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ABSTRACT

Millimeter observations of pre- and protostellar cores show that the abundances of the gas-phase tracer mol-
ecules, ¢°0 and NH*, anticorrelate with each other and often exhibit “holes” where the density is greatest.
These results are reasonably reproduced by astrochemical models, provided that the ratio between the binding
energies of Nand CO,R,. , is taken to be between 0.5 and 0.75. This Letter is the first experimental report of
the desorption of CO and ,Nrom layered and mixed ices at temperatures relevant to dense cores, studied under
ultrahigh vacuum laboratory conditions using temperature programmed desorption. From control experiments
with pure icesR;e = 0.923+ 0.003, givek,(N,-N,) = 790+ 25 KanH, (CO-CO)= 855+ 25 K. In mixed
(CO:N, = 1:1) and layered (CO above or below)Nce systems, both molecules become mobile within the ice
matrix at temperatures as low as 20 K and appear miscible. Consequently, although a fraction of the deposited
N, desorbs at lower temperatures than CO, up to 50% of thendlecules leave the surface as the CO itself
desorbs, a process not included in existing gas-grain models. This codesorption suggests that for a fraction of
the frozen-out molecule®,. is unity. The relative difference between the CO gnidding energies as derived
from these experiments is therefore significantly less than that currently adopted in astrochemical models.

Subject headings: astrochemistry — infrared: ISM — ISM: molecules — methods: laboratory
Online material: color figure

1. INTRODUCTION mately entwined. MH* is considered a more suitable gas-phase
) . tracer than €O because its abundance can remain constantwhen
Dense molecular clouds are the starting point in our under- co jg depleted (Bergin et al. 2001; Tafalla et al. 2002; Di Fran-
stand_lng of star formation. These regions evolve toward char- .ggcq et al. 2004; Pagani et al. 2005; Jargensen 2004). However,
acterlstlca_llly cold £10 K), centrally concentrated, prestellar depletion of NH* (and thus N) has been detected within the
cores, which then collapse to form protostars. The fundamentaljonsest regions of the prestellar B68 dark cloud (Bergin et al.
properties of these cores are determined almost exclusivelyzooz)’ around the Class 0 source IRAM 04191522 (Belloche
from observations of optically thin gas-phase tracers. However, g aondré 2004), within starless cores in L183 (Pagani et al. 2005),
as cores evolve toward the collapse phase, densities increasgnq in a range of sources in Oph A (Di Francesco et al. 2004).
and the timescales for volatile gas-phase molecules to deplete |, gas-grain models, the relative abundances of gas-phase CO

onto grains become shorter than the age of the core (e.g., Caselli g, are governed by the balance of the freezeout timescales—
et al. 1999; Walmsley et al. 2004). Of the critical processes \,nich depend mostly on density—and the desorption time-

governing chemical differentiation in starless cores that are not ¢.o1es—which depend mostly on the grain temperature, binding

)éet well understo?d, a key issue is the relative frehezeo:cjt andenergies, and desorption kinetics. Models reasonably assume that

BeLz(;rptlon rates of CO and RBergin & Langer 1997, hereafter ¢ hoth molecules, and at grain temperatures lower than 10—
)- 15K, all sticking probabilities are very close to 1, so the freezeout

i’ o -
q C™0 accurately traces the d'?tr:!blﬁt'on. of irgaterigl in cold, imescales are identical for a given grain density. By using first-
ense cores, except in regions of high extinctien Mag; order desorption kinetics, with preexponential factorss

e.g., Kramer et al. 1999). When CO becomes frozen out ONt04 12 51 models can reproduce thet! and CO observations

the Slgfé‘ceﬁ of coldhduseES%ralr;s, 3 correspondglg drop is |0b'by assuming that the difference between the desorption rates of

Zgrovf T;?atllaeegtlzsl_pzo%sz' Paaagineggfezc()%sg)” ar?drg:;%(];g al coand N is a direct function of the ratios between their binding

is detected (e.g Chiar et aIg 1998: Whittet et al. 1998 and S€"91€SRee = Ey(N>-N,)/E,(CO-CO) . For example, BL9Y set
I ' ’ : Rqe at 0.65, based on the ab initio calculations of Sadlej et al.

