive mixtures; (ii) 10 deg/min to 200 °C,
then 1 h isothermal to determine the hydration of metal
compounds; and (iii) 5 deg/min to 900 °C to investigate the
thermal degradation of metal compounds. All gas chroma-
tography/mass spectrometry (GC/MS) analyses were carried
out with a Hewlett-Packard Model 5890/5971A instrument
equipped with a fused-silica capillary HP-1 column. The FTIR
spectra were recorded on a Perkin-Elmer spectrophotometer,
Series 1600. Dehydrochlorination rates of PVC specimens
were determined by acid—base titrimetry performed with a
Brinkmann Metrohm 702 SM Titrino automatic titration
device. Flame atomic absorption spectroscopy (AAS) was
carried out with a Perkin-Elmer 1100B spectrophotometer, and
decomposition points were determined with a Thomas Hoover
Meltemp apparatus.

Synthesis of Complexes. Copper(l) chloride and bromide
were freshly prepared by the reaction of CuCl; or CuBr; with
Cu in aqueous HCI or HBr. The copper(l) phosphite and
phosphine complexes were made according to literature meth-
0ds.!® The acetonitrile complex [Cu(NCCHj3)4]PFs also was
synthesized by using a published procedure,?® and the novel
benzonitrile analog [Cu(NCPh),]JPFs was prepared in analo-
gous fashion. All of the copper(l) complexes were analyzed
for copper content by digestion in 6 M HNOg, followed by
atomic absorption analysis. The synthesis yields and the
results of the AAS determinations are shown in Table 1. Iron-
(11) formate was prepared according to a literature method.?
The metal oxalate salts were obtained as precipitates by
mixing aqueous solutions of oxalic acid and the appropriate
metal(ll) sulfate or nitrate. All of the metal oxalates, formates,
and carbonyls, as well as the copper(l) complexes, were tested
for decomposition point by using a capillary melting point
technique.
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Table 1. Analytical Data for Copper(l) Complexes

% Cu
complex yield, % theory by AAS
[Cu(NCCHa)4]PFs 47 17.1 16.9
[Cu(NCPh)4]PFs 59 10.2 10.1
[Cu(P(OCH3)3)4]BF4 81 9.8 9.8
[Cu(PPhs)4]PFs 77 5.1 5.8
[CuCI(PPh3)]a 90 17.6 17.9
[CuCI(P(OPh)3)]a 95 15.5 15.1
[CuBr(P(OPh)3)]4? 96 14.0 13.6
[Cul(P(OPh)3)7] 75 7.8 8.2
[CuCI(P(OPh)2(O'Dec))]42 68 13.4 13.2
[CuBr(P(OPh)2(O'Dec))]4? 66 12.3 12.7
[CuCI(P(OPh)(O'Dec),)]4? 70 11.8 11.9
[CuBr(P(OPh)(O'Dec)y)]4? 65 10.9 10.8
[CuCI(P(O'Dec)s)]4? 63 10.6 10.7
[CuBr(P(O'Dec)s)]4? 65 9.8 9.6

a Tetrameric formulation not confirmed.

Determination of Polymer Gel. Gel yields were obtained
as the weight percentages of the PVC-additive residue after
pyrolysis. The residue was weighed, subjected to overnight
Soxhlet extraction with THF, and reweighed after drying at
60 °C under vacuum. The extraction, drying, and weighing
procedures then were repeated in order to ensure complete
removal of residual soluble PVC.

Preparation of Activated Copper(0) Slurry.12< Al
glassware used in the following procedure was flame-dried.
Under argon, [Cul(P"Bus)]s (3.93 g, 10 mg-atom of Cu) was
dissolved in THF or ethyl ether (10 mL) at 0 °C. Lithium
naphthalenide solution in THF (10 mL, 11 mmol) then was
introduced by syringe. After about a minute, a dark brown
suspension of activated copper had formed. Removal of excess
lithium naphthalenide proceeded as follows: The freshly
prepared Cu(0) slurry (5 mL, 2.5 mmol) was transferred to an
argon-filled centrifuge tube. Ethyl ether (5 mL) was added,
and the tube was shaken and then ultracentrifuged at 3200
rpm for 3—5 min. After removal of the ether via syringe, the
process was repeated.

