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A b s t r a c t

W( ]JIXWIIL tilnc (I(qwl]clellt  IIlodcls  of tlIc cll(vllical cvolutiol]  of II IOI(YUIFII C1 O U( 1S

~~~]]i(,]]  ill~]~l[]~ (l~l}]~(,ioll  of at,ol~ls  al~[l lII~](:cLl](~s ollt,o  graiIl Su)’f:lccs all(l dcsor])tioll,

as w(>I1 as ,gas-])l  Iasc interactions. \Ve construct ol]c-(liIll(:Ilsiollal  slat) models to solve

llIe al)ulldalIc(w  ill t h e  gas ])llasc and 011 tlIc grail) surfaces as a furtctiolt  o f  (wti]tctio?],

dc]tsity,  arid telnperature. WC il]cludc  tllc  II IiIjOr  g a s  ])llasc forlnaticnl  patlIways for

Cal’lm]l-,  Ox.v,g(’11-, al]d IIitlc)gcll-1.)eal’illg  s]mcies. ‘J’o assms  tile  dlk:clivmlcws  of diflcrcnl,

(I(w)l})tioll  ]I]ccllallisnls  we IIavc i])cludcd  tlIrcc ]Ilccl]al)is]ns  to IYIIIIOVC s])ccics f r o m  t}Ic

grain  I]]a]lt,le:  tlle]l])alcl~a])olatio]), cos]nic  ray  s]mtj  lleati]lg,  a]ld dird ])l)c)tc)cl(>so]])tic)I].

A }vi{ic~]allg;cc  )f])ara]]lctcrs ])accllasl  )cc]lcx])lo]c(lto  cxa]]li])ctl lcabl]Ilda])c[:  ofs])ccies

])rmeIIt  Imtll 011 tllcg  rail) lnalltlcalld  ill tllegas  ])llasc .3s .3 furlctioll  o f  bot]l ]wsitiorl  ill

tltccloud  (visual (xtil}ctic)l])al](l  ofcvolulio]la]y  state (til)lc).

our ])llrc gas pllasc  Inodcl  Iq)roducm  resul ts  sirtlilar  to t])osc de r ived  i]) ])rcvious

II Iodels of gas plIasc  cllc]nistry. IIowevcr,  tlIc rcsu]ts of our  IIlodcls  iIlcludi]lg  dcplctio]]

and  dmor])tio]l  diflcr  frolIl tlIose  o f  ])rcvious  II Iodds  of gas-grai]l  i])tcractiolls  i]] t h a t

lIIolcculcs  rc]]lain  in tlIc gas phase for ti]llcsmuc]l  greater tlla]l tlIe dcpletio]l  tilllcscalcs.

At tllcsc  “la(c)’ till]cst  llcal)llIl(lallccsof  so]]]csi]ll])lcs])c’c.ics  agrmwit}l  aLul]daTlccsol)-

scri’d ill t,]Ic  cold dark cloud  ‘J’ht(;-l . ‘J1]IC doIIli]]aIlt ]nec]lanism  that removes III O] WLI]C:S

frOIII tllc  grail] ]Ila]itles  is cosn]ic  ray dmorptioI); this Il]cchallis]n  do]))illaks  over  a wide

IaIIgC of ccu]ditions,  11(112) = 103 CIII-3 to  105 CIII -3 l~,,,t  <20 1{, and TV >2 ]nag.  1’;VCII

tlloll~ll  cos]nic  ray dcsor])tioIl  ])rcservcs  tllc  gas ])llasc cllc]llistry  at late ti]ncs, II101CCL11CS

d o  SIIOW sigylifica]lt  dcpldions  fro]n tllc  gas p]lasc. I’;xalI)il]atiol)  of the dq)cIIdcIIc.c  of

dcl)lvtio])  as a function of dmlsity  s}Ioww I hat lmtlvcc]l dc]lsities  11(112) =- 10:3 CIn  - 3 to 105

(., ))-3 several  species  includi]]g  ll(;()+ , II(; N, a]ld CNT SIIOW gas phase al~u]lda]lce rcduc -

tio]]s of over  aII order of mag]iitudc.  Systm])atic  com])ariso]ls  of obscrvd  al.)u]]cla])ccs i])

l]igl) dc])sity  al]d low dmlsity  rcg; i]llm  n)ay  ])rovidc  cn’idmlcc  of tllcsc  cflccts.
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We l)rcscIIt .3 }Iishry  of grail) IDant IC growth l(,adi IIg to  several  (Jl)sc]l’atio]]allj”  rclc-

vaIIt  rcsu]ts.  our IIlodcls  ]Jrcdict  t}Iat tllc  grai]l ]Ilalltlm  are do]l]i]latc[l  by (~(), aIId at

lak tilllcs 02, wit]] oIIly tram a]llou]lts  o f  water ice. ‘J1lIC (;():112()  ratio ill t,l Ic grdi]l

]]lal]tl{~ for our s t andard  IIlodcl is OII tllc  order of 1 (1:1, i]] reaso]lable  agrcw]]le]lt wit])

c)l)s~~]i~tltio]ls  of ]lo]l-]wlar  C() icc fea tu res  ill  p ol)hiucus  al]d Scr]mts.  III additio]i,  irl -

cl[ldillg;  0111.Y accI’ciio]I  fro]n LIIC gas plIasc  wit)hout s u r f a c e  rcadio]ls  caIII~oi  ])roducc  a

gIaIII  II Ial Itle colnpoIIelIt  doIl]iIlatcd  by IIzo as is coIIIIIIo]Ily  o b s e r v e d .  \IVcI IIavc alsc)

(’xa[]]i]]cd  the i]]te](lc])c:l](le]lc.e  of (:() dq)lction  wit]) tile  space dcv]sity  of ]nolccular  lly -

dIqyJII  aIId I)i]ldi]lg f31crgy to tllc  grail) surface alId fiIId that tllc  obscmd dcpletlioll  o f

(;() ill ‘1’aIIIus  is i[]co]]sistmt  wit}l (;0 l)o]lding  ill ml IIzo rich rnal]tlc.  WC s u g g e s t  t}lat

i f  ilitcrstcllar  ,grai]]s  consist  of all oukr laym o f  (:0 icc tllm]  tllc  })illdillg  c]lcrgics  f o r

IIlally s])ccics to ihc grail) II]alltllc  lnay h lowm tlIal  I colnmon]y  usd, and  a  si,g;llificalitl

])oltioll  d lnolccular  l]latcrial lllay  lJC IllailltaiIlcd  ill tlIc gas  ])hasc.
