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FIRST POLYMER IN COMTT HALLEY: POLYOXYMETHYLENE

W. F. Huebner D. C. Boice
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ABSTRACT

The RPAZ-Positive lon Cluster Composition Analysaer
(PICCA) on the Giotto spacecraft detected tive mass
peaks with regular spacing of about 15 amu up to
about 120 amu. Starting at about 43 amu, the peaks
decrecse in intensity with increasing mass Within
their half-width they are in good agreement with
dissociation products of formaldehyde polymar

(PCM) We suggest a production sequence in which
cosplc radistion formel POM from water and carbon
monoxide on grains that were aggregated into com-
etesimals. Other polyrers, possibly containing CN,
may also exist Observations sugqgest that at least
dome of the H-, C-, and O-containing dust particlas
Jetected by the Particle Impact Analyser (PIA) on
board of the Giotto spacecraft and its equivalent
(PUMA) on the Vega | and 2 spacecraft contaln POM.
The propertiesm of POM are consistent with many of
the unwxpected observations in the coma.

Reywords: Polymer Polvoxyms.hyiene, Coma,
Compowsitidn, Ion Cluste.,s

The Positive [on Clustar Composition Analyser
(PICCA) of Rurth et al]. (Ref 1) on the Glotto
spacecraft detected ion masses up to about 120 amu
in the coma of comet Halley These data were
further analyzel by Korth et al. (Ref. 2) and
Mitcnell et al. ‘Ref ) Figure 1, taken from the
iart reference, shows intenalty peaks at masses of
about 4), 46, 61, 7%, 91, and 105 amu. As pointed
out by Mitchell et al (Ref. 3), the leftmoat part
of the spectrum is coupletely saturated and the
peak at 4) 46 amu is partjially maturated. Since
the relative intensity et 46 {s slightly higher
than at 4!, the real position of the peak (s prob-
ably at 43 amu. The lighter Lons have a samaller
radial density gradient and & much larger range in
the coma than the heavy 1c0ns, which are limited to
adout 2%000 km. The higher masres reveal a very
reqular pattern (a) Starting at 4% amu, peaks are
Lh an alternating sequence with a swparation of 16
and 14 amu up to 10Y amu (b) The halt-Lntensity
half-width is 2 or ) amu, about constant [rom peak
to peahk Because of the Lntrinsic uncertainty
ascociated with this width, the separation between
peaks could also be 13 amu (c) The mase peaks
show & smoc:h decrsu.s of intensity With increasing
mass Peahs that exiut bayond 103 amu are mashad
by a hot background vomponent which also distorts
the width of tha high mass psaks For this reason
wa use the 81 amu peak as the refarence poiut The
next peak in the sequence after 103 amu should be
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at either 130 or 12l amu In the presentations of
the spectrum by Mitchall st al. (Ref. 1) the signal
to noise ratio is too small to identify this peak,
but vhen data are summed into groups of four mass
channels and an underlying background is sub-
tracted, then the signal to noise is large snough
to indicate an intensity peak between 117 and l}0
amu (Ref 4), with highest probability between 131
and 129 amu.

*
{
: /’"\ GWOTTD - MCCA j
PoA 0 D
LV 00D 00 B T (40 1
Re02-26:10° m :

!

MELATIVE COUNTS /ame
3 3.3
{,

B
]
3
]
&
8

Fig. 1 Heavy ion mass spectrum from the PICCA
inatrument (Ref. J). The paak at 41 - 45§
amu s partially saturated and the left
edge of the spectrum is completaly
saturated. A hot background componant
appears to dominate the cold ions beyond
103 amu.

The spectrum is too regular to be caused by a
combination of unrelated molecular i+ & A ratcher
natural explanation for the regularity of the
spectrum eamerges if its sources are correlated
decay products of a polymer. The decay products
are either multiplee of 13 amu or wims of alternat:
ingly 14 and 16 amu.