references therein). Unfortunately, i not directly observable ( '
. oo : 1995) and assuming,(CO-CO)= 960 K. Subsequently, Ber-
in the gas phase, and the vibrational band strength of $biid gin et al. (2002) used an extension of the BL97 chemical model

is around 5 orders of magnitude lower than the correspondingto reproduce their observations ofH in B68, with initial

band strength of?CO, making its detection in interstellar ices P i ) '

; : : values for the binding energies G0-CO arid-N,  of 1210

impossible (Sandford et al. 2001). The, bas abundance is d 750 K tivel = 0.62 ithouah best fits to th

therefore inferred from observations of its chemical “daugh- and 7~ , respectivelyRge = 0.62 ), although best Tits 1o the
emission spectra were actually obtained wiE)(N,-N,) =

ters,” such as pH-". 900K (Rsz = 0.75. Conversely, Aikawa et al. (2003) assume

The detailed chemical network of ,N* formation and de- . .
struction is described in detail by Jgrgensen et al. (2004), showingIhat the valueR,: is even lower than that used in BL97. The

that the chemistries of CO,,NN,H*, HCO*, andH: are inti- range of binding energies applled_ln each case arises owing to
a lack of relevant laboratory data in the literature.
To accurately model the enti€O-N, gas-grain system, a
*Raymond and Beverly Sackler Laboratory for Astrophysics at Leiden minimum of five binding energies need to be known, name|y’

cl)ebisza\ijar:i(\)/r%l Postbus 9513, 2300 RA, Leiden, Netherlands; fraser@strwthOse fOI‘NZ—Nz ,CO-N2 ,HZO-NZ,CO-CO, ande 0-CO, to-

2 Current address: Division of Geological and Planetary Sciences, California 9€ther with a knowledge of the order of reaction and pre-
Institute of Technology, Mail Stop 150-21, Pasadena, CA 91125. exponential factor in the rate equations describing the desorp-
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S — trometer (Pfeiffer Prisma). TPD is a well-established method

8 - X — "o (m/e = 29) . in surface science for determining surface-adsorbate binding
1 "*N, (me = 30) ] energies (e.g., Attard & Barnes 1998, p. 72; Woodruff & Del-
7—_ 7 a. pure ice | char 1994).

] Mixed (CO:N,) and layered (MCO) ice morphologies were

| studied. For completeness, control experiments were conducted
w on pure CO and pure Nce films. Previous spectroscopic stud-
Tl ies have shown that almost equal amounts giNd CO can

4 be frozen out onto interstellar grains without detectably af-
c. °CO over "N;] fecting the line profile of the solid-CO vibrational band (Elsila
et al. 1997). Therefore, the three ice morphologies were studied
in equimolar ratios. To enable the two molecules to be dis-

lon current / nA
(4]
1

]

a5 ] criminated from each other (and the background signal) with
i d.™N_over “co_| mass spectrometry, isotopes of both molecules were used, i.e.,
" | T e———— *CO (Cambridge Isotopes, Inc., 99%jye = 29 , atiil,
20 25 30 35 40 45 (Cambridge Isotopes, Inc., 98%jye = 30

In the pure and layered ice morphologies, the gases were used
as supplied; to form the mixed ices, a 1:1 gas mixture of

Fic. 1.—TPD spectra ofg) pure CO (40 L) and N(40 L), (b) an intimately BCO™™N, was pre-prepared then mounted on the chamber. The
miéeod quuingafo-l\bd ice (g%LI total %pf“@) an Nzl'ayef (;‘g t) over dosing rate for ice-film growth was set prior to cooling the sam-
o (n?éei(zg) ). anad a C bla?lg?,{lz( (nVe):\g) an Mayer (4 ng{y. The Ple, by sequentially backfilling the chamber with the gas(es) of
heating rate is 0.1 K minuté. The two dashed lines are superposed on the INt€rest, to a pressure of aroufidx 10°°  mbar, equivalent to
plot to show the positions of the desorption peaks of the 40 L pure samplesan ion reading on the mass spectromete¥.6fx 10 ° A for
of N, (gray) and CO black). both**N, and**CO. After cooling the substrate to 12 K, the ice

