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Abstract. Evidence for the formation oc©CN~ in interstel- The UV photolysis experiments reported by Demyk et al.
lar ice analogues is summarized with an emphasis on the (E398) are both elegant and informative, and it is doubtful that
cent experiments of Demyk et dl. (1998). Their experiments axe could improve on them in any substantial way. However the
reinterpreted in terms of two different types of chemical reauiterpretationsattached to those experiments are incomplete,
tions, acid-base and oxidation-reduction. New spectra of Usbmewhat puzzling, and, at times, contradictory. For example,
photolyzed anch™-irradiated ices are presented, and reasoBamethyltetrahydrofuran (MTHF) was described as an “electron
for similarities considered. The role of andH™ scavengers donor” that raises the abundancefN—, although no expla-
in revealing ice photo- and radiation chemistries is stressed, aradion was given for how this occurs. The molecul¥sl, and
itis concluded that electron-transfer reactions may play a m&E; were described as “electron acceptors” which would reduce
important role than commonly thought. the abundance ocDCN—, but again no explanation was pro-
vided. In all, four nitrogen-containing products were observed
Key words: infrared: ISM: lines and bands — ISM: molecules in the photolyzed mixtures, name®CN—, NH,, HNCO, and
ISM: abundances — molecular processes — ISM: dust, extinctidf’(O)NHs, but no reactions were supplied to explain how they
form or are interrelated. Moreover the use of the expressions
“electron donor” to describe MTHF and “electron acceptor” to
describeCCly andSFg implies that the chemical reactions of
MTHF are somehow the opposite of those promoted by the other
two molecules. Such is not the case. All of this unnecessarily
A recent paper of Demyk et al. (1€98) addresses the importaigakens arguments fofCN ~ in laboratory and interstellar ices
issue of the 2166m~" (4.62um) IR band in interstellar ices. by failing to reveal the underlying chemistry.
This feature has been reported in several protostellar sources byin this paper we suggest new interpretations for the results
anumber of observers, most recently in sources studied with gi®emyk et al.[[1998) which are more in line with conventional
Infrared Space Observatory (ISO). As there is some uncertaipgction chemistry. Itinotour purpose to detract from their ex-
in the assignment of this band, it has often been labeled @siments but rather to place them in a new context from where
“XCN"with the species responsible being either the cyanate iahey may have greater implications for ice processing. We also
OCNT, oraneutralnitrile orisonitrile molecule. The XCN bangyresent new experiments on proton-irradiated mixtures contain-
is currently one of two rather prominent unidentified features jag CO andN'Hs, both with and withouH,O. When combined
ISO spectra of protostellar sources, the other being a featurguath the photolysis experiments already published, our work
6.85um. offers a more comprehensive picture of energetic processing of
Laboratory studies have shown that an IR absorption iaterstellar ice analogues than heretofore available.
2160cm ! can be readily produced by UV photolysis of CO
+ NHj3 mixtures near 1K (Grim & Greenberdg 1987). The
purpose of the paper of Demyk et &l. (1998) was to demon- _
strate that this 216@n~"! feature in laboratory mixtures is, in2- Experimental
fact, due toOCN™. To this end, a set of experiments was prezssentially all relevant experimental details have been pub-
sented on photolyzed mixtures of CONH3, CO + NH; + jished, including information on ice preparation, the IR spec-
2-methyltetrahydrofuran, CO NH; + CCly, and CO +NH;  trometer, and the 0BleV proton radiation source (Moore &
+SFs. Spectra of these photolyzed mixtures were comparedtigdsoii 1998; Hudson & Moore 1995). The hydrogen-discharge
an ISO spectrum of RAFGL 7009S, a protostellar source, aghp we used for UV photolysis is similar to that described by
used to argue for the presence there of WEN~ andNH]".  gthers (Allamandola et £1_1988), giving energies largely cen-
tered around 6 and 10 eV. Although we can now perform both
Send offprint requests t&®.L. Hudson (hudsonrl@eckerd.edu) UV photolyses and proton irradiations within the same experi-
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mental chamber, the only original experiments in this paper are .'O'.

proton irradiations.