Because M, O, C, and N are astrophysically the must
abundant, chemi:ally active elements, polywmer.
conslsting of these elements are the most likely to
form With the abundance and mass separation
restrictions, only a few possible polymers exint
(NH) _ and (H_CO) Of these, (H,CO) s preferysd
bocnulc 0 .ni C “ro morae abundan thnn N,
astrophysically [n comet Halley., nitrogen appears
to be aven less abundant then the astrophysical
ratios of N/C or N/0 suqqgest To suplain the



observed spectrum raquires easy dissociation,

which makes polymers with a ring structure highly
improbable. (H_,CO) is polymerized formaldehyde,
also known as pﬂta!ornnldahyd- or polyoxymethylene
(POM, for short). Its structure is shown in Fig.
2. It has the following properties that are con-
sistent with observations of the coma: (a) Thae
bonds betwean C and O are symmetric: therefore. it
is as easy to break the bond on either side of the
CH, or O, resulting in an alternating sequence of
six mass peaka atr about 45, 61, 75, 91, 105, and
121 amu. (b) Chains with n equal to about 4, 5, or
6§ have a large affinity to attach themselves to
graphite or gllicatas in whisker-like structures.
This is consistent vith the composition of the
carbonacecus particles identified with the PIA and
PUMA instruments and with the increasing ratio of
small to large particles with increasing com-
atocentric distance. (c) The unsaturated bonds on
sach end of the short chain can easily accnpt
hydrogen atoms, protons, or hydroxyl radicals,
which are all very aburdant =2:nd the CH, components
can lose one or two hydruyans, giving ti. POM
dismociation products a spread in the mass peaks of
about +2 amu. If a hydrogen is attacheu to the
frea apnd as indicated by (H) in rig. 2, then
progressiva digsociation of any of the single bonds
between C and 0 will produce the spectrum pregented
in Fig. 1. The heavy components are primarily
destroyed, producing more of the light species,
until they are destroyed also. Successive dis-
sociaiona account for the large radial gradient of
the heavy species in the coma, while the lighter
species will have a smaller gradient and larger
range. Ionization of the various products by
photons. charge exchange, elactron impacts, and
protonization reactions makes them detectable in
the PICCA instrument.

H H
I |

() -C-0-C-0-C-0-C-0-C=-0 -
I I
H H

Flg. 2. A short tormaldehyde polymer: (H CO)S.

The molecule can be dissociated with equal
probability at any C-O bond. The [ree
ends of the polymer have an affinity for
graphite, silicates, and molecular species
such as H, OH, and CN. If hydrogen is
attached, as shown by (H), then diasocia-
tion of successive C-O bonds after the
second CH_-group, counting from left,
produces iho observed mass peaks most
closaely.

The affinity that POM has for graphite and wsili-
cates suggests that it may be one of the
conatituents in the C-H-0-N dust particles found in
comet Halley (Refs 5-6) There may also be uther
polymers, posasibly containing N or CN, that are
assuciated with dust grains These may be more
stable at higher temperatures than POM, which
unaippers under vigorous heating If whisher lihke
atructures of POM unite the smallest grains into
larger dust particles, then this would account for
the observed increase in the ratio of small to
large dust particlea with Lnecreasing distance from
the nucleus in comet Halley (Ref 7) It coyld
also explain the low albedo of the nucleus (Ref

) The Lnactive areas of the nucleus may be
covered with these particleas that can trap light in
the spacas between the POM whiskers and the par
ticles tn a very fluffy layer POM 18 alwo
consistent with the highly porous and refractory
surface layer material needed to insulate the ire
below it from the solar radiation (lef )

The idea that POM may be an astrophysical material
is not new. Wickramasinghe (Refs. 10-11) suggasted
its existence a3 a componant of the interstellar
dust to explain the interstellar extinction in the
8 to 12 um wavelength region. He polints out that
condensation of formaldehyde on silicate graina at
temperatures (20 K is attended by polymerization in
the form of whiskers. Frormaldehyde has been
detected as a common constituent {n many interstel-
lar clouds in its gas phase. ‘Vvanysek and
Wickramasinghe (Ref. 12) and Mendis and
Wickramasinghe (Ref. 13) notice that many observed
features in comets can be explained through
properties of POM. Howevar, it ila the mass
spactrum from the PICCA instrument that takes the
identification of POM out of the realm of specula-
tion.