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1. Introciudion

over (]Ir  lms( scwra] decades rna])y studies  ]]avc ]XYVI u])dcrtakm to cxa]ni]lc  (}IC c]lcvII-

jstry  occurrjllg  ill tlIc dcIIsc II)olccular  cwll)]mlcllt  of tlIc jlltcrstcllar  Illcdiuln  (cf. (Jradcl,

l,aIIgcr,  ,( l’rcrkil]g  19S2; IJcullg,  llcrl)st!, & 1111( ’1)110’ ]9~4; Mi]]al  all(l ]J1cc*ll~~l  ]{)S4;

lleI  lmt & IJm]lg  1 989; IJal]gcn  & Grade] 1 989). Wit]]  tlIc discovery d over 80 II Iolccular

s])ocics (’I’IIrl  Icr 1 989) t}le study  of cllcIIlical evolutioIl  iIl lnolccu]ar  clouds  is of intrinsic

illtcrest.  llo~~mcr,  sillcc tlIc current state of krIolvlcdgc of IIlolccu]ar  clouds  is  basal  for

tllc  IIIOSt ]mr~ 011 obsmvatioIls  of tllr rotatiolla]  al]d vi})ratiollal  transitio)]s  of a varidy

IIlolcclllal’  s])ccics, kllowldge  of Inolecular fonl~atioll  ])roccsscs  is also IIcccssaIy  iII or-

der to il]tcr])rct lnolcc.u]ar  olmrvatlons  of tllc  ISM.  Sucl I basic quantitlics  as tlIe IIlasscs

of (louds  and  dmlsitics,  which  arc dctcmlincd  fm]n  obscrvatiol]s  of IIlolccular  elllissioll

lillcs,  oftc]l require ap?iori  kIIowldgc  of II Iolccular  abulldanms.

(~llcll]ica]  studies  IIavc collccntratd  allllost  exclusively 011 t}Ic ])UIC g;as })llasc iolk-

lIIolcculc  Cllclllistry  and  llavc bccl] fairly successful in cxplaillillg  t}lc observed al.]ulldallccs

of IIlaIIy II Iolcculm.  JIowevcr  an illllmrtaIlt  UIIkIIOJVII  is to what extent  dust grai  Its afl”cct

{l]c,lllical  l)rocmses. l)ust  .graiIls arc ccrtail]ly ill]l)ortallt in sllicldiIlg  Ino]cculcs  ill tllc

il]trriors  o f  ]]lolmu]ar  clouds  fro]n ])llc)todissocia  tillg radiatio]l.  III additio]l,  tllc lnost

al)lilldallt  IIloleculc’  in Inolcc. ular clouds, 112, c.alil)ot  Lc forlncd  via gas })llasc. l)roccsscs

aII(l  lnust  lx’ forl Ilcd by lIydrogcll  atoms rccolnhilli  Iig oIl grain  surfams  (llolleIl}~acll  a n d

Sal])  de]’, 197]). IIlclllsion  o f  grail) accretion  ;Ilio cllelnical  Ilctworks  IIas slIo~vII  that

for ty]~ical  cloud  densi t ies  (lI(IIz))  w 104 crIl ‘:’) t},c tilncscatc  for *nolecular  dc],letio]]  is

col]]])aral~l[”  to cx}mctcd  cloud  ages. If IIlolccul(% stick Cf[iciently to grain  IIlalltlcs,  all

II Iolcculm  slIould  exist, on tllc  grain  su r faces  and  Ilot ill tllc  gas p]lasc  (Iglcsias  1977).

OIIc dfterlclIt  to including  grail] accretion and  surface reactioIls  jIl c.llclnical Inodcls

lIas I)C(II tlIc  })aucity  of direct  ol)scrvatio~lal  c~i(lcllcc o f  ]noleculcs  OII grain  surfacm.
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11 ()\\ ’c\ ’(’r, iIII]Jrovcd  rmo]ut,  ion al)d sensitivity  of i~lfrard sl)c(:t~OI)l[ltc~s  ]Iavc allow~cd

oljs(’li~:ltic)lls  of solid state almrptiol] liI)es,  ])rovidil)g  cvidcllcc  tliat significant aIIIOUIItS

of II I01CCUIW5 SUCII as 1120 and C() are fIwzclI on grai  I] surfaces towards dcIIse ~)rotostcllar

corm aIId along  liIlcs of sight towards field stars obscured by dmisc  lt)olccular lnatcrial.

l“or a llscfu]  su]ll]nary  of tlIc cllrrc’IIt  S( ak of  ol~scrvatic)Ils  of s o l i d  state frdtl]rcs  see

Wl]itlt(t (1 993).

More  r(’celltly,  lal>coatorj  studies of solid state (;() feat,urcs  colrll)illcd  lvitll  IIigl] Im-

olutio]l  olxcrvat,  ions  of C() icc toward you IIg stars mIIbcddd  iII IIlolcJcular  clouds  llavc

rmcdlcd tlIc ])rmmlcc’of  t\voiIlcic])c:llclc]lt  s]xxtral coInpolIcIIts  alol)g Illallylil]mof  sig}lt.

‘1’ll(!sc Colll])onc]lts, disti]lguisllcd  by tllc  characterist ics of  tlIc almoI1)tioIl  ])rofi]c, are

sugg{~std  t o  I)(: (;() etr]l.)ddd  ill a  lna~ltlc  dollli])atd  hy ])olar Inolcculcs  (c.~. 1120

Salldford  et a l  1 9 S 8 )  aIId a lnant]c  dol])illatcd  Ly Ilon])olar  IIIolcculcs  (Salldford  d a l

1988; ‘1’iclcIIs  et, al. 1991). q’hm’c is little evidcllcr  for tllc  coIIl])oI)cI)ts  t} Ioug;lIt to COIII-

J)risc tl)c  l)oIll)olar  I]la]ltlc  sil]cc tile  IllaiIl  caIldidatm OZ, Nz, allcl  (;02 arc currcIltly

\lllolJscI’viil  )l(’. ‘J’lIc two  grail] ]Ilalltlc  coln]mIlcllts  II)ay re f l ec t  diffc’rmlccs  ill tl]c grai  Il

IIlalltlc  col)stituellts  alcnlg tllc  lil)c-of-sigllt  o r  gas l)l)asc abuIldaIlcc difrcrcllccs  a t  tlIc

ti~]lc  of IIlatltlc  forlnatiml. ‘lllIC diffcmiccs  ill t,lIc p,rai)l lnalltlc  Inay  also dcpmtd  OJI t h e

])roccss(s  wllicll sclectivc]y  ICII1OVC  p a r t i c u l a r  s]wcics  froIIl thr lnalltlc.  ‘1’lIcsc olm:Iva-

1 ioljs  sugges t  t IJat tllc  his tory of  }IOW al]d WlICII Illolcculm  dcl)lcte onto grai]] IllaI~tlcs

i s  very  iTIl]mrtallt,  silice it dc])ellds  0 1 1  w’llat lIIol(xulcs  arc ])rcseIlt  ill t}lc gas l)l)asc a t

variolls  til)l(’s  and olI t})c efficiency of tlIe dcsor])tiol]  ]) Ioccsscs  and  to a sigIlifica Ilt degree

II)ay dctenllillc  tll]c  final coInpositioll  of both tlw gas ])llasc and tile grai  I) IIlalltlc.