CH.
-

3. Results e

We begin by reviewing some experimental results already i
print. To explain the observations, reactions will be written 1. Molecular struct ¢ 2-methvitetrahvdrof MTHE
where possible. For the sake of clarity we use the wor§g- 1-Molecular structure of 2-methyltetrahydrofuran,

“photolysis” and “photolyze” in conjunction with all UV pro-

cessing experiments. The corresponding terms for our proteRay explain formamide’s production, but alternative schemes
bombardment experiments are “irradiation” and “irradiate.” exist. For example, if the order of radical addition to CO is
reversed from reactions](6) ard (7), then the first step will be

3.1. Photolysis of solid CO + NH NH, + CO —s NH,CO (8)
2 2

Spectra published by Demyk et al. (1998) clearly show that . ) . . . .

four nitrogen-containing products are made on photolysis gpd then radical disproportionation gives both formamide and

CO + NHj (1:1) at 12K. These products, with approximat

banf positionsLare HNCO (226m '), OCN~ EZlﬁOcm_l), 2 NH,CO — HC(O)NH, + HNCO 9)

NH; (1460cm~!), and HC(O)NH; (1696cm~!). We have

performed a similar UV-photolysis experiment, and concur witidditional experiments are needed to test this possibility. This

these spectral assignments. We believe that product formatiaper will not treat formamide synthesis.

can, to dirst approximation, be explained on the basis of fairly

simple reactions, beginning with the photochemical decompg- . :

sition of NH3, followed by reaction of NKH with CO, and then p:?'z' Photolysis of solid CO + Nkt added molecules

an acid-base reaction witkiH;: Other experiments of Demyk et al. (1998) were on three-
component ices, each having Q@5 = 1:1. The third com-

NH; — NH3" — NH; + H @) ponent in one case was MTHF and, in other experiments, the
NH; + CO — H + HNCO (2)  third component was eith&rCl, or SF¢. We will comment on
HNCO + NHz — NH} + OCN~ (3) both types of experiments as they are fundamentally different

_ ) from one another.
Reactions[{1) and_[2) are analogous to those taking place in Ragdiation chemists have used MTHF, whose structure is
UV-photolyzed solid-phase mixtures H,O + CO: shown in Figl, for decad@sThis compound is quite useful
H,0 — H,0* — OH + H 4) for Fhe trapping and spectroscopic study of rqdlatlon prqducts
as it forms a clear, colorless, amorphous solid on freezing at
OH+CO = H+CO; . ®) 77k Being a base, MTHF is an electrpair donor. This does
Becaus&'H; andH, O are isoelectronic, showing similarities innot mean that electrons are transferred from MTHF to another

chemical and physical properties, reactidds (1) Bhd (2) are fuﬂg;epies to _form anions, but father that lone pair electrqns as-
expected from reactiors](4) and (5). Seen this way, it would Beciated with MTHF are available to complex with". This
rather remarkable were HNCO, and tiNE} andOCN—, not results in the stabilization of anions; in a sense, when MTHF
to formin CO +NH; ice photolysis experiments. More complesS Present, anions are protected from neutralizatioiby In
reaction schemes can be devised, but reactidng{1)—(3) servi#gs In radiation chemistry a common check for suspected an-
a first step in understanding the spectral observations. ions is to carry out reactions in the presence of MTHF and other