Reactions of Activated Copper Slurry with Model
Organic Halides. A model organic halide (2.5 mmol) or a
mixture of two such halides (1.25 mmol of each) was injected
into the centrifuge tube containing the Cu(0) slurry at 0 °C
under argon. The resultant mixture was agitated continuously
at constant temperature for 5 min. It then was analyzed
immediately by GC/MS.

Reactions of Activated Metal Film with Model Or-
ganic Halides. Copper(ll) formate or another appropriate
metal compound was introduced into a flame-dried 100-mL
round-bottom flask equipped with a Drierite column. After
the flask had been thoroughly purged with dry argon, the
compound was decomposed by heating externally with a
Bunsen flame. Complete decomposition was indicated by the
formation of a metal mirror in many cases. The residue was
cooled to room temperature and then treated with a model
organic halide or an equimolar mixture of two such halides,
which was added by syringe. After 1 min of reaction, the
mixture was diluted with THF and immediately analyzed by
GCIMS.

Reactions of Activated Copper Slurry with PVC in
Solution.'@ Activated copper slurry (20 mg-atom) in THF
(15 mL), derived from the reduction of [Cul(P"Bus)]s, was
added by syringe to a refluxing solution of PVC (2.00 g, 32
mmol of monomer units) in the chosen solvent (35 mL for THF,
50 mL for the other solvents). In all of the experiments except
those where THF was the only solvent used, the THF was
allowed to boil off quickly at the start of the heating period.
After the reflux period, the insoluble fraction was separated
by decantation or filtration, and the gel percentage was
determined by the standard extraction procedure described
above.

Thermal Degradation of Solid PVC Samples. An
intimate mixture of PVC (1.00 g, 16 mmol of monomer units)
and additive (0.100 g) was prepared by grinding at liquid
nitrogen temperature. The mixture was placed under flowing
argon and maintained at 200 &+ 2 °C for 1 h. Then the gel
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Table 2. Coupling of Organic Halides by Activated
Copper Slurry

substrate(s) product(s) yield(s), %2
3-chloro-1-butene CgH14° 16 +2
2-chlorobutane CgHis 5+2
1-chlorobutane CgHgs <1
4-bromooctane CieHaa 6+2
1-bromohexane C12H26 3+1
p-methylbenzyl chloride CisHis 20+ 3
benzyl bromide CiaH14 12+ 3
3-chloro-1-butene/1-chlorobutane CgH14° 6+3

CgHie? 442
CgHa1sg <1
3-chloro-1-butene/4-bromooctane CgH14° 9+1
CiaHo4° 2+1
Ci6H34 <1
3-chloro-1-butene/1-bromohexane CgH14° 12+ 3
CioHa2oP 3+1
CioHas <1

aGC area percentages based on amount(s) of starting sub-
strate(s); mean values from duplicate runs. ® Mixture of several
isomers.

percentage was determined by the extraction procedure de-
scribed above. Thermolysis residues which had not been
extracted with THF were used to prepare mulls for FTIR
analysis. After the residue had been reground at liquid
nitrogen temperature, a portion of it (0.032 g) was mulled with
mineral oil (0.18 g). A sample (0.025 g) of the resulting mull
then was placed between NaCl plates and analyzed. Samples
being analyzed for acidic vapor evolution were swept with
argon at a rate of 50 mL/min in order to transfer the gaseous
effluent into water, which was titrated continuously with 0.010
N NaOH in order to maintain a pH of 7.0.

