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1 . A B S T R A C T 

Thi s pape r summar i zes ou r unders tanding of the dominan t D-reservoi rs in molecu la r c louds 
and suggests poss ib le direct de terminat ions of the D-abundance . It is conc luded that 
rotat ional H D lines from shock regions p rov ide the best w a y to de te rmine the gas phase D -
abundance . In co ld dense cores , the dominan t gas phase D-reservoi r is l ikely to be a tomic 
D , because of expec ted inefficient H D format ion on grain surfaces. T h e gas p h a s e D -
abundance der ived from observat ions of dense cores is « 5 x l 0 ~ 6 / n 4 (with n 4 the total 
densi ty in uni ts of 10^ cm~3). A large fraction of the D ( « 5 0 % ) m a y be locked u p in 
deutera ted molecules in grain mant les . A small fraction («2%) m a y b e locked u p in the 
pho to lyzed res idues of such grain m a n d e s . P A H s will a lso b e deutera ted ( P A D s ) , 
con ta in ing « 1 % of the D . Final ly , it is l ikely that all of these processes have cont r ibuted to 
the D-enr i chment observed in solar sys tem materials . 

2 . I N T R O D U C T I O N 

T h e e lementa l D-abundance and its gradient in the galaxy has important impl icat ions for ou r 
unders tand ing of the origin and early evolut ion of the universe; ie . , is the un iverse c losed 

by exot ic dark mat te r o r by whi te dwarfs resul t ing from an ear ly epoch of star f o r m a t i o n 1 . 
Fu r the rmore , var ious componen t s enr iched in D have been isolated from ca rbonaceous 
meteor i tes and interplanetary dus t par t i c les 2 . Th i s D-fractionation probably reflects an 
ancestry da t ing back to molecular c louds. Pas t studies on the D-abundance in molecu la r 
c louds have rel ied on measur ing trace species and relating their abundance back to the 
d o m i n a n t D-reservoir . H o w e v e r , because of the zero-point energy difference, a b u n d a n c e s 
of deutera ted species are very susceptible to fractionation effects and thus sensi t ive to the 
local physical condi t ions. A reliable determinat ion of the D-abundance requires a direct 
s tudy of the d o m i n a n t D-reservoirs . 

3 . DEUTERIUM IN WARM DENSE CLOUDS 

In w a r m dense media , such as P D R s and shocks , the deu te r ium chemis t ry is d o m i n a t e d by 
neutra l -neutra l react ions , in part icular, D + H2 - -> H + H D . T h e convers ion of D in to H D 

b y this react ion is m u c h faster than the shock cool ing t ime (x«N(H2)/[noVs]) and all D 
should be in the fo rm of H D in this shock (Fig. 1). L ikewi se , a l though p rev ious ly 
neglected , this neutral react ion is m u c h faster than grain surface formation in P D R s (Fig. 
1). H o w e v e r , in P D R s , photodes t ruc t ion quickly rever ts the H D back in to D and, un l ike 
shocks , D is the dominan t reservoir . 
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Fig. 1: The rate of D-HD conversion in warm 
gas for an H2 density of n o = 1 0 5 cm" 3 . Also 
indicated are the conditions characteristic for the 
Orion shock (derived from the 2pm vibrotational 
H2 lines) and the Orion Bar PDR (derived from 
the rotational H2 lines). 

Fig. 2: Predicted intensities of rotational H2 and 
HD lines for the Orion shock as a function of their 
excitation energy. The assumed column density and 
temperature are characteristic for the observed CO 
and pure rotational H2 lines, gas downstream from 
that observed in the 2um H2 lines. 

Since all D is in the form of HD and the gas is warm, shocks present an excelent probe 
of the total gas phase deuterium abundance (Pig. 2). Although line-to-continuum forms 
somewhat a problem for the HD lines, these lines are measurable with present day 
techniques. Careful selection of HD and H2 lines from similar excitation energies will allow 
a direct estimate of the HD/H2 ratio, circumventing the rather uncertain aspects of shock 
theory. Although the figures are geared towards the Orion shock, any strong shock («35 
km/s) will do and this may present the best oppertunity to measure the elemental D gradient 
in the galaxy. 