‘1’0 cxteIId  ouI kIIowrldgc  of tlIc lllaIitlc  fc)IIIlatioIl  furtllm wc nave IIIodcld gas ])llasc

cllmtlical  cvolutim~ illcludil~g tl)e  ef~ects  of  grai I) dq)lctioIl  and  dcsor])tioll  i)) rcgiol)s  ex-

])os(x1  to CIIIIaIICd ultraviolet (lJ\~)  flux, ‘J’]Icrc  mists a coI)sidcral)]c  }.)ocly of kIIOW]CClgC

of tllc  gas ])1 Iasc c]lclnistry  and cvidcllcc  for tllc  dc])ldioll  of lno]cculcs  onto the surfaces
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of ~raills  (cf. vail I)isllocd  et al 1 993; Wllittd  1 9$)3). III acldi(iol) to ]l-ICaSLI]eII)CIJtS  of’

~;rai t] surface ai.)lll]dallccs t lIcre is also a grolvillg  t~o~l.y of evidcllcc  corlcerllillg  tlic  crosioll

of grain  ltla]ltlcs  l]ear  sites of star for]llatio]l. A t  star forlllatioll  sitm+, suc]t as tlIe orioli

]Iot CON,,  IIigll al~ullda])ccs of 1120 and otllcr ]nolccules  indicate that IIlcwllallisllls  o t h e r

tlIalI p;as ])llasc c]lelnistry a r c  o]mativc  (1’lalnlmk and  Wright)  1987;  IIlakc  et al  19S7).

III t h i s  al]d otllcv }Iot co]llpactj star formi~]g  rcgio]ls  the  a}~ullda~]cc  of dcutcratcd  JIz()

a])])rars  h Iw mIIIaIIcd (Jacq d al 1 990). ‘1’hc olmrvcd  1)/}1 ratios  are coIlsistcI]t  with

forlllatioll  at tclnlwraturcs  < 2 0  K ,  l]lucll  less tllall  t}lc gas tell]])craturc,  suggcstillg  tlic

(Iclltleratml l]lolmulcs  arc tllc result  of fractiollatio]l  at low tclll])craturcs,  ‘t fossilize” 0]1

tllc  surface of tllc  grains,  al)d rc.turni]lg  to L}lc  gas ])llasc as tllc  dust  grains lvarlll u]) with

IIIC ()]lsct  of star fornlatiol].  111 tllc  case of dcwtcratcd  formaldcllyc]c,  ‘1’urncr  (1 990) IIas

co]]cllldml frolll IIlcasumncllts  of doul)ly  dcmtcratd  fo rmaldehyde ,  l)z C(3, that  graills

sllrfaccs  ]Illlst  })lil~’ all active mlc ill t,llc forlnatio]l  of this s]~cc.jcs.

‘1’11(,  i]]l])orta]lce  of Ll]lclelstallcli]lg  tile cfrccts  of graiils  oll cllcln istry is evidmlt.  Siltcc

t IIC ])io)lccrillg  wwrk of’ Salpctcr and  m-workms, severa l  cf[orts  have bcmt dircdcd  ill

t h i s  rcgad. ‘JIIICSC IIavc pmposd  coI1l])licatcd sur face  reaction  IIctworks  and ]l]al]y dif-

fcrcllt  dcsor])tioll  IIldlallisms  to mnove  Jnolcculcs  frol]l  tllc  grain  surfaces (for useful

sul]ll]larim wc Willialns  1993 and llcrbst 1 993). Mal]y of tllc  currcllt  tllmretical  cf[’brts,

SNCII  as tllc  work  I)y IIasegawa  & llcrbst (1993) and  llasesgawa,  IIerhst,  &? l,eu  IIg (1992) ,

lIa\’c (()]l((]ltliitccl  01] s tudying dfects of grain  surface chmnistry  on tllc cllcmicdl  cvo-

llltiol] of lnolccular  clouds  in dc]lsc well sllicldd  rcgiolls. III this study wc extend  tllc

tllcorctical  ]]]odcls  to the exterior regions of lnolccular  clouds  in addition  to tllc  dmlsc

lvc1l sllicl(led  illtcrior. Wc ]nodc] IIow ]Ilolcculal  grain  IIlalltlcs  evo]vc  as a result of tile

coln]wtitiml  I)ctjwccll  ttlc ])roccssm  of (Iq)lc.tioll and dcxmrptio]l, ill order to Cxalllille tllc

tilllc ]listory  of wllicll tllolcc.ulcs am ])rescl]t,  oIl tllc lllalltlc  as a fullc.tion of cloud dq)tll

(lisual  cxtillctio]]). \4~e also cxalnillc tllc  scllsitivit,y  of tllc pmccsscs of dq)lction  and



111 our l)lodc]s  we l]avc illitial]y  takcll  tl)c soliicw’l]at  r e s t r i c t ive  viclv of ]Iot allo}vi]]g

r e a c t i o n s  oli tll]c  grail] II]alltlc  sillcc tllc  additiolt  of surface reac t ions  adds  addit)iollal

co]])l)lcxity  a])d ullccrtai~lty. ‘J’}]e cxc]usiol)  of surface rcactio]ls  is certainly all a])])rc)xi-

lIlal ion,  sil)cc rcactio]ls o]l tl]c surfaces  of grail]s  ale thought  to form lnolecu]ar  llydmgc]~,

tllc  JI]osl abundant  sl)ccics  in ~nolccular  clouds  (Ilollcvlllach  & SaJpdcr 1 970). l]owcvcr,

tllc  ol)scrvatimls  of solid C() cT]llMddccl  in a lmn~mlar Ii]atrix  provides SO]I]C cwiclmlcc of

IJIOICCIIICS tllatl  \vcrc directly  dcpsitcd  cm tlic  grai]~s fro]]l  I,l)c gas l)}lasc  aIId Ilot crcatd

I)y surface })roccsscs (rl’iclcl]s  d al 1991; \Yl\ittct  1993). Wc illtcnd to i,,cluclc  a surface

rcactiol)  ]lctwork  ill futule ]l]odcls.

III scctiol)  2 we ])rcsc])tl  (Il]e cl]clllical  IHodcl tl)at i s  u s e d  t o  cxalnillc tl]c gas-grail]

i]ltcractiol]s. Scctioll  3 prcsmlts the results fro]]] tllc  c})clllical  model  cxaInillillg  lmtll  tile

Iilllc  dcIxvIdcIIcc  of tl]c cllc]nistry a?ld tl)c dqNI)deI]ce  of tl)c cllcrnistry 011 o])tica]  dcpt]l.

Scctioll  4 contains  a ddaild  discussion] of tllc  rcsll]ts  a])plid  to obscrvatio]ls  of botl]  gas

])liasc al)ulldallccs  a]ld grail] surface ahulldallccx. Scct,ioll .5 ])rmellts  a Lricf  sullllnary  of

111(’  l’cslllts.