Demyk et al.(1998) supported reactibh (3) with an annea”ﬁ?ses (Spinks & Woods 1_990). Anions obsgr\_/ed in the absence
experiment; see particularly their Figs. 3 and 4. In our own wo MTHF will almost certainly be observed in _'ts presence too.
we have observed areaction similaffb (3) involving formic acid, N the case of CO NH; + MTHF photolysis, reactiori{2)
HCOOH, in proton-irradiateH, O + CO ices. Protonirradiation Will still form HNCO, but this acid’s decomposition will be

of solidH,0 + CO produced both HCOOH and the formate iorfiltered. Protonation of MTHF will occur in competition with
HCOO~. However when the reaction was repeated Wi, NH;. Thetwo relevant acid-base reactions are as follows:
present, HCOOH was removeHCOO™ was enhanced, andyn e + NH; — NHI + OCN~ 3)

NH; was seen, changes similar to those of reacfibn (3). n _
The last of the four nitrogen-containing photo-products ré{—NCO +MTHF — MTHFH™ + OCN (10)

ported by Demyk et al. (1998) is formamidB.C(O)NHz. 1y principle, this competition will reduce the amount$t;
Radical-radical processes such as seen relative t@CN~. Although quantitative measurements

H+CO — HCO (6) 1 Note that the formula for MTHF given by Demyk et 41, (1998) is
HCO 4+ NH; — HC(O)NH, (7) incorrect. The correct molecular formula is ;o O.
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Fig. 2. IR spectra of UV-photolyzed (upper) and proton-irradiated CHI9- 4.IR spectra of UV-photolyzed (upper) and proton-irradidtie®

+ NHs (1:1) ice at~ 15 K. The upper spectrum was recorded aftet CO +NHj ices at~ 15 K. The upper spectrum was recorded after
auVv exposure of 1 hour and the lower was recorded after 3103 auVv exposure of about 10 minutes and the lower was recorded after a
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dissociates to a second radical and a halide ion. By scavenging
electrons, dopants such @€’l, andSFg reduce neutralization
of cations, raising their abundances (Spinks & Waods 1990).
In the interstellar ice analogue experiments of Demyk et al.
(1998), addition of eithe€Cl, or SF had several effects. The
abundances of th§H; and HNCO were raised relative to the
abundance oOCN™. If only acid-base chemistry is operative
then according to reactiopl(3), increase)i@N~ should ac-
company increases iNHJ, the oppositeof what the CCl,
amdSFg experiments showed. However, the relative increase
in NH is exactly as expected if electron-transfer reactions
take place (see previous paragraph). This possibility will be dis-
cussed later in this paper, and will be potentially quite important
in understanding the ice photochemistry.

Absorbance
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Fig. 3. Enlargement from Fifl]2 showing similarities of features

have not been reported, the published spectra do not show &y New radiation experiments

+

enhancement dfH, by MTHF. Furthermore, the presence Ofye now turn from the interpretation of UV-photolysis experi-
MTHF shouldnot raise the amount of HNCO present. Thignants to our own radiation experiments. fFlg. 2 compares a pho-
too is consistent with the published experiments; essentlally{b%,zed CONH; icdand a proton-irradiated COH; ice. The
HNCO is left unreacted in photolysis of either CON# or  jnitial CO:NHs ratio was 1:1 in each case. The photolyzed ice’s
CO +NH; + MTHF ices. See particularly Figs. 7-9 of Demyksnectrym agrees in all essentials with that published by Demyk
etal. (1998). with reaction§Y3) arld{10) in mind, note thatit {5 5 r199g). As far as we are aware, Fig. 2 is one of very few
Incorrectto callMTHF simply an “electron donor” (Demyk etalyjrect published comparisons of spectra from UV-photolyzed
1998) as that term can also imply a reducing agent participatifgy ion-irradiated samples. The 2400-2600"! region from
in a one-electron transfer to form an ion or even a function@JgE is expanded in Fifl] 3 to show th&),, OCN~, and CO
group bonded to an aromatic system. Two correct expressi@fs ,res. Small features are due'ta0, (2'277cm—'1) 13cO
are “electron pair donor” andH* acceptor”, both connoting (5091.m-1), and various carbon oxides (Moore et/al. 1991).
the appropriate acid-base chemistry. A somewhat more Vi\ifco shows a broad. weak band near 2260 in both spec-
expression it scavenger. tra. ’