4 . D E U T E R I U M IN C O L D DENSE C L O U D S 

In recent years it has been realized that D-fractionation is more complex than previously 
thought since both D and HD may be important reservoirs 3* 4. The atomic D abundance can 
be directly and reliably determined from observations. The atomic H and D abundances are 
governed by very similar reactions; ie., formation by dissociative recombination of 
molecular ions (HCO + and DCO + ) , and destruction by accretion and reaction on grain 
surfaces (Fig. 3). The atomic D/H abundance ratio in reflects therefore directly that of these 
gas phase ions. The DCO+/HCO+ ratio is observed to be about 0.05 in dark c louds 5 ' 6 . 
Thus, the atomic D/H ratio is «0.05, much larger than the deuterium cosmic abundance. 
Now, the H abundance is essentially a balance between cosmic ray ionization of H2 and 
accretion on grain surfaces and is «1 c m - 3 . Thus, the fraction of the deuterium in the form 
of atomic D is about O.5/114, assuming an elemental D abundance of 10" 5. 

The HD abundance is much more difficult to estimate. Generally, it has been assumed 
that HD is efficiently formed on grain surfaces, which implies then: HD/D«4n4 (Fig. 3). In 
that case, most of the deuterium would be in HD in dense cores. However, the atomic H 
abundance is very low in dense dark clouds («1 c m - 3 ) and the H accretion rate on grains is 
less than that of the heavier species (ie., O, CO). Almost all accreted H and D will then 
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Fig. 3: A schematic view of the important reactions involved in the exchange between the two important 
gas phase reservoirs of deuterium, D and HD. 

react to form H2O, HDO, etc (see below) and HD formation is inefficient7. Gas phase 
formation of HD is also inefficient (Fig. 3) and leads to HD/D^IO" 2 H+/H3+. Although 
somewhat depending on the details of the chemistry, the HD/D ratio in that case is «10"i-
10~2 and D is the dominant reservoir. In warm gas (T>25K), HD is the important reservoir 
since H2D+ will be channeled to HD rather than DCO+ (Fig. 3). 

Thus, in summary, HD formation on grain surfaces is probably inefficient and D is the 
main gas phase reservoir in dense cores. The total D-abundance in the gas phase is then 
estimated to be »4xl0~ 6 . This is less than the generally accepted elemental deuterium 
abundance («10~ 5) and, thus, some of the D may well be in the solid state. 

5 . DEUTERATED GRAIN MANTLES 

The atomic D/H ratio in the gas phase is much larger than the elemental D abundance, 

leading to large D-fractionation in grain mantles 7. Moreover, since the activation barrier for 
abstraction of a D-atom is larger than for H abstraction by the zero-point energy difference, 
D abstraction from a deuterated molecule has very low probability. As a result, the 
abundance of some deuterated molecules such as HDCO and D2CO can be considerably 
enhanced over the gas phase D/H ratio. The recent observations of the high D2CO/HDCO 

relative to the HDCO/H2CO ratio in Orion lends some support for this scheme 8 . 
Due to the mass difference, the IR active modes involving deuterium will be shifted by 