films were grown by opening the preset flow valve for exposure

tion processes. In light of these needs, the best laboratorytimes equivalent to a dose of 40 langmuirs (L) per sample gas
analog mimicking the interstellar case would be the tertiary ice (Wherel L~ 1 x 10°° torr s), i.e., the number of molecules of
system,N,-CO-H, O , where CO and,Nare sequentially or ~ €ach gas deposited on the surface is equivalent to the number
coadsorbed on a preexisting porougO-ice layer. One such ~ of molecules in 40 monolayers of a nonporous condensed solid,
qualitative study has been made under high-vacuum conditions2ssumingl x 10" molecules crh The value of 40 L was
showing that, after codeposition of all three molecules (pro- chosen for two reasons: First, it is the upper limit to the number
ducing a mixed ice), more CO than, Mecomes trapped in  of equivalent monolayers of pure CO ice condensed on grains
H,O ices (Notesco & Bar-Nun 1996). However, no mention is ©n lines of sight to low-mass stars, as determined by Pontoppidan
made of the kinetics or binding energies in the paper, and aset al. (2003). Second, additional experiments (not shown here)
its focus was CO and Nn cometary systems, the ice surface indicate that at this ice thickness the behavior of the sample is
was held at temperatures in excess of 40-50 K, not relevantsubstrate-independent (S. E. Bisschop et al. 2005, in preparation).
to cold, prestellar cores. Finally, the ice sample was warmed from 12 to 80 K at a rate

It is known from observations that in many pre- and pro- of 0.1 K minute’* while the desorbing gases were monitored at
tostellar cores, up to 90% of the CO is frozen out in a distinct the mass spectrometer.
layer separated from the,8 ice (Tielens et al. 1991; Pontop-
pidan et al. 2003). If B freezes out subsequent to CO, it is 3. RESULTS
likely to form an ice layeabovethe CO ice, creating segregated
N,/CO ices, or if CO continues to accrete to the grain, a mixed
CO-N, ice. Consequently, the interplay between CO and N
during their desorption from binar£O-N, ice systems is
equally relevant.

Temperature/ K

The TPD spectra from each of the ice systems are shown in
Figure 1. Equal amounts of either, [gray traces) or CO (black
traces) contribute to the TPD signal such that the integrated
area under each TPD curve is constant to withif% and the
desorption characteristics of the different ice morphologies can
be compared directly.

Pure ices—In Figure B, the data from 40 L exposure pure

The apparatus used here, CRYOPAD (F. van BroekhuizenCO and N ices are overlaid. It is clear that,esorbs at lower
et al. 2005, in preparation), is very similar to the other Leiden temperatures than CO. TPD data from layers of higher and
instrument, SURFRESIDE, described in detail elsewhere (Fra-lower exposures (not shown) confirm that, at 40 L exposure,
ser & van Dishoeck 2004). Briefly, the experiments were per- the desorption kinetics of Nand CO are zeroth order, like
formed in an ultrahigh vacuum chamber, reaching base presthose of HO, i.e., the preexponential factor will typically have
sures of better thad x 10° mbar. At the center of the @ value between fdand 16° molecules cm® s (Fraser et
chamber is a gold-coated copper substrate, mounted in closé@l- 2001; Collings et al. 2003a), and the desorption rate is
thermal contact with a closed-cycle He cryostat, which cools independent of the amount of CO o &dsorbed at the surface.
the whole substrate to 12 K. The system temperature is mon-If we assume the enthalpy of adsorption and desorption in these
itored with two thermocouples, one mounted on the substrate,SySteéms are equal, the mean desorption energies (in units of
the second by the heater element. Ices are grown in situ, bykelvins) are equivalent to the mean binding energy and can be
exposing the cold substrate to a steady flow of gas, directed@Pproximately estimated from the TPD peak position (Attard
along the surface normal. Desorption is induced by linear heat-& Barnes 1998, p. 72),
ing of the substrate (and ice sample): during film growth or
temperature programmed desorption (TPD), gases liberated E, = Tpeax X 30.068, 1)
from the surface are monitored using a quadrupole mass spec-