Results and Discussion

Reductive Coupling of Model Compounds and
PVC Using Activated Metals. High-surface-area
copper metal suspensions were produced in THF or
ethyl ether by the lithium naphthalenide reduction of
[Cul(P"Bus)]s.12>¢ The coupling of organic halides was
tested by using these slurries after their air-free wash-
ing to remove residual lithium naphthalenide. The
organic coupling products were analyzed by GC/MS, and
the results are shown in Table 2. It may be noted that
the secondary allylic chloride and the benzylic halides
were coupled to form homodimers, while the saturated
alkyl halides showed less reactivity of this type. More-
over, when the allylic halide and the alkyl halides were
allowed to react together, the homocoupled product from
the allylic substrate predominated. These results are
consistent with previous observations by other workers.12
Isomeric product distributions suggested the occurrence
of rearranging allylic intermediates in our coupling
reactions.

High-surface-area copper also was generated as a film
by heating solid, anhydrous copper(ll) formate to >200
°C under flowing argon.??2. Films prepared in this way
appeared as copper mirrors. Metal mirrors also were
formed by the thermal decomposition of some metal
carbonyls. The metal films produced in this manner
were found to couple allylic and benzylic halides in the
absence of solvent. These results are presented in Table
3.

Since allylic chloride groups were known to be present
in both virgin and thermally degraded PVC,! the above
results suggested that activated zero-valent metals
could promote interchain reductive coupling reactions
leading to cross-linking of the polymer. Therefore, PVC
cross-linking experiments were carried out with copper
metal slurries. Solutions of PVC were prepared in a
number of solvents having boiling temperatures of 66—
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Table 3. Coupling of Organic Halides by Activated Metal Films

yield(s),
metal precursor (mol/[mol of substrate(s)]) substrate(s) product(s) %2

Cu(O2CH); (1.0) 3-chloro-1-butene CgHiqP 20+ 2
Cu(O2CH); (1.0) 1-chloro-2-butene CgHiqP 30+3
Cu(O2CH); (1.0) trans-4-chloro-2-pentene CioH1g° 24 4+ 2
Cu(O2CH); (1.0) p-methylbenzyl chloride CisH1s 21+2
Cu(O2CH); (1.0) benzyl bromide Ci1aH14 14+ 3
Cu(O2CH)2 (1.0) 3-chloro-1-butene/trans-4-chloro-2-pentene CgHi4P 26+1
CoH16? 12+3
CioH1g° 24+ 2

Mo(CO)e (0.25) 3-chloro-1-butene CgHqP 6°

C0,(C0)s (0.22) 3-chloro-1-butene CgH14P 6°

Mn,(CO)10¢ (0.14) 3-chloro-1-butene CgHi4P 7°

a GC area percentages based on amounts of starting substrate(s); mean values from duplicate runs, except as noted. ® Mixture of several

isomers. ¢ Single run. 9 No mirror formed.

Table 4. Gel Yields from PVC Treated with Copper
Slurry in Solution'’2

solvent temp, °C time, h gel, %2
THF 66 + 2 2.0 79+2
anisole 155+ 2 2.0 92+ 2
o-dichlorobenzene 174 £ 2 2.0 88 +2
phenyl ether 257 +2 0.5 90 +2

a Mean values from duplicate runs.

257 °C. Into each was injected a suspension of copper
in THF that had been produced by the lithium naph-
thalenide method. The extent of cross-linking in the
PVC residue was measured as the insoluble (gel) portion
of the polymer after Soxhlet extraction with THF. The
results, shown in Table 4, confirmed that PVC was
extensively cross-linked by the active copper suspen-
sions, even at 66 °C. Significantly, copper-free control
experiments performed at each temperature gave no
cross-linking whatsoever. A copper(0) suspension also
was produced by refluxing a suspension of copper(ll)
formate in phenyl ether. Dissolved PVC showed 69%
gelation after 15 min in the resulting mixture.