2. Chemical Model

2.1. Gas Phase Chemistry

‘1’l)e cllcll]ical  rcactiol[ I]ctwork  for gas phase reactions col]sists  of the Illajor forI1latioll

a]ld dmtruclliol)  pat]lwa.ys  for car bon-, oxygc]l-,  al](l IIitjlogcll-bcarillg  sl)ccics.  ‘1’IIc  rc-

actio]l  SC( li]lks 82 s]xxics  thmugl]  a IIctwork  of  1072 rcactiolls  first coin J)ild I)y Viala

(1 986) a*Id later u],datcd by IIcl]ayoull, Nercmsiall, & Viala  (1991). SiIlcc wc arc JIlod-
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elillg lmt]l tllc  dgcs of clouds  al)d illtcrior rcgiol)s tlic  cllc]]lical rcactioll SC1]CI]l C illcludm

tllc  ])ll(]to[lissociatio]l”  and  I)llot[)ic)llizatic)li  of  It]oleculcs. ‘IIIIC transition  froln  atolllic t o

~t]olccl]lar for]]) f o r  IIlost ]llolcc~llar s]nics occurs lIluclI  dcqm ill tl)c cloud  tllall  that

fo r  11  10 IIz. ‘J’llcrcforc  we l]avc not  illcludd  tl)c dfccts  of 112 s e l f - s l l i e l d i l l g .  III our

]Noclcl  tllc  ll~olecula~  IIydmgcn  dmsity rcvllaills collstal)t  ill tilnc. ‘1’l)e lnail) destruction

])rocess for 1 12  i s  coslnic  ray  iollizatio]l  (~ =- 2.0 X 1 0- 1 7  s- ] )  alId tllc  lllaill forlllatioli

]MltlI  is ill)lndiatc  112 forlnatioll  wllcn a }Iydrogcll  atoln s t i c k s  t o  a grail].  11 sl)ould  lw

kcl~ij  il] ]I)il]d,  l)owevcr, tl]at for very slllall values  of visual cxtillction  (< 0.25 -0.5 ]nag)

t IIC alnoul]t  of 112 wi l l  be ovcrcstill)atcd. WC llavc lnadc s e v e r a l  cllallges  ill tltc  Viala

rcactiol]  IIotwork  to bring it UI) to date, wllicll wc desc r ibe  in A])]mldix  A.

2.2. Gas-Grahl  Interactions

2.2.1. l)epletion  and Ilincling

‘1’llc raic of dc]wsitiol]  of a II IOICCUIC  ill I,lIc  gas ])llasc o])to a graili  surface is

wl]erc  a is tllc  grain  radius, ii is the IIlcall tl~ml]al vdocity,  5’ is tllc  stickill~  cocfficiclltj,

al)d ??ur tile  s])ac.e dmlsity  of grains. \4?c ]lavc used  “classical” grains of radius 1000 A alld

s])acc density  ?/gr = 1.3 x 10-’211(}/2) cIll -3. \})c lI~VC assu]nd  a sticking  cocflicicvlt of

1 .() for ill] IIcutral atoms and molcc.ulcs  cxcq)t  almnlic and ]]lolccular  }lydrogcli.  l)uc to

its weak l)illdi]lg,  112 is I)ot cx])cctd to I)c flc])l(~tcd  orito illtcrstjcllar  graills  (Salldford  &7.

Allalllalldo]a, 1992); IICIICC  we adopt a sticking cocfficiwlt  of zero. l“or atoln ic hydmgcvl

w(’ l]avc a(lo])tcd  ,9 =- 0 . 1 ,  lnotivat,cd  by tllcorctica] calculatio]ls of  stickillg  cocfficicrlt,s

l)y l,citcll-l)cv]ill  & Williams (1 9%5).
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liecaus(>  of t hc IIigll thmvllal  l’elocity  of e]ec( rolls cornlmrcd  (0 ]~ositivc ions,  grailts

t ])1”0118]]0[1(  Jll OS! Of i]l(’ illt(’l’St(>]]al’  c] OlldS  (CXCC])t  Jl(’al’ t]l(’ dgc W]lCIT lJV ])]l[)tC)CIC(’troJl

f~i(~(tiol]  kcc])s  grains ])ositivc]y  cllargcd)  arc cx])cctcd  t o  IN IIcgativc]y  cl]arged  (S})itzeJ

]97~).  ~] ’]]ell(]~co~,,.(,, A]]al)laJldo]a,  & (~ M!c’lIbcJ’g  (]985)  ~)resclltd  a trmtlllcllt  o f  tllc

]IIaxi]IIIIIll  charge acculnulatcd  by all illtcrstcllar  grain. ‘1’lley  concluded  that ulldm t h e

cold conditions  ill dcvlsc well sllicldcd  rcgiolls  of IIlolccu]ar  clouds  a graill  wit}i  a radius

of ]()()() A will IIaw a n]axill]um cl}a Jgc of 1 c. ‘1’]]us  jll our trcatlncnt  wc llavc assu]nccl  a

grail] cllargc  of OIIC clcctroll  ])er grain. (J])o]l collision wit]] a grain  wc assulllc  a ])ositivc

io]l will ulldcrgo dissociative lc:cc)lll})illatioll  with  tllc  saJ]lc  })rallchillg ratios as in t]]c gas

])1 Iase. III this fasllioll I I(; C)+ -t (grail])-  - + 11 -t (:().  After tlic  positive ioll  is ncutralizd,

all clcctro]l  is assu  JIlcd  to i]nlndiate]y  stick  to tllc  grail] surface rq)lcnisl]il]g  its cliargc.

OI)CC tl)c  IIcutral s])ccics sticks  to tllc  grail) surface it l.xm)IIlcs  bound.  It is m]n]no]ily

t]loll?;ilt  that,  II]OS1,  m o l e c u l e s  are wcak]y  adsor~d  01’ ])hysisoJ’ld  o?lto t]lc’ sUrfaCcs of

illtcrstcllar  grains  wit]) Lindillg  cJlcrgics  IfJ’b * 0.1 CV or 1000 K (WillialIls,  1 968; Watson

& Sal])ckl’  1 972). ‘1’llis  assullll)tioll  is ]Iot a lways  cowed, sillcc so]ne  l]lolcculm  lllay

cllcl~lically biJld to tllc  su r faces  (cllcJl]isc~l]Jtioll)  wit]] co I]scqumlt ILigller values of L’b,

ty])jcally  w 2 c\r (r~’iclclls  &  Allalnalldola  1987). A]) [Sxa.lll])lc  i s  tlIc }IydrogcII  i~olldiJ1g

i[l ]]z() iC[’ W] IC’I’C  !,]IC billdill~  CTICr~~  ]lZls  hCC1l Jll(’asUld  b })C ~J’b > 4800”  ]< (Salldfc)ld  &

Alla] IIaTIdola  ] !)88). \?~c ]Iavc ado])tcd  t]lc ])illdillp,  c])c’rgy sc}IcJnc  of ~]ascgawa,  ]]cr]~st &

l,el]]lg ( 1992 [11111,]) WIIO assulncd that all lnoleclllm  am ])}lysisor}d  ollto  tllc surfaces of

grai Jls. ‘1’lIc values  usd by 11111, were mtractd  f[oln  ])rcvious  studies pcrforlllcd  I)y Allel]

S’ l{ol)illsml  (1977) a]l(l ‘1’idms  & Allall~alldola  (1987). 111 ])articular,  11111, assur]id  t]lat

]~]olccules  Lil)d  to a silicoJ]  dioxide surface and  atoJlls  I.)illd  to al) icy surface (see ‘~’al~lc 1

frol]l 11111,).  ‘1’llc Va]ucs chosclI for Iji]]di]lg  cncrgim arc hig]lly U]lccrtai]],  s i n c e  fcw IIavc

I)wll  ]llcasurcd ill tl]c l abora to ry  and  the l)illdillg  surface may c}langc  as grai]]s  evolve.