Turning now to the other three-component ices of Demyk g gimilarities between the spectra of photolyzed and irra-
et al. (1998), the molecule added to CONH3 mixtures in  giated CO +NH; ices in FigsR andl3 are obvious, with essen-
these was eithe€Cl, or SFs. These molecules have found;g|y every peak and inflection in one spectrum being matched

wide usage among radiation chemists as electron scavenggfe other. Moreover, these similarities were preserved when
A standard test for a radiation-induced reaction involving elec-

tron transfer is to repeat the reaction in the present&F@for 2 The IR spectra shown in this paper for UV-photolyzed ices
a molecule possessing a carbon-halogen bond. In either cagge taken from the Leiden database at http://www.strw.leidenuniv.nl/
electron capture occurs to form an intermediate radical whielschutte/database.html.
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L ' ' ' ' Note that the final step, reactidn (15), is essentially the same as
12f T reaction[(1) for UV-photolyzed CO NHj3 ices.
10l i The balance between these two radiolysis pathways is un-
o o Before Iradiation 1 known but, in the absence of other information, we assume that
§ ‘ both contibute to product formation. It should be noted that
g 06 -JXM the finaNH; andOCN~ abundances in the ice will be equal
§ o4p . Dose2 only in the abs_ence o_f electron trapping or scavenging by qther
w2l oee s ] molecules. Th|s_ appl_les tp bo.th !aboratory and mtgstellgr ices.
M To summarize, ion irradiation of CO NH; ices in-
0.0F OCN . . . 1 volves two pathways to products, reactions] (1I}-(13) and re-
2200 2180 2160 2140 2120 2100 actions [(I#)4(Ib), both pathways involving ions and forming
Wavenumber cm™ NH,. The second set of reactions ends with a step essentially

Fig. 5.Proton irradiation of &1, 0 + CO +NH; mixture (5:1:1) at 1K identical to that seenin .UV photolysi; experirTJrents. While both
showing the conversion of CO in@CN ~ (top to bottom). Doses 1, 2, féaction pathways begin with formation it ™, the second

3 correspond to about 5.9, 17.8, and 28/4molecule !, respectively Stepinone path " -transfer while in the other itis™ -transfer.
The above describes radiolysis in the absentb6f. When

H,Ois presentinirradiated CONHj ices, it will be a source of
H,O was initially present in the ice. Figl 4 compares spectra 8", e~, H, and OH. AlsoH, O will compete as a base, probably
H,O + CO +NHj3 mixtures which have been UV photolyzedveakly, withNH;3. Reactions of CO will take place, and these
and proton irradiated. Some differences exist in the 600! have been described (Hudson & Modre 1999). However, the
region, but they are far outweighed by the similarities acrof&smation ofNH; andOCN~ will proceed as already outlined.
the two spectra. Finally, Figl 5 demonstrates the smooth con-
version of CO intdCN~ with increasing radiation dose. After ) )
~ 28 eV molecule~!, 88% of the CO has reacted (assuming aff- DIscussion

intrinsic band strength(CO) = 1.1x10~"" cmmolecule™, e first summarize the arguments for €N~ assignment
Gerakines etz[. 1995) and Yﬂofthat carboanijCN_ (as- and then address the implications of the experiments carried
sumingA[OCN™] = 4 x 107" cm molecule™", d’Hendecourt oyt and the reactions written. Finally we make a few general