Cross-Linking of PVC Using Low-Valent Metal
Precursor Compounds. Taken together, the fore-
going results strongly suggested that high-surface-area
oxide-free copper and other metals could promote the
reductive cross-linking of allylic chloride moieties in
PVC, both in solution and in the solid state. It was
realized, however, that zero-valent metals which were
simply blended with the polymer not only would cause
difficulties with processibility but also were not likely
to function well as smoke suppressants, because such
metal powders were prone to surface air oxidation,
which has a strong passivating effect. Therefore, po-
tential PVC smoke suppressants were sought among
compounds that could decompose thermally to liberate
a free metal. Since PVC cross-linking was desirable
only in the event of pyrolysis, a viable additive would
have to generate the metal only at elevated tempera-
tures.

Several classes of metal precursors were considered
for use. Certain ligands, most notably carbonyl, are
known to stabilize zero-valent metal centers. However,
metal carbonyl complexes tend to be toxic and volatile,
and they decompose at relatively low temperatures
(<200 °C) to release toxic and flammable carbon mon-
oxide gas. A second class of complexes consisted of
divalent formates and oxalates of the late transition
metals. Unlike oxalate and formate salts of the main
group and early transition metals, which decompose to
produce metal oxides, the later transition metal salts
have been shown by thermal analysis to undergo
reductive elimination to yield zero-valent metals ac-
cording to reactions such as eqs 5 and 6.2 A third metal

MC,0, — M + 2CO,(g) (5)
M(O,CH), = M + CO,4(9) + H,0(g) + CO(g) (6)

precursor strategy involved the use of ligated copper(l)
salts. Copper(l) undergoes the disproportionation reac-
tion 7

2Cu(l) — Cu(ll) + Cu(0) ©)

(AG® = —35 kJ mol1)18 to give copper(ll) and
copper(0) as products. Nevertheless, the relative stabil-
ity of the copper(l) center is strongly influenced by the
choice of ligands.

To capitalize upon metal-releasing strategies such as
those of reactions 5—7, a number of metal formate and
oxalate salts and several copper(l) complexes were
prepared or purchased. A variety of metal chloride salts
also were evaluated for comparison, because such
compounds do not readily undergo reductive elimination
and therefore were not expected to produce low-valent
metals under our conditions. The metal compounds,
where appropriate, were dried under vacuum and tested
for residual water content by TGA and for approximate
decomposition temperature with a capillary melting
point apparatus. Decomposition temperatures for metal
carbonyls, formates, and oxalates and for copper(l)
complexes are included in Table 5.

Mixtures of PVC with each of the metal compounds
were prepared by grinding at low temperature. Each
of the mixtures was subjected to two screening tests.
The first of these involved solid state thermolysis at 200
°C under flowing argon, followed by extraction with THF
in order to determine the gel content of the polymer
residue. Gelation results are presented in Table 5.
Although desirable for a more realistic simulation of
PVC pyrolysis during combustion, thermolysis temper-
atures above 200 °C were not useful, because at such
temperatures the control sample underwent extensive
gelation.

The second screening test was isothermal TGA during
1 h at 200 °C under nitrogen. Mass losses of PVC at
this temperature are mostly the result of dehydrochlo-
rination.2* However, sample mass losses due to the
escape of volatile ligands from the metal compounds also
were expected. The mass loss values in Table 5 have
been corrected for the latter effect. Characteristic
isothermal TGA traces of additive-free PVC and PVC
blended with several copper and iron additives are
overlaid in Figure 1. The metal-free control sample
showed no significant gelation or mass loss upon py-
rolysis for 1 h at 200 °C. A number of additives showed
a combination of extensive PVC gelation and low
polymer mass loss (after correction for ligand dissocia-
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Table 5. Polymer Gelation and Thermogravimetric Mass Loss Results for Thermally Degraded PVC/(Metal Additive)
Samples (after 1.0 h at 200 °C under N2, 9.1% additive)