‘J’l Ic clloicc of lj~ i s  c r i t i ca l  sillcc tllc  desorl)t,io]}  })mcesscs arc IIi,g;llly  dq~c]ldc]]t  0]] I,l]c



I)i])ding cIIcrgy. WC will address tl]c collscquc]lccs  of tltcsc  assurn])tions  ir] 11)(: followi]lg

SCCI ions.

2.2.2. I)esorption

OIIC of tjllc IIIOrC ~lllcertail] aspcds  of Inodclil]g  gas-grail]  cllclllical  illtcractiolls  is dctcr-

I[]il[il)g  tlIe  do]nina]]t  ]Iwcl}a]]isln  that rcl IIovm s]x:cics froln  the malltlcx.  Several studim

IIavc bccl) ])c~rformcd,  ])ro]msillg  lllal~y  difl”crcnt  dcsorption  lllccllallis~ns  (cf. l,cgcr,  Jura,

S’ OII)ol~t  1985, al]d Schuttc $.7 c~rcclllmg 1 991). ‘1’0 assess the cffcctivcnms of difrcrcnt

dcsor])tioll  IIlccltallis]ns  tllrougl]out  tl]e cloud, lt’c ))avc ij)c.ludcd  t])rcc  ~)otclltially  iln -

lmltallt  dcsorptioll  l]lcc]lanislns:  tlllerma] cvapoI  at ion, cosll]ic ray illducxxl  heating,  slid

direct l)llc)to{]esol]  )tic)ll.

‘1’IIc  rate for direct tllm]la]  Cval)orat,ioll  or sublilnatiml  is givcll by

k ~t,o},  : vocly(-  E~(X)/k’/’&t ) (.s- ] ) (2)

WIICJC IIL(X)  is t]lc  bindi]lg  c]lcrgy  of the adsorld spec.icw  X, VO is tllc  ]atticc vibration

frcqucllc.y  for the adsorbed atoln or molecule, k is tllc l~oltzlnall]l  collstallt,  and ?bv,~ is

tllc  t{’l]l})clatlllc’  of the c]ust grain. ‘J’]Ic ]a,t,tim vil)ratioli  frcqumlcy  is cx~)rcssd  as

1.5 x 1015 CIII-2 ( ‘1’icle]~s  & Allal])ando]a  1987). At tyl,ic.al dust tcnnpcraturm  for dm,sc

rq!;iolls  of IIlolccular  clouds, (Y2v5t = 10- 30 K) tllc  tilllcscalc for tllcrlllal cval)oratiol]  is

g;cl Imally  lIIuc]I greatcv tl]all  ty])ical  cloud  lifctil]les. 1 ]owcver,  for high dust tcln])craturcs

or low values  of tllc billdillg  clIcrgy,  tllcrlna] cva])oration  of molcculcs  is ~lot  IIcgligiblc.

<)



Watsol]  S’ Salpctcr (1 972) first  ]Jro])oscd  that  Cl}crgetic  lluclci llligl]t eject, II IOICCUICS

fro])) grain mantles eitllcr  by raising tllc  tclll]maturcof  tllc  mtirc ,qaill  or l)y sl)ot l)catillg

llcar  tllc  ilnl)act s i te . ‘J’l)is  process was rc-cxal]lilld  Ly IJcgcr CL al (1 985) wlto found

t IIilt for gyail)  radius a > 25 ~[ln, cos]llic ray  s])ot l)cmtil[g  is irnporta]lt  (for slIlallcr  grailis

lllt~ wllo]e grail] is IIcatcd).  l;ccausr  tllc  mlcrgy  dqmsitio)]  is ])ro])ortiollal  to tllc  square

of t])c atolllic llu]]l}~cr,  coslnic  ray  llcatillg;  is don]illalcd  Ly tllc  rarer IIcavy ions (\\~atsoll

&z, Sall)etcr 1972; l,c,gyr et al 1985). licccnt]y  IIascgawa & }Ierbst  ( 1993 [1111]) re]ldcd

tl)e r e s u l t s  o f  IJcgcr d al (1 985) fo r  coslllic  ray  s])oi hcatillg and  sulmquc]It  tllcrlnal

(’\ril])ol’?lt  i[)J) jIItjO a lnorr  lnal)agcal)lc  for]]] al)d lvc }Iavc ado])td  their  fonl)ulatioll.

1111  assulllcd  that after iln])act  of a relativistic l~e Iluclcus  the grail] tclll])eraturc

(Illick]y  rcacllcs  a p e a k  value  of w 70  K,  allc] t}lml drop lJlccl(J1llillaIltly  via tllm])a]

cvii]mration  of volatile species. Sillcc tllmnal  c~aporatioll  is a stro]]g  fullctiol)  o f  t he

gl’ilill tcln])crature,  most of tllc  volati]c  s])mics  will cval)oratc  at or ]Iear tl]c peak tclll-

I)crat (IN. ‘J’IIc grail) telnl~eraturc  is (Iicrcfore  assullld  to bc ]Icar 70 K (Iircct]y  a f te r  a

IIcatillg  [Il)isodc, and Jvcl]  below this tclllperatur(t  otllcrwisc. 1111 CW])]MS  tile  coslllic  ray

dmorl)tioll  rate for a ])art)icular  s]mcics as tl)c ~Jmduct of the fractioll of tinle slmlt,  near

70 K a]ld tllc  cva]mrativc  cooling rate for a give]]  atom or ]nolccu]c  at 70 K, or

(4)

Lvllcrc f(70 K), tllc  fraction  of time sl)cntj  IIcar 70 K is dcfilld  as tllc  ratio of tllc  tilncscale

fol coo]illg  l’ia tllcr]l)al  cvaporatiml  of volatilm  to tllc tilnc illtcrval  t}cttvccll  succ.cssivc

IIcatillgs  and is w 3.16 X 10-]9. ‘J’his ])alalllctclizatic)ll  is certainly all a])l)roxi]natioll  to

cosl]]ic ray desorptio]l, since  the dcrivatiml rcquirm  signif icant  vo]atilc  s})ccies prcmnt

as a coolilig  ]Ilccllanislll  for tlie  IIlalltlc,  wllicll  is ]Iot the case  at e a r l - y  ti]ncs ill our

]node]s.  IIowwvcr,  givcv)  the uncertaint ies  ill tllc  I)illdillg cmcrgic:s,  wc Micvc that tllcsc
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raks allolv at a lrast first order  attjel]]])t  to s tudy tile  Cflccts  of dq)letio]]  a]ld cosnlic  ray

clfvmr])tioll.