& Allamandola 1985). o _ ‘comments concerning interstellar ice chemistry.
The primary action of the incident protons in our radi-

ation experiments is to cause ionizations among the sample .
molecules. Ejected electrons travel through the ice sample lefvt: Comments on the OCNassignment

ing a trail of chemical change, including free radicals, ions, amgbaders unfamiliar with interstellar ice analogue experiments
neutral molecules. For the case of irradiated COMH;3, re-  may wonder how the broad, overlapping features in IR spectra
actions can be written by analogy with irradiatddO + CO  of mixtures can be assigned to specific molecules. Admittedly
(Hudson & Moore 1999): tables of group frequencies provide little help. In general, how-
_ ever, four different approaches are available, and as many as
NH; — NH; ™" +e (11) possible ought to be employed when there are ambiguities. The
NH; " + NH;z — NH; + NHJ (12)  four approaches are)(comparison with reference spectra in
cices, (¢7) isotopic substitution,i¢z) experiments to selectively
alter reaction pathways, anéb] arguments based on reaction
chemistry. In assigning the 2166~ 'band in processed CO +
ﬁHS ices toOCN, all but the first approach have been used;
preparing a solid-phase mixture of a salt and two gaseskt 15
NH} 4+ e~ — NH3 + H (13) is non-tr|y|al. ' . . '
The first test applied to th@ CN~ assignment was isotopic
NH, from reaction [I2) will combine with CO, leading tosubstitution. Experiments witt’N and'2C by Grim & Green-
HNCO, NH;, andOCN~ by reactions[{2) and3). The mainberg [1987) showed that the 2160~ band shifts as expected
reaction of CO not involving a nitrogen-containing species witbr OCN~. Later, detection of weakédCN~ bands, as well as
be formation ofCO,, presumably by a path similar to that in'*O experiments, were found to be consistent with this assign-
photolyzed neat CO (Gerakines et al. 1996). ment (Schutte & Greenberg 1997). The scavenging experiments
Another mechanism operating in ion irradiations involvesf Demyk et al.[(1998) constitute a second test of @{eN~
recombination of the original electron-cation pair followed bgssignment. They clearly demonstrated that the carrier of the
dissociation into NH and H atoms. This is shown below: 2160cm ! band is stable in MTHF, a reliable indication of an-
ionic character. A third argument for tli@CN~ assignment is
NH;3 — NH3" +e” — NH;" (14)  the analysis of the reaction chemistry given in this present pa-
NH;* — NH; + H (15) per. As already mentioned, knowledge of reactions in processed

The formation ofNH in reaction[I2) contributes to the broa
NH; band in the 1486m " region of Figl2. Neutralization of
NH; from reaction[(IR) by ejected electrons will prevent th
NH; abundance from continuously rising:
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H,0O + CO ices leads to certain expectations for processed €antradicts the electron scavenging experiments. HNCO was at
+ NH; ices. The agreement between those chemical expedts-greatestabundance when eith€tCl, or SFg was present
tions and the experimental observations strongly implies thatremove electrons. Two-photon processes also appear rather
the underlying chemistry is understood and that@t&N— as- unlikely.
signment is correct. In our experience chemical changes in UV-photolyzed ices
are nearly always interpreted in terms of neutral free radicals
and acid-base chemistry. Our suggestion of electron transfer is
somewhat novel, and additional work is needed to test it, such
The similarities between the spectra of irradiated and phas scavenging experiments with other photolyzed mixtures. If
tolyzed CO +NHj ices, as shown in Fids. 2 afdl 3, point tsubstantiated, our suggestion will help explain similarities in
a common chemistry for the two types of processing, and ithe chemistries of irradiated and photolyzed interstellar ice ana-
deed common reactions have already been noted. The m#ggues, and may even suggest new interpretations of published
difference between the reaction networks written so far for phexperiments. For examplB,O, the most abundant interstellar
tolysis and irradiation is electron-transfer reactions during radite molecule, may undergo photoejection in the same way as we
olysis which leads to ions. To test the extent of this differencsuispect for isoelectrondHs. Another common interstellar ice
scavenging experiments can be performed. Specifically, to testnponentCO-, is ane™ scavenger. The importance of this
if electron transfer is occurring in@hotolysisexperiment with property in understandingO- ice experiments and interstellar
CO + NHj; ice, an electron scavenger can be added. The fdde observations remains to be investigated.
mary effect will be to remove a certain fraction of electrons that In our opening paragraph we said that the “XCN” band at
would ordinarily neutraliz&VH in reaction [IB), thus raising 4.62,m is one of two major unidentified features in 1ISO spectra
this cation’s abundance. If electron transfer plays no part in praf-interstellar ices, the other being a prominent absorption at
tolysis of CO +NHj ices then an electron scavenger should n6t85um. Although this paper is concerned primarily with the
influence the final products. laboratory assignment and formation@EN~, the results may