decomp gelation mean gel yield, %, mass loss, %
metal additive temp,2 °C replicates + av dev from mean (corrected)®
no additive 2 <5 1.3
Co0,(CO)s 52 3 73+ 2 3.4
Fez(CO)g 100 5 75+6 134
Mn2(CO)10 152 3 68 £ 2 2.8
Mo(CO)s 150 6 67 +7 3.1
W(CO)s 169 6 79 £10 3.4
FeCl,+1.8H,0 5 56 + 7 8.8
FeCl3-3.1H,0 7 68 +£10 31.8
NiCl»-0.6H,0 3 16 + 6 2.9
CuCl,-0.3H,0 3 82+t4 4.4
CuBr,+5.3H,0 2 61+4 1.8
ZnCl3-0.2H,0 2 56+ 0 36.0
SnCl,-3.3H,0 2 53+3 33.2
Fe(O2CH);-1.9H,0 230 3 50+ 4 0.2
Ni(O2CH)2 261 3 18+4 —2.6
Cu(O2CH); 199 6 83 +10 -0.5
Fe(C204) 225 2 85+ 4 5.4
Co(C204) 250 2 42 +1 -2.8
Ni(C204)-0.2H,0 280 3 18+9 -2.9
Cu(C204)-0.8H,0 ~300 2 58 £ 2 —-2.8
CucCl 4 83+t7 2.6
CuBr 2 90 + 2 2.1
Cul 4 87+3 1.4
[CuCI(PPh3)]4 248 2 75+1 20.8
[Cu(PPh3)4]PFs 242 2 47 +1 44.0
[Cu(NCCHs3)4]PFs 160 3 83+7 0.3
[Cu(NCPh)4]PFs 165 2 78 +1 0.5
[Cu(P(OCH3)3)4]BF4 238 4 52+1 1.6
[CuCI(P(OPh)3)]4 285 7 7343 -0.9
[CuBr(P(OPh)3)]4 251 2 65+ 4 -1.0
Cul(P(OPh)s), 167 2 58 +0 -1.2
[CuCI(P(OPh),(O'Dec))4 249 3 84+4 2.7
[CuBr(P(OPh)2(O'Dec))]4 260 3 76+ 8 3.4
[CuCI(P(OPh)(O'Dec),)]a 239 2 74+ 6 2.5
[CuBr(P(OPh)(O'Dec)z)]a 255 2 72+ 3 15
[CuCI(P(OiDec)s)]4 249 2 7543 0.6
[CuBr(P(O'Dec)s)]4 251 3 7245 3.3
Cu (99.999%) 2 81+2 1.7
P(OPh)s 3 2647 0.2
P(OPh),(O'Dec) 3 58 + 2 0.4
P(OPh)(O'Dec); 3 50+ 9 -0.1
P(O'Dec)s 2 58 +5 4.0
PPhs 2 44 + 2 43.5

a Capillary melting point values, uncorrected. ® Mean values from duplicate runs in most cases. Correction by subtraction of mass of
the volatile portion of the additive (0—9.1%) from the raw datum. After correction, some mass loss values were negative, as shown.

No Additive Cu (99.999%)
100 —_— SRt
[CuCl(P(OPh),)],
o | [Cu(NCCH,) JPF,
®
.
[}
= 80 [
70
FeCl,+3.1H,0
60 : ' )
0 15 30 45 60

Time, min

Figure 1. Isothermal thermogravimetric mass loss profiles
for thermally degrading PVC/(metal additive) samples (during
1.0 h at 200 °C under N3, 9.1% additive).

tion) during 1 h at 200 °C. This behavior was taken as
evidence for the promotion of reductive cross-linking.
Alternatively, PVC gelation coupled with significant
dehydrochlorination was considered to be diagnostic of
cross-linking induced by a Lewis acid.

The metal carbonyl complexes caused gelation at 200
°C. The TGA results at this temperature demonstrated
that, among the carbonyls tested, only Fe,(CO)g pro-
duced a significant decrease in mass. Although these
compounds are not viable polymer additive candidates,
their cross-linking activity provides strong support for
the reductive coupling mechanism, since these com-
plexes of zero-valent metals have minimal Lewis acidi-
ties.