l’ll{)to(l[’sc)r}>tio]l”  of a ])llysisorlml  or cllcmisorld  lllolcculc  oll a grain  lnay occur ill

s(’~’era] distinct  faslliolls. ‘1’IIc first  is  direct  absor])tio]]  of a lJV ]Jl]oto]l I)y all adsorld

lIl{jlcculc  wllicll ])uts all elcctro]l  ill all cxcitd  s t a t e . I f  tl)c illtcJractioll  lwtw’emi t}]c

(Jx(’itd  state is re])ulsivc  \vitll  tltc  I)i]]dillg  s [ l r ’ f a c e  tl]cli t}Ic cxcit,cd Inolccu]c  Il)ay bc

rjwte(l fro]]] the surface (Watso]l  & Sal]mtm  1 972). ‘I1lIC rak for dirmt,  ]~l]c)to{leso]])tiol~”

as giw]l by d)llc])dccourt  ct al (1985) is

wllcrc  )’” is tile  I)lloto(lcsc)l})tioll  yield (Ilulnl>cr of l]]olcculcs  dcsorl)cxl  pcr illcidellt  l)l)ck

to])),al~d ~istllc:  lJ\~fielcl  cllllallce~l]cI]  tfac.tor illllllits  c)ftlle  lllcall illterstcllall  J\~ficl(l

(Ilal,illg,  19[;8). ‘J’llc  exponential] terlll amoullts  for tile  attelluatioll  of tl]e ultraviolet

fi(’ld. ‘J’IIc Cff’iciencyof  this promss  i s  qu i t e  ullcdail]. Mcasurmncl]ts  of pllotodcsoq)-

tioll yields  IIavc I)ce]l pcrformcxl  I)y (~rccIIIJc>rg  (1973)  ill tile  wavdcvlgth  ral]gc  2000  to

2 7 5 0  A al]d found  to bc in tllc  range 10-’5  - ] ( ) ”7 . l]c)}vc~~cr,  tllclllc)lec~ll(:s  (lsc[l  ill tllc

cx])clilllc])t  did ])ot llavcstrollg  absorption l)allds in tllc  wavclcllgtll  region studied. Acl-

(Iitiolla] lncasllrc~llcl)ts  I)y l;ourdoll, l’rilicc  St l)llley  (1982)  suggmt sigl)ifical]tly  low’cIr

10” thmc cxl)cliltlclltsst~lcliccl  oI]ly strongly  ])}lysisorbcd  s]mcicsyi(~ldso]l tlleordcrof  1 0-  ,

over  tl)c w’avdcngth  rcgioll of 4500 to 6000 A, !I’cll  outside of t}lc ultraviolet ])ortioll  of

tllc  S])cctl’ulll.

Otl]m md}lods  o f ’  ])llotoclcsorl~tic)]l  rely  OII illdird  w a y s  t o  rclnove all adsorbd

spccics. ()l]esllcll  Illctl]ocli  sal)sc)]l)tio]lc)  fa])llc)t{)ll  l~ytllc  l~or]clillg;  slllface,t l[llsl~rc!ak-

i]]g a rr]ativc  IIi.gll  energy cllelllisc)l})t,ioll  l)o]ld a]ld lcavillg  the ]Ilolcculc  ill a  relat ively

1~’t,akcl])ll~~sisol})ccl  statclf~llcleit  issllsc('])til~  lctC)eI'a  ])oratio1l  (l)raillc\&lSallJetcr  1979).
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l]i allotllcr  indirect l)llc)t(~clesol]jtiol)”  ])roccss, a j)l IotoII dissociates a II IolccIllc al)sorl)d

illsidc  tl)r lat t ice,  as ]Jm]~osCd by IIartquist  & \+’illiall]s (1991) al)(l \4~illacy  & \Yi]]iallls

(1 !)93) for IIzo ice. A]] ultraviolet ])]lotolt  almjrlwd I)y tllrwatcr  iccwi]l  dissociate 11 20

} 011 -i 11 wit]] a]] estilllatcd  y i e l d  of ().1 pm ultraviolctl  ]Jllotoll. ‘lllIC I]ydlogell  atoln

will carry  ofl lnostj of tl~c d i s s o c i a t i o n  c]lcrgy  and  mmtc a IIot s])ot wllcrc  cvaporatiol]

0( lvcakly  adsorbed  spccics  will be cl JIIa I]cd.

‘1’l]c cfficimcicsof  tllcsc  ])roccsscs  arc I]ot wcl] Ulldcrstood.  l“or y i e l d s  <  10-5 ]) IJo-

toclcsor))tioll  isltlativclylll  ]illll)o Ital)t iIlourlllodcls.  IIc)li’evcrlal.)oratoly  IIlczlslllclllc’llt,s

at slloltcr lvavclcl]gtlIs  and  for s]wcics ahlllldallt  ill IIlolmular clouds  have ]Iot I)CCII  nlaclc.

l;xtli~])olatiorl”  to ultravio]ct  wavclmlgt,lls (Grccl]l.)crg  1 973) sugg!st  that  yields  as IIigll

a s  10-~ lnigllt  IN appro~)riate. “1’0 assess tllc  i~ll]mrtallcc  of direct  l}lloto(lcsol])tic)ll  wc

llavc ado])td  a yield of 10-4, a value Ilig}]cr  tllal] IIlcasud  ill t,llc laboratory. ’11
0 furtllm

assess tllc  it]lportallcc  slid  ll~axilllulll co])tributiol)  of ])llotoclesc)l])tioll, as well as illdird

l)l)oto(lcsc~l])tioll, ~vc Ilavc also cxall~illd  tlld effects  of yields  > 10 - - 4,

2.3. (lne Dimensional Chemical Model

‘1’l)c coupled difltim)tial  cquatiol]s  govmlil]g  the gas-grain  chmnical  cwolutio]l wmc  so]vcd

IIsil]g  a iwriallt of t})c (;car (1971 ) algoritll]ll: IjSol)}~  (Ilincllnarsll  1980). ‘J’llis  code,

wllicll is a lillcal ilnplicit  lnultistcp  lnctllo(i,  utilimd  v a r i a b l e  tilllc  stc]) and error coll-

1101 lecllllicluc’s  to ])YCISCVVC l)ulncrica]  accuracy duril)g  t)lc illtcg;ratioll,  ‘J’IJc a d j u s t a b l e

l’arial)les  for a givcll calculation arc tllc space dcllsity  of Inolcculcir l]ydrogc]I,  11(1 Iz), tllc

facto] l)y wl]icll  tllc  LJV radiatio]l  i s  m)llaj~cd, X, tile  gas tclll]mature,  Ijas, tl]c  dus t

t(’llll)[latlllc,  Y~U.t, al]d tllc  v i s u a l  cxtillctioll  to tl)c  cc]Itcr  of tllc  clouc], AU. TV is tlllc

v i s u a l  Cxtillctioll  procdillg  froln  dge to ccllt)cr  sllch that  ~~;~a~’  =. AV .