2. EXPERIMENTAL PROCEDURE
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Fic. 2.—Fraction of N desorbing from pure and mixed ice environments
in each of the ice systems studied as a percentage of the totlddrbed at
the end of each experiment. See text for details.
giving E,(N,-N,) = 790 + 25 K and E,(CO-CO) = 855+ 15 o
25K, respectively R;zc = 0.923+ 0.003). The error bars on ]
E, arise from a conservative estimate of the range in which
T,..actually lies, given that in zeroth-order desorption the TPD a. mixed ice b. layered ice
peak position shifts to higher temperatures and higher inten- BN, / 13CO

sities as the surface coverage increases. It should be stressed
that th!a mean desorption energies quoted throughout this Letter . 3.—Summary of the desorption behavior of CO angdwithin astro-

are estimates and the absolute values &,  can only be ac- nomically relevant ice systems. Pure CO angdake represented by light gray
curately determined from kinetic models of the system, the and dark gray shading, respectively; mixed ice regions are checkered. De-
subject of a future publication. Consequently, the error bars aresorption is indicated by the wiggly arrows)(Mixed ice: The ice components
larger than those obtained from the TPD peak positions alone,Pedin segregating as soon as the ice is heated, forming layers of CO,and N

; . . below and above the remaining ice mixture. Further heating leads to the onset
which can b_e re:_:ld more precisely and are .reprodu.uble 10 of N, desorption from the segregated IMdyer and then codesorption of CO
+0.05 K for identical surface coverages. Within experimental and N, until all the N, has desorbed. Finally, only CO is desorbing from the
error, ourk, (CO-CO) is consistent with that reported by Coll- surface. k) Layered ice: As the MCO layered ice is heated, the majority of
ings et l. (20032) 0830:2 20 K. Our values are slso close Jymeerlesdosom drecty om b pper e ol bmtionr "o,
to the SUbIImat.lon enthalple_s of,Nand C_O determined from between the two ice layers, and a fraction of tﬁemblecules subsequentlyg
IUPAC accredited data (Lide 2002), i.e756 = 5 K and codesorb with the CO moleculessep the electronic edition of the Journal
826 + 5 K, respectively, giving a ratid;. = 0.915 pper  for a color version of this figure.]
limit = 0.923 lower limit= 0.903.

Layered ices—In Figures t and M, TPD data from layered  each TPD trace is a linear combination of these two contributions.
CO-N, ices are shown. As with the pure CO-ice samples, the The results of this analysis are shown in Figure 2, where the
onset of CO desorption occurs at around 26 K, and over 95%error bars arise from the uncertainty in the initial scaling of the
of the CO has desorbed by 31-32 K. It seems that CO only pure N, trace. The fraction of Ndesorbing from the pure and
desorbs from a CO-dominated environment, although in com- mixed ice environments depends intrinsically on the initial mor-
parison to the pure CO sample the presence oy result phology of the ice system. If Ns deposited above an existing
in a small increase in the range of binding sites from which CO ice layer, the majority of Nmolecules do desorb prior to
desorption occurs, accounting for the slight broadening of the CO, whereas when Ns deposited below a CO layer about 50%
TPD profile. The mean desorption energy of CO molecules of the N, molecules codesorb with the CO. This implies that the
from the ice,E,(CO-CO), is855+ 25 K, and like the pure desorption kinetics are unchanged between layered and pure ice
CO ice, the desorption kinetics of CO in layer€®d-N, ice systems (i.e., still zeroth order) arid,c is unaltered, i.e.,
systems follow zeroth-order kinetics. Rse = 0.923+ 0.003 The value E,(CO-N,) is determined