Many of the transition and post-transition-metal(l1)
chlorides produced moderate amounts of gel under the
test conditions. However, in these cases, very signifi-
cant losses of polymer mass tended to accompany gel
formation. The better metal chloride cross-linking
agents usually caused the greatest amounts of dehy-
drochlorination, but the copper(ll) halides were notable
exceptions to this trend. Copper(ll) is not a potent
Lewis acid, and its reduction to Cu(l) and even Cu(0) is
favored thermodynamically, especially at low oxygen
partial pressures (see above).’® Hence, even with cop-
per(ll) additives, the experimental evidence strongly
suggests the occurrence of reductive coupling.

The simple formate and oxalate salts of Cu(ll),
Ni(ll), Co(ll), and Fe(ll) (except for Co(O,CH),) were
evaluated for possible reductive coupling activity. Un-
like the Lewis acidic metal chlorides, these oxalates and
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formates were expected to require significant amounts
of additive decomposition in order to function as cross-
linking agents, since here the requisite low-valent metal
would be generated by the thermal reductive elimina-
tion of ligands, as in reactions 5 and 6. As is indicated
in Table 5, several of these compounds (Cu(C;0,),
Ni(C,04), Co(C,04), and Ni(O,CH),) decompose at =250
°C. Those additives produced relatively low degrees of
cross-linking at 200 °C. Nevertheless, the value of 58%
for Cu(C,04) (~300 °C (dec)) again points to cross-
linking activity for copper(ll) salts that is surprisingly
high. The oxalates and formates having decomposition
temperatures in the range of 200—230 °C were generally
the more effective cross-linking agents, and of the
oxalates and formates tested, only Fe(C,0,4) caused a
significant loss of polymer mass.

Copper(l) complexes may prove to be the most attrac-
tive group of coupling agents considered here. They lack
undesirable color, and the thermal stability of their
copper(l) center may be adjusted through the judicious
selection of ligands. We examined the use of halide,
phosphine, phosphite, and nitrile ligands. The simple
Cu(l) halides, CuCl, CuBr, and Cul, gave excellent PVC
gel yields with very low polymer mass losses at 200 °C.
Such was also the case for the acetonitrile and benzo-
nitrile solvent-supported complexes of CuPFs.

Organophosphites are used routinely as stabilizers for
PVC and other polymers.625 Hence, their incorporation
into smoke-suppressant Cu(l) complexes appeared to be
a natural extension of current additive technology. The
following P(I11) compounds were chosen for current
study: PPhs, P(OCHs3)s, P(OPh)s, P(O'Dec)s, P(OPh)-
(O'Dec),, and P(OPh),(O'Dec) (iDec = 8-methylnonyl).
The free phosphine and phosphite ligands were tested
in the absence of copper for promotion of PVC gelation
and mass loss. Results obtained by TGA indicated that
triphenylphosphine was sufficiently basic to catalyze the
dehydrochlorination of the polymer, resulting in a
serious loss of mass. However, the mass losses caused
by most of the phosphites were negligible, perhaps
because these substance reacted irreversibly with HCI
to form nonvolatile products. The free phosphites
promoted low to moderately high gel yields at 200 °C.

The phosphine and phosphite complexes of Cu(l) were
readily prepared in organic solvents of low polarity. All
of the phosphite complexes were good to excellent PVC
gel formers at 200 °C. However, as anticipated from
the tests with the free ligand, the PPhs complexes
caused unacceptable polymer mass losses, as deter-
mined by TGA. The phosphite complexes of CuCl and
CuBr are considered to be especially promising as
reductive coupling agents because of their ability to
cause relatively high degrees of gelation with minimal
losses of mass.