We suggest that the relevant experiments have already bgepact interpretations of the 6.86n interstellar ice feature.
done by Demyk et al[ (1998) and that the results indicate tt@he consideration for any interpretation of that band, and for
electron transfer occurs in UV-photolyzed COHjs. Theirex- laboratory ice chemistry, is the balance of electrical charges.
periments with botk’'Cl, andSF clearly showed thatthisH,  Our work shows that there may be multiple contributions to the
abundance increased, relativeQ@ N, as already described.positive and negative ion inventory in ices, depending on ice
These particular scavenging experiments imply that there ammposition and the reaction mechanisms at work. Although
two sources for the products observed in the UV-photolysis eseme of the contributing ions may be observed, others may be
periments, one based on acid-base chemistry and the othedifficult to detect. IR bands oNH,}, OCN—, and HCOO~
electron transfer, similar to what is seen in radiation expegre known, reasonably strong, and characteristic of these ions.
ments. Much lessis known about potential contributors frai-, such

Although we have not identified the precise source of tt&s HCQ) and CG~, protonated forms of alcohols and ethers,
electrons taking part in the photolysis experiments, we suspantl even the ionic contributors froff, O radiolysis, OH and
NH;. Its gas-phase ionization energy lies beyond the outgdiOt.
of hydrogen-discharge lamps, but the more relevant physical
property is the energy needed to photoeject an _electron in €-onclusions
condense@morphous phase. Itis not unusual to find thresholds
for photoemission of electrons in a condensed phase to lie befblrough an examination of published data and new experiments,
gas-phase values. One is reminded of the substantial differengehave determined that electron-transfer reactions can take
between gas-phase ionization energies of some metals andplaee in UV-photolyzed ices. This conclusion helps to explain
values of their work functions. In liquid,O, photoejection why the UV- and ion-induced chemistries of these ices appear
of electrons has been seen at energies down to about 6.5te\e similar (Figg.1434). Depending on the importance of elec-
well within the range of hydrogen-discharge lamps, althougton transfer, realistic UV processing schemes may need to in-
the gas-phase ionization energytbfO is 12.6 eV (Boyle et al. clude botHH™ transfer (conventional acid-base) andtransfer
1969). (oxidation-reduction) along with reactions of neutral free rad-

We have considered other electron sources in Uigals. Such schemes may not have the virtue of simplicity but
photolyzed CO N H; mixtures but they do not appear realisticthey will have the benefit of explaining the observed chemistry,
For example, an argument might be made for photoejectionvgfiich is of greater importance. The experiments published by
an electron fronOCN—, but considering the resistance of isoDemyk et al.[(1998) are an excellent beginning.
electronicCO, to UV exposureOCN™ is not expected to be
an efficient source of electrons. Even if an electron were p
toejected fronOCN ™, reaction[(B) should be drawn to the righ, .1 NASA Grant NAG-5-1843 and the NASA/ASEE Summer Fac-
to produce yet mor&H; andOCN™ at the expense of HNCO, ulty Fellowship Program (1996, 1997). Eckerd College is acknowl-
so that the acid will be completely consumed. However thigiged for a research leave to RLH to complete this work. Claude

4.2. New reactions and a suggestion
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