from those of the hydrogenated species - typically to the 4.5-4.8jim and 13-15|im 
region, both completely opaque due to telluric CO2. Direct detection of deuterated grain 
mande molecules has therefore to await space borne missions (ISO). Such observations 
will be crucial to determine the total D-abundance in molecular clouds. Of course, they will 
also be important in determining the composition of interstellar grain mantles, testing grain 
chemistry schemes, as well as testing the importance of grain mantles for the gas phase 
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composition of hot molecular cloud cores. In the absence of direct measurements, the 
fraction of D in grain mandes can be guestimated from observations of hot cores. If the 
molecules in hot cores result from evaporation of grain mantles 9 and if we assume that 
accretion was complete prior to the formation of the protostar, the observed D-fractionation 
(HDO/H20«l%) in hot cores implies that «50% of all the D was in grain mantles. Finally, 
this D-fractionation is expected to be passed on to the organic residue formed by UV 
photolysis of these grain mantles. Since « 3 x l 0 - 5 of the H is observed to be in these organic 
grain mandes (via the 3.4|im band) in the diffuse interstellar medium, - 2 % of the D is 
expected to be locked up in this dust component. Although this estimate may be somewhat 
on the low side due to preferential loss of H over D by photolysis, organic grain mantles 
seem to be a rather unimportant sink for D. 

6 . D E U T E R A T E D P A H S 

Two different chemical pathways may play a role in the deuteration of PAHS: 1) Small 
PAHs (<25 C-atoms) highly excited by an UV photon will preferentially "cool" by loss of 

a peripheral H-atom rather than IR emission 1 0 . The resulting radical may react with atomic 
D rather than atomic H. Due to the zero-point energy difference, the ratio of the fission 
rates of H to D is «3 and fractionation can occur this way. In steady state, the fraction, fo, 
of peripheral D relative to H is then given by fo=3 [nrynn]. In PDRs - the prime emission 
zones of the IR emission features - the atomic D/H abundance ranges from ~10~ 5 at the 
surface to =10" 3 at an A v of 5 (H2 goes molecular before HD). Thus, fractionation due to 
this process, although substantial, is too small to be observable. Inside dense clouds, the 
UV field due to cosmic ray excitation of H2 is still large enough to drive the PAD/PAH 
abundance to steady state. Now, of course, nrynn is much larger («0.05, §4) and every 
small PAH is expected to have 1 or 2 of its peripheral H's replaced by a D. 

2) Proton transfer or isotope exchange reactions (PAH + H 2 D + --> PAD + H3 + and 
PAH+ + HD (D) --> PAD+ + H2 (H)) can also lead to D-fractionation of PAHs inside 
dense cores. Assuming typical abundances for the coreactants and realizing that 
PAH + /PAH«1(H, the D-fractionation timescale ^xlOfyiM yrs for both reactions. Thus, 
over the timescale of a dense core every PAH would acquire «1 peripheral D-atom. 
Consequently, in a dense core, about 1% of the elemental D could be locked up in PADs. 
Note that, while the e-sticking coefficient for small PAHs (<50 C-atoms) is small ( - 1 0 - 4 -
10" 2), larger PAHs will predominantly (90%) be negatively charged. These timescales are 
then 10 times longer and PADs are correspondigly less important. Finally, once the small 
PADs find themselves in a UV bright region (ie., IR emission zone), they will quickly 
equilibrate with the local atomic D/H ratio and only PAHs in the 25-50 C-atom range may 
retain the D-signature of dense cores. 
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Q U E S T I O N S A N D A N S W E R S 

C .M.Walms l ey : Why do you think HD is not formed efficiently on grains? 
A . G . G . M . T i e l e n s : When the gas density is higher than ~ 10 4 cm" 3 , the accretion rate 
of heavy molecules (such as CO, O2 and 0 ) is larger than of atomic H. In that case, all 
accreted H atoms will go into hydrogenating these heavy molecules rather than form #2, 
forming an icy grain mantle (ie.ji^O, #2 CO, CH^OH). 

M . G r a y : Do you think molecules of Buckminster-Fullerene type could hold a significant 
of D? 

A . G . G . M . T i e l e n s : Buckminster-Fullerene (Ceo) itself does not have any H and thus will 
not (directly) fractionate. However, partially closed fullerenes are probably hydrogenated 
in the ISM. They are expected to behave like PAHs and could thus D- fractionate as well. 

https://doi.org/10.1017/S0074180900089762 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900089762