Solid state structures of tetrahedral?® [Cu(PPhgz)4]™
and “cubane” tetramer?’ [CuCI(PPhs)], were determined
previously by single crystal X-ray diffraction. Our
cuprous complexes of P(OPh)s were highly crystalline,
but the new isodecyl phosphite complexes remained as
oils, despite efforts to induce their crystallization. X-ray
structure studies®® of [CuCI(P(OPh)3)]4 crystals grown
from different solvent combinations revealed two iso-
morphic structures, both of which featured a Cu4Cl,4
cubane core analogous to that of [CuCI(PPh3)]4.%”

Gelation—Time Profiles. Gelation of PVC in the
presence of a number of additives was studied further
as a function of thermal degradation time. Solid PVC
samples containing additives, as well as a control, were
pyrolyzed for varying lengths of time at 200 °C. The
samples then were quenched thermally, and polymer
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Figure 2. Gelation profiles of thermally degrading PVC/

(metal additive) samples (at 200 °C under argon, 9.1% addi-
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Figure 3. Gelation profiles of thermally degrading PVC/
(metal additive) samples (at 200 °C under argon, 9.1% addi-
tive).

gelation was measured. The resulting data are plotted
in Figures 2 and 3. Although the control sample gelled
only slowly, the high-purity copper powder and all of
the copper-based additives produced rapid and extensive
gelation. Gelation due to the organophosphites alone
or to the Lewis acidic iron chlorides was neither as rapid
nor as copious as that induced by low-valent copper.
Evolution of Volatile Acid. Figure 4 shows the
volatile acid evolution from PVC and PVC—(metal
additive) samples during thermal degradation at 200
°C. Reductive coupling is expected to limit HCI evolu-
tion from pyrolyzing PVC, because the inserted cross-
links will block dehydrochlorination (vide supra). On
the other hand, Lewis acid additives are known to
promote dehydrochlorination.1¢d2 Hence, it was sig-
nificant mechanistically to find that the copper additives
either reduced or increased only slightly the rate of
dehydrochlorination, as compared to that of the addi-
tive-free control, while at the same time strongly
promoting gelation (see Table 5 and Figures 2 and 3).
The production rate of acidic vapors was somewhat
higher for [CuBr(P(OPh)3)]4 than for CuBr. Thus, HCI
vapor generation apparently was enhanced slightly by
this additive. The [copper(ll) formate]/PVC mixture
produced an initial burst of acidic vapor which probably
can be attributed to formic acid and/or CO; resulting
from metal formate decomposition. Thereafter, the acid
evolution rate was comparable to that of the control.
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Table 6. Thermogravimetric Decomposition Results for Copper Complexes

" no additive 4 [CuBr(P(OPh),)l,
O Cu(0,CH),

Y FeCl,.3.1H,0

® Cu (99.999%)
A CuBr

Figure 4. Volatile acid evolution from thermally degrading
PVC/(metal additive) samples (at 200 °C under argon, 9.1%

No additive

@

Virgin PVC

wt %
complex temp, °C product (theory) (actual)
[CuCI(P(OPh)3)]4 225-305 CucCl 28 27
370-500 Cu 17 15
[CuBr(P(OPh)3)]4 230—-310 CuBr 32 32
450—-570 Cu 14 14
[CuCI(P(OPh),(O'Dec))]4 160—350 CucCl 20 22
[CuCI(P(OPh)(O'Dec),)]l4 160—330 CuCl +? 17 22
[CuCI(P(O'Dec)3)]4 205—275 CuCl +72? 15 23
Cul(P(OPh)3), 195—265 Cul 24 24
490—-665 (sublimation) 0 2
[Cu(NCCHj3)4]PFe 90—-215 [Cu(NCCHy3)2]PFs 78 78
215—-280 CuPFs 56 56
280—340 CuF 22 22
[Cu(NCPh)4]PFs 90—-310 CuPFg 34 32
Cu(O2CH); 190—230 Cu 41 45
4.00 - - - / [CuBr(P(OPh)3)l
®
3
E3.00 - = W./\j [Cu(NCCHS,),|PFg
= w
E 3
S 2.00 k|
= B
g = Cu (99.999%)
< 1.00 8
’g W FeCl,+3.1H,0
0.00 I | n | _y | \q;
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s
-8
< ‘—‘/J
T T

additive).