Although a significant fraction of the Ndesorbs at lower  from the codesorbing fraction of Ni.e., =855+ 25 K, i.e.,
temperatures than CO, i.e., 24-27.5 K, a second peak is clearlyR;. = 1, although further differential Nexposure experiments
visible in the desorption profile of the layered ices, corresponding are required to confirm this value.
to codesorbing N This is interpreted as some fraction of the N CO-N, ice mixture—In Figure b, the mixed ice CO TPD
molecules becoming mobile and diffusing into the CO ice, where data are broadened and shifted to higher temperatures in com-
they become mixed. To establish the relative fractions of N parison to the pure CO ice or layered ice systems. From the
desorbing from each environment, a simple analysis was un-leading edge of the CO TPD trace, plus evidence from thickness-
dertaken. The pure NTPD trace (Fig. &) was scaled to fitthe  dependent studies (not shown), it appears that the CO desorption
leading edge of each of the othey WPD traces (Figs.d-1d), is hindered by the presence of.N'his results in a small shift
then subtracted. The integrated area under the scaled, pure-Nin the TPD peak position, commensurate with a rise in the mean
trace was then attributed to, Mholecules desorbing from a pure  desorption energy of the CO molecules, iE,(CO-CO)=
ice environment, and the integrated area under the remaining885 + 25K. This implies that the majority of the CO molecules
curve to a mixed ice environment, under the assumption thatin a mixed ice desorb from slightly different binding environ-
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ments to those from which desorption occurs in pure and layeredWithin experimental error, these values are consistent with
ice systems. Figure 2 shows that at least 50% of theriginally those obtained by Collings et al. (2003a) but significantly
deposited in the mixture actually codesorbs with the CO. The smaller than thé&, (CO-CO) value of 960 K (Sandford & Al-
remaining N desorbs from an environment resembling a pure lamandola 1990) used in BL97 &,(CO-Si0O,) of 1210 K
N, ice layer: it is therefore reasonable to assume that sogne N (Bergin et al. 2002). The latter value is closer to the experi-
becomes segregated in a layer separated from the remaining icenentally determined value d,(CO-H,0O)= 1180+ 20 K
mixture upon heating. For this segregated fraction gf N (Collings et al. 2003b; Fraser et al. 2004). It is clear that the
Rz = 0.893+ 0.003 due to the rise in the mean desorption most suitable ratio between the binding energies cdidl CO,
energy of CO; for the remainder of the,NR;z = 1. Rae, 1S 0.923+ 0.003 for all cases where Ndesorbs from
“pure” ice environments. HoweveR,. = 1  for the fraction of
N, that codesorbs with CO. The lowest empirical value of
Rae, 0.893+ 0.003 is found in mixed ices, where the lower
The results from these experiments, summarized in Figure 3,ratio reflects the rise in the mean valuel{CO-CO) . Nev-
have a direct impact on the modeling of CO anddd¥sorption ertheless, all these ratios are significantly greater than any of
in prestellar and star-forming cores. First, since the desorptionthe values adopted by BL97, Bergin et al. (2002), or Aikawa
behavior of layered and mixed ices is not identical, a decision et al. (2003). Such a situation mimics that explored at the end
has to be made on which of these systems most suitably emulatesf BL97, whereR;c was set to 1, to study the effects of the
the interstellar case. Second, the desorption kinetics of CO and\, binding energy on M* depletion, which was then en-
N, should be modeled as zeroth- and not first-order processeshanced by 2 orders of magnitude. These new laboratory data,
with adopted rates independent of the surface concentration ofiwhen applied to models of dense cores, will certainly decrease
the molecules, with preexponential factors in the rate constantthe anticorrelation between gas-phase CO anH*Nabun-
of 10°%-10** molecules cn? s™* (Fraser et al. 2001; Collings et  dances. The next step is clearly to address detailed modeling
al. 2003a). Depending on the initial ice morphology and assum- of the CO-N desorption kinetics followed by empirical studies
ing that depleted molecules play no part in any grain-surface of the tertiaryCO-N,-H,O ice system.
chemistry, some fraction of the,Mriginally frozen-out on in-
terstellar grains will only desorb as the CO multilayers them-  We are grateful for comments by J. Jgrgensen and T. Bergin
selves desorb. and funding from NOVA, the Dutch Research School for As-
Irrespective of the ice morphology, this work gives tronomy, and an NWO Spinoza grant to E. F. v. D; K. . O
E,(N,-N,) = 790 + 25K andE,(N,-CO) = 855 + 25 K, ex- is grateful to the summer undergraduate research fellowship
cept in the mixed ice, wher&, (CO-CO)= 885+ 25 K. program at Caltech for sponsoring her visit to Leiden.

4. DISCUSSION
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