Baged on tharmodynamic data, Wickramasinghe (Ref.
11) arques that most POM should exist in the con-
densed phase. As he notes, interstaellar clouds are
rich in water and carbon sonoxide. The formation
of POM from these constituants requires further
explanation.

Pirronello et al. (Ref. 14) report laboratory
production of formaldehyde from an ice mixture of
watar and carbon dioxide through irradiation by 1.5
MeV helium ions at a teamperature of about 9 K.
Helium ions were used instead of astrophysically
more abundant protons because of the chemically
inert nature of hilium to keep the experimental
conditions wall defined. They also note that the
newly formed formaldibyde is not easily removed
from the ice mixture by the direct action of the
radiation. The experident suggests that cosmic
radiation can produce formaldehyde in mantlas of
frozen water and carbon dioxide on grains Thia
leaveas the question of how much frozen carbon
dioxide existas on interstellar grains.

Carbon dioxide is a molecule without a permanent
dipole moment; it has no rotational spectrum that
would make the gas phase component detectable with
radio telescopes. Raegardless of whether carbon
dioxide is abundant in the gas phase, carbon
monoxide, which Ls known to ba vary abundant in thae
qae phase, disproportionates on condensation to
form graphite and carbon dioxide Chemical equi-
librium conditions under <hich this occurs are
prerented in the low temperatu.s phase diagram in
Fig. ). The caleculation was performed for a tem-
perature of 200 K and & constant pressure of 0 001l

atmospheres with a 0.2% g:am-stom fraction of He as
a4 source ‘nr the pressure. The results of the
calculati::n are not sensitive over wide ranges in
prassure ani temperature. The chemical symbols on
the sides correspond to the ratiws that are the
sane as the stoichiometry of the respective
moleculas, whith Are the mos. important to (orm at
internedicate and low temperatures In the region
delinvated by the symbols O CH, - H‘o -co, -C,
excess carbou forms qraphitre Cﬂrhon leILd‘ torms
in the trianqular reqton hounded by C HO o

C. Water ice in present sverywharas, ouccat Ln the
extreme corners C and 0 Above the ¢ H.,0 line
all qgas-phase carbon ts in wethane while ‘olnw that
line it Ls in carber dioxide

At temperaturss of abuut 1000 K, chemical equl -
librium yields graphite in the laft half of the
triangle bounded by 4 ¢n C ' H (dached \ine)
on the right side of the triangle, caibon dioxide
and water form (eXcept At the emtremes labsled M
and () and carbon dioxide dominates over carbon
monoRide tn rthe reqton H 0 0 (DI | )] The
CORpONLLLon 14 not ..nq.f.v- uv‘r wide rlnqon ot
temperature and ptesnsurs un rapid coosling, a
mixture of water and cathon Jioxide 1ce torma
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Fig. 3 H - C - O phase diagram. Ignoring the

dashed line, at low temperatures (200 K)
carbon dioxide forms in the triangle C -
K,0 -~ 0 ~ C. Water is presant everywhere.
at higher temperatures ( 1000 K) carbon
dioxide and water form inside the triangle
H-0-~-CO~-H.

Similar results are obtained in chemical non-
equilibrium, although the low temperature ragion
has not been studied exhaustively. Iron is known

to be an active catalyst for the disproportionation
reaction of CO:

_) ~
a Co C + Co2

The carbon formed by this reaction migrates acrosa
the gurface to a nucleating center vhere cementite
and free carbon are deaposited. The reaction (s
autocatalytic. The rate of carbon formation by the
dl.proportionation of carbon monoxide is much
faster than the pyrolysis of meathane under similar
conditions. The rate of carbon deposition on an
Lron catalyst Ls accelerated in the presence of
molecular hydrogen at temperatures balow about 1100
K. but is & complicated function of temperature and
the amount of molecular hydrogen. The hydrogen
seens to have a dual role: at low concentrationa it
catalyzes the CO disproportionation reaction, at
high concentrations it leads to deposition of
graphite by the reaction:

H: ¢ CO -) C ¢ HJO.