The iron(l11) chloride additive caused a highly elevated
rate of acid evolution that indicated very strong promo-
tion of the dehydrochlorination.

Infrared Spectra. Additional support for the reduc-
tive coupling mechanism of PVC gelation was obtained
by infrared spectroscopy. Portions of several PVC IR
absorption spectra are shown in Figure 5. Nonpyro-
lyzed (virgin) PVC showed no appreciable absorption in
the region of 1600 cm™1, indicating a very low concen-
tration of C=C groups. An additive-free control sample
which had been thermolyzed for 1 h at 200 °C showed
only a trace of unsaturation in this spectral region. This
result is consistent with the negligible amount of HCI
loss from additive-free PVC at 200 °C that was indicated
by TGA. The spectra of thermolysis residues from PVC
blended with [CuBr(P(OPh)3)]4, [CU(NCCH3)4]PFs, Cu,
FeCl3-3.1H,0, and FeCl,*1.8H,0 also are shown in
Figure 5. Although each of these substances was a
relatively effective gelation agent (see Table 5), the
copper additives gave much less evidence of C=C in the
polymer residue. Since reductive coupling is expected
to halt dehydrochlorination, for the reasons discussed
above, the IR results provide further strong support for
the operation of this mechanism with low-valent copper
additives.

TGA of Copper Additives. The decomposition
behavior of several copper-based additives was studied
by TGA under N,. Although gravimetric analysis could
not provide direct evidence for Cu(l) disproportionation,
the results in Table 6 and Figure 6 revealed some
interesting thermal behavior. The P(OPh); complexes
of CuCl and CuBr showed two distinct mass losses. The

T T T
4000 3500 3000 2500 2000 1500
Wavenumber, cm™?!

Figure 5. Infrared spectra of thermally degraded PVC/(metal
additive) samples (after 1.0 h at 200 °C under argon, 9.1%
additive).

Mass, %

Cu(0,CH),

20 | . ICu(NCCH,),PF,
ICuCIBOPRI,
0 | | | |
200 400 600 800
Temp, °C

Figure 6. Thermogravimetric mass loss profiles of copper
compounds (under Ny).

first occurred around 200—300 °C and corresponded to
loss of the phosphite ligands. A second mass loss in the
region of 350—600 °C corresponded to the reductive
elimination of Cl, or Br,. On the other hand, the CuCl
complexes of alkyl-bearing phosphites showed only a
single mass loss which left a residue having a somewhat
higher mass than that of CuCl alone. Interestingly, the
decomposition of [Cu(NCCH3;)4]PFs caused the loss of
acetonitrile (in two steps) followed by the loss of PFs to
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give a mass corresponding to that of CuF. In contrast,
[Cu(NCPh)4]PFs did not expel PFs. It is evident from
these studies that many complexes of CuX (X = halide)
are indeed able to generate Cu(0) under low-oxygen
pyrolysis conditions. Moreover, it is likely that Cu(0)
is formed by disproportionation even at lower temper-
atures.

Conclusions

Zero- and low-valent transition metals and transition-
metal complexes have been shown to cause the reductive
coupling of small allylic halides. Likewise, sources of
low-valent metal have produced extensive gelation of
PVC at 200 °C in the solid state and at even lower
temperatures in solution. Unlike the behavior observed
for Lewis acidic metal chloride additives, the cross-
linking caused by low-valent metal compounds is char-
acterized by exceedingly rapid onset, minimal polymer
mass loss and acidic vapor generation, and little evi-
dence of C=C formation. These observations point to
a mechanism for PVC cross-linking that does not entail
acid catalysis but is very likely to involve reductive
coupling. Coupling at allylic sites accounts for the
available facts, but nonallylic coupling might be occur-
ring as well.

For technological viability, smoke suppressants for
PVC must not cause extensive cross-linking at the
temperatures and times that are used to process the
polymer. Reductive coupling agents that are able to
meet this requirement could eventually become attrac-
tive for use in commercial PVC products.
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