A O]IQ dilllcllsiollal  cloud  JI]odcl was collstructd  by ru]lnillg  a pseudo-til[le dcl)c~ldmlt

12



calctllalioll  I1lJ t o  1 07  yr w’jtl]  fixed ]}hysjca]  col]djtjjolls  f o r  a gjvcl]  visual  cxtjllctio]l,

(1( ’firlirlg a ‘( ZOIIC’)  . ‘1’l]cvisua] rxtil]ctioll  was tllcll ~]lcIcll](llte(lflc)]l~ tllc  cloud  edge (TIT

z 0.0 r]]ag) u]) to sor Ilc rl]axjlnull]  va]uc, IIorlrlally  ,4~z N 10.0 II)ag,  defining  a set of zo]lcs.

A ty])ical  r[i]l had 30 ZOI]CS bctwcc])  TV N 0.0- 10.0 lnag$ ltacll  zoIle was illdc]JcIlde]lt  of

()(IIcI  zoIIcs  excep t  for the calculatioll of iota]  (;(1 al]d 112 colul I]n dcllsitjm rcquid  for

(lIC (;() self-sllicldillg p}lotorat,c  (SCC A])lm]djx  A). l]) tl]is faslliol] tllc  IJllysical  collditio)ls

11(112),  7}1,,  s, and Y&,sL can  he cx]Jrcssd  as fllrlctiol)s  of tl)c vjsua]  Cxtillctioll  01 he k e p t

co]lsta]~t,  for a “uniforln”  cloud  ]t]odcl.

l“or tlIc initial  cond i t i ons  wc llse d~;)lctcd  Clclllelltal abulldanccs  bascxl for tl)c  lnost

])al t o]] olmmmtiolls  ill the diflusc  c l o u d  towards  ( ophiuc]li  ( S a v a g e ,  (;ardelli, ancl

Sofia 1992, sm also Grade] et al 1 982). ‘1’l]cse  al)ulldallccs,  listd ill ‘1’able 1, rcprcscllt

IIlodcrate  dq)lctjons  (W 0 . 2 )  for (~, N ,  ( ) ,  wllilc tllc  }Icavicr ]nctals arc sigl]ifica]ltly

[Ic])letcd.  ‘J’lIc carhoIl, sulfur ,  silicon,  aI]d iro]l arc assu]nd  to k itlitially all ill i o n i z e d

for]n \vl]ilc  oxygcII and  nitroge!l  arc ]Imtral. ‘IIIICSC initial alJundaI1ces arc si]llilar  to tl]c

oII(w IISCYI l)y 11111,  and  1111 ill IIIodcls wit]] their “IlOrInal)’  initial  co]lditjo]ls.

3. Results

‘I)])c OIJC di]nc]]sio]la]  mode l  o f  gas  pl]ase  cllmnistry iI]cludiIlg  grain  dcplctio]l  a]ld dcs-

orj)tjo]]  was  n]lI for a single  cloud  Inodcl,  laklcd  tlIc stallclad  modd,  w’lImc p h y s i c a l

lM ral])dcrs were  kept constant throughout tile  cloud. ‘1’llc lIlodel was also run  over  a

l’al)gc  of i’alllm of’ II(IIz),  ~~1(,,~, and  ~ to study  tllc  cflccts  of cllallgillg  ~)llysical co]lditions

OIJ {IIC cl]c]nistryj  wl]icl) am prmcv]t,ed  ill A~)])crl(ljx  11. ” ‘1’llc })llysjcal  conditions of the

st, a)]dard  IJIodcl are 11(112) u 1 04  CIn-3, ‘/~OS = 20 K, 7~,,sL =  10  I{ ,  and ~ ❑ -  1 . 0 .  ‘1’lle

calculat ions j]]cludcd  al] dcsorptioll  proccsscs  ])rcscntcd  i]] ScctioI] 2.2.2 uIllcss otllcrwisc

IIot!c(], ‘J’IICSC arc rcprmc]]t,ative  values  for ])]lysical  co]lditio]]s  inside molecular clouds
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3.1. !Hme Depcndcmcc

‘1~) SIJO)V tl)c  li]nit)ing casP of total  dcpldion  wc ?mfor]nd  olic ca lcu la t ion  o f  standard

]node] witlloutl  coslllic  ray dcsoq)tion,  silllilar  to t}ic results })rcscntd  by lglesias  (1 977)

alI(l IIrowl] &’ ~;harl)lq’  ( 1 990). ‘1’llis  is ]Jrmc]Itc(l iIl l~ig[lrc 1 for deq) ill tlIe cloud (TV

~ 1 0 . 3  IIlag)  WI)(TC pllotoplm!sscs  call 1.)(’ IICF;]CCtd. ‘J’llcrlllal  cva]mratio]l  is tllmeforc

tlIc oJIly rclcvallt desorptiol]  Inccllal)isl]]. Sillcc at 7il,.t  = 10 K tl]c till) cscale  for thcr]lla]

(~i’ii])()]:iti()]l  i s  I1lUCII  grcmkr tl]a]l tllc  dc})lctioll ti]]lcscalcs ,  all ]noleculcs  arc SW]] to

disap]war  fro]]) tjllc gas pha,sc at the characteristic dcplctio]]  tilllc of w 106 years, ‘1’llcm

rcslllt,s rcvllaill  msmltial]y ullcllallgcd  for lil,~t u]) to * 20 1{. A cllaractmistic  of Inost  ion -

II IOICCUIC  II Iodcls ill tllc  gas pliasc  is Lllat OZ and NTZ ]wak ill t}}e gas pl)asc  at lIIucl  I lalm

lilllcs  tllal] (;() wllicll quickly locks up ll]ost of tl)c carlml  ((; radd et al 1982, IJallgcr

all(l (Jracclel  1 989). 7’/17/s,  11) c monil< colr~positiolt  Ic.flccis llLc gas p}Icisc ohu7/ do rICC<~  ai

(o)li( 1’ tim(.s and i s  dominatd by Otolni(: Oxy.qc:lt  OTld Co. 1120 7’[ mains {1 17’(1CC  S] N: Ci(:S

0 1 1  [/) c monil( whcm i{s jiac[ion~l ahuno’{IrLct:  rcruains ldow 10-’. As foul)d by 1 lrowJI,

(;llarlllcy, S’ Nlil]ar  (I%(la) and  IIrow]i &  ~llarllley  ( 1 9 9 0 )  tllc  aljlllldances  of SOIIIC

IIigllly  rcadivc  radicals, suc]l as 011 do slIow ahulldallce  cvlllallcmnellts  (above ]Iorlnal

gas  })llasc evo lu t ion  withoui  grain  depldio]l)  ]Jrior  to tllc  onset of dcpletio]]  at 1 (Y y].

l“or 011 ill l)articular this is a rmult of a dccreasc ill its destruction rate due to dq)ldioll

of 111[)1(’(’llliil’  OXy~C1l. In Lllis exalnplc, tllc  dcJJletioll tilIlcmalm am J)ro])ortiona]  t o  the

dmlsity.  ‘1’llcrcforc  rapid deplctio]l  of atolns  and ]nolcculcs  J)rior to 106 yr rcquims  I](llz)

>  105 (’11)-3.