Very little is known about carbon monoxide dis-
proportionation st lowv temperatures. The above
cheanical equilibrium and high temperature non-
equilibrium reactions arae only intended as a gquide
to shov that disproportionation of CO is an impor-
tant process in the formation of icy mixtures of
water and carbon dioxide.

Levig and Prinn (Ref 19) come to very similar
conclusions using chemical kinetics to model the
presolar nebula. They shov that the conversion
from carbon monoxide to methane was too slow rela-
tive to radial mixing or evoluticn rates in the
primitive solar nebula, wo that aost of the carbon
monoxide converted to carbon dioxide

As mentioned earlier, foraaldehyde ia formed by
Lrradiation of a mixture of water and carbon
dioxide Lce and (t remains Ln the lre This
property Ls important for the next step, the
polymerization Goldanskii et al (Ref 16)

reported the formation of POM from formaldehyde at
77 to 140 K through irradiation with bremsstrahlung
from 5 MeV cloctrgss, and at 4 to 77 K through
irradiation with Co gamma rays (1.1} and 1.17
MeV). Gol'dyanakili (Ref. 17) concluded that at the
low temparatures in space the only possible
mechanism for polymerization is molecular tunnel-
ing. Again, cosmic radiation is the initiator that
makes polymerization possible.

In the laboratory, formaldehyde in watar solution
polymerizes to a solid long-chain polymer H-O-(CH_-
0) -H, known as polyoxymethylene glycol. This end-
caBpod polymer is more stable than the ordinary
variety. Nevertheless, when strongly heated it
reverts back to formaldehyde. The haat of
polymerization of gaseous formaldehyde forming
crystalline POM at a pressure of | atmosphare is
about 16.7 kcal/mol.

POM could have formed under the action of cosmic
radiation on the surface layer of comets in the
Oort cloud. During the 30 known vigitas of Halley's
comet into tha inner solar system, this surface
layer would have been aroded away through the
evaporation of the ices that entrain the dust
containing the POM. Orbital calculationc of
Halley's comet backwards in time suggast that this
comet has visited the iLnner solar system thousands
of times. Since POM is still pregent in the comet,
1t appears that the dust containinj tha POM is also
deep in the interior of its nucleus. Wa rcuggest
that POM 7as formed in interstellar space, the
presolar nebula, or the solar nebula and was then
ingorporated into the come'esimals at the time of
their formation. This would ba consistent with the
hypothesis that comets are the Roasetta stone of the
solar nebula (Ref. 18). However, this concept must
be viewved with caution. POM is not as volatile as
the icy component of a comet nucleus and its af-
finity for dust grains makes it even more stablae.
Frozen vater is the least volatile and most abun-
dant component of the {ces in comet nuclei and (s
also relatively stable. Most of the other volatile
Lce components are present only at the level of a
fev parcent. Their primordial abundance in com-
etesima.s may have been quite different.

To further tesat our assumptions, ve modeled a
mixture of 90" water ice and 10V POM with n = 9 in
our Colet comA computer progras (Ref. 19). Irn this
simulation ve allowed every C-O bond in the n = 3%
POM and in all of Lits dissociation products to be
broken vith the same probability. In these
preliminary crlculations, only photodissociation,
photoioniaation, and electron disgociative recom-
bination processas vere assumed to operate on the
POM and its products. Average rate coefficients
for photodissociation (0.0001 /s for each C-0
bond), photoionisation (0.00001 /s), and sloctron
dissocinative recombination (0 0000002% cm /s for
sach C-0 bond) vere ddopted, leading to a reduced
ranqge of POM products in the coma. The ohly excep-
tion to thies was the formaldehyde monomer, water,
and their dissociation, loniaation, and chemical
products for which wea have a more complete reaction
netwnrk available. In Table | the prelliminary
results at appropriate comstocentric distances R
are summarised and compared to the PICCA peak count
rates, normalised to the 61 amu peak. The calcula-
tion wits repeated for a mixture f %0V water lics
and 108 POM with n = 4. When normalized to the 81
amu peak, the results are virtually th) same,
indicating that the calculation is nrc very sensi
tive to the length of the original chain, as long
as n ) 4 The model regulis are within & factor of
two of the obmerved PICCA ratios We find thin
agreement encouraging considering the simplified
reaction network and the negqlect of the solar wind
Lnteraction The model calculativa also Lndicates