our standard  lnodc]  illc]udcs  all dcsor})tioll J)roccsscs alld tllesc:  n]odify  tllc  tilllc

dc])clldmlt  cvolutliol]  sigllificalltly. ‘1’hc results arc slIowl I ill l“igurc  2 for s])ccies w]lich

rcJ)rese~ltf  tllc dolnina]lt  mcrvoirs  of carb, oxyp;c  II, a]ld )Iitrogcl)  ill the interior  (Tv =
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]().:] IIlag)  aII(] IICar t]l[’ d~(’ o f  t]I[: (]oud  (T\ = ~.] II Iag). 1’//(’  fnosi  sit’il;itlg  j-[’[lfllm
) it$ f}l(lf (!( (’]) 7’7/ //1 C CIO 11{/ (T\J ~ill l“iglll’( k, 10.3 lno{g.), tlLc 17101ccu1cs,  ir)clu(lin{g Iligl{ly

pol(17s  112 (), )r)itai)t ill lILC gas phosc despite Ill c 11 igl) dcplciio7t  role . ‘J’llis  is ill contrast to

l“igurc  1 lllat illdicatd  that, all ]]loleculm  disap]war  frmn  tllc  F;as phase after e 106 ~rr.

‘111]( ]mxistcllce  of ]nolccules  ill tl)c gas IJl]ase at all tilllm is due to cos]l]ic ray  dcsorl)tioll

(d i scussed  ill scctioli  2.2.2). ‘I)l)e  grail] sllrfacc  colil])ositio]l  IIas bull IIigllly  lllodifid  by

(lie cosll)ic rays, wllic]l  quickly rclIIovc tl]c wcaklj’ l~c)ulId  atoI1ls  aJld allow forIllatioJ]  of

lIIolccular  oxygml aJId I)itmgc]l  ill the gas })llase. ‘1’1}[%(’ s])wics Slllm’qumltly  d[q)lc’tc’ OJltO

tlI(~ grail] surface. llcl]cc tllc  colllpositioll  of the Tllolccular graiIl ]Ilalltle  is do]nillatcd  by

OZ al]d (:(), iIl coIltrast  to t}]c case cxcludillg  coslllic  ray desorptiolt  wl]cre  0 and (;() arc

tllc  Illost  aljuIldallt species  ])rcscI]t in t}lc IllaI]tle. ‘J’l]c quid release of atollls frolll the

~raill surface also mllovcs  tllc  dlccts of atnlndallcc  cvlllallcmllcIlts  of rcactivc rad ica l s

(e.g.  011) so tl]at tile  Cllcl,,istry  evolves  ill a lnal,,]tr  siIllilar  to tl]c car]y  til,)c ]Ju*c g a s

])l]asc.  lJt gel]cral,  r a d i c a l s  do snow al)ulidalicc  cllllallcmlm)ts  over tl~e l)UIC  gas l)l~ase

results ,  but oII1l’  by at ]Ilost  a factor of two. At  l a te r  tilllm tllc  gas l)llasc al~ulldallcm

ar( IIcavi]y dcplctd  and ]JlcJcloIllillalltly  ill Inolccular for]ll.

\i~c caJl  cxaIl~iJlc  tllesc  cflec.ts  for v a r i o u s  spccics  Jncm  c l o s e l y  by colIll)ariIlg  t}]e

til]]cscalcs  for dcpldioll  and dcmr])tion  listed ill ‘1’al)lc  2. Since tllc till~cscalcs  for coslnic

l;iy (Icsor])tiol] arc IIigllly  dcpclldcl]t  oII tile  biIldillg  cllcrgy  t,llcrc exists a wide rallgc  of

valuf>s:  tllc  stroJlgly  l)ou JId w a t e r  IIlolccule  slIows  tl)c coslnic  ray  dcsorl)tioll  tjill]cscalc,

/C, >  /,/,1), tl)c dcl)lction  tiIncscalc’, ‘]’]IC illtC1’I1ldiatC  hilldil]g  o f  (;() (’x}libits  tCr ~ fdq,,

w])i](’  t,]l C Wak]y ~.) 011 J1(] CaJ’]JOJl  atOJl) ]Ja S  /cT < /dcJ,. ]JI oul JIIodc],  t]Ic  g a s  l)]kase

[“lleIllistl~~  i s  stro]lg]y  ill flumlccd  Ly t}lc dmor])tiol]  o f  atoIlls  froln  tllc’  surface. ,$’i~)cc:

(Iioljl.q }lavc low binding  energies,  cosmic rog df:sofpiion  mpidly TY:moms  ihc atoms jionl

1}/( sul~iJcc  allouli?lg  all octivc:  gos pllasc c h e m i s t r y  t o  coTlfi71ue jor zlfry long t i m e s .  IJI tl)c

}vork l)y llascgawa  k IIcrbst,  (1 993) this cflcct  is al)scJ)t  bccausc tlic  atoIns aJe assullld
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10 Ill Idmgo  ra])id catalytic. reactions 011 tlIc grai I) surfaws ])roccssiI)g  tl)mll  to II IOICCUICS

wllic]l liavc  lligl]cr I)intlillg mlcrgim. III tllc  ])rcscIIt  ])apcr  we lIav( olnittc(l c a t a l y t i c

reactions  ill order to ur)dcrstand  tllc  il]tcl{lc})ell(l(~l]c(:  of  tl]c g a s  ~)llasc  cllmllistry  and

tll(’ f?;as ])llas(’ dqmsitio~i  u]ml tllc  cllmnical  evolut ion in II]olccular  clouds illcludillg; a

dcsor})tioll  I]lcKIc I.

‘1’IIc lo~ver  pane l  ill ]“igurc 2 sltows tllc  cllmllical  cvolutiml  at TV ~ 2 lnag, wllcrc  ])11()-

tol)rmesscs  ])lay a mom important role. 1 low’mmr, cvell at low Cxtillctiolls,  tllc  ])rocc!ss  of

coslllic  ray dcsorl)tion  clolllillates  over })ll{)tlc)clcsc)ll)tic)ll. As all cxa~np]c  for (;() i,,. =. 2.2

X 10[; yr is less tjllall  t}lc lJllotoclesorIJtic)l]  ti]]lcscalc  (at TV =. 2.1 lnag) of 6.O x 107 yr. ‘IIIIC

ill)]mrtal)t ]necllallis~n  a t  low cxtillctio~]s  is ]~ot  photoclesorptio]l  but, ])llotodcstl~lctic)~l

w’l]icll su])prcsses  the formation of Inolcculcx  suc}l  as Oz allcl  Nz, kcc:l)illg  tllc oxygcvl and

llitrogcl]  ill ,atolnic  forln. bsmic  ray  grain  surface dqsorption  tllcll lnaintaills  O and N

ill tllc  gas ])llasc, leaving tl]e strolIgly  self-sllicl(ld (;0 IIloleculc  and tram aIIloutlts  of

(), NJ arid 1120011 the grairl IIlant]cs. ‘J’hus tlIcw arc soInc  sigl)ificant  diflmmccs  iI) bofh

ilIc g;as  ])llasc and  t h e  lnantJlc coln~~ositliol)  lmtwccn  TV == ‘2.1 and 10.3 mag, wl]icll  will

IN cxalnillcd  in llIC fo]lowillg  scctioll.