that POM is an additional source for ions of

C, CH., CH_, C_H_, CO, HCO, H,CO, and CH,OH as
llgniilCJn! ..3uit. of each oa these 1oni were
formed. A more complete POM reaction network is
planned with the inclusion of charge exchange,
protonization, end-capping with OH and its ion, and
othar appropriaie processes that would influence
POM products and broaden the mass spectra peaks.

Table 1
POM Intensities

Mass Group pIcca ? Model Results
amu n =19 n =~ 4
45 b 7.7} 7.5}
61 1.00 1.00 1.00
73 0.08 0.13 c.1)
91 0.015 0.017 0.017
105 0.004 0.0021 0.0019

Average for R = 8200 to 12600 hkm
Interpolatad logarithaically to 10400 km

We suggest that dust particles containing POM are
likely candidates for many ot the H - C - ) par-
ticles detected by the Giotto PIA instrument and
vVega 1 and 2 PUMA instruments. In particular,
Clark et al. (Ref. 20) find that these particles
are concentrated closer to the nucleus and occur
with much lower frequency outside of the inner
coma. This is consistent with the rapid release of
POM from particles through heating during their
outward expansion, resulting in a short range
(710000 km) for these H - C - O particles.
Schematically, a dust particle consistent with
these properties, is shown i{n Fig. 4. It may be
composed of silicate grains, carbonaceous satecial,
and polymers such as POM. The affinity of POM
whi~kRers for qgrain wurfaces will bind
submicrometer-sized components in the particle.
Since POM is a volatile polymer, the dust par-
ticles, as they move outward (h the inaer coma,
will heat from exposure to solar radiation and
fragment .

Flg 4 Schematic presentation of a micrometer-
sised dust particle composed of silicate
grains, carbonaceous material including
less volatile pclymess and POM. Some of
the connecting lines are polymurs such as
POM that disintegrate on heating and

release the smuller units cf the particle

In summary, we have shown that POM with n about ¢
or 5 explains tie mass spectrum obtained with the
PICCA instrument duiring the Glotto encounter with
comet Halley. Processes relevant to produce tha
ohserved spectrum include photodissociatiun,
photolionisation, disso~iativy electron recomblina-
tion, charge exchange reartiuns, and end-capping

with ions of OH and H (protonization). Llonger
chains may be present, but their abundance in the
PICCA instrument is too low to be observable. POM
may also ba the extended source for the CO produc-
tion as observed with the neutral mass spectrometer
on the Giotto spacecraft (Ref. 21). uUther, some-
what more refractory polymers, possibly containing
the source for the CN associated with dust observa-
tions, may also be present (Ref. 22). If POM
formed on dust particles in interstellar space it
is not likely that it vaporizaed in the heat of the
solar nebula and recondensed as POM. Thus grains
containing POM are important tracers for the early
history of the solar system. A sequvnce of
processes has bean presented showing the likelihood
that POM will form under interstellar conditions
and a first, preliminary comet coma model that
includes POM reproduces the observed mass spectrum,
Although this is not the first time that polymers
have been suggested as material of astrophysical
significance, this is the strongest evidence sug-
qested for them so far. More data analysis from
the PICCA instrument, detailed modeling, and
laboratory experiments are needed to extract addi-
tional information.

Preprints describing results from the PICCA instru-
ment wera made available by A. Korth, R. P. Lin,
and D. L. Mitchell. Their willinguess to sharae
this information is gratefully acknowledged, as are
the very detailed and useful discussions with them
and with D. A. Mendis. This work was supported
with funds from the NASA Planetary Atmospheres
Program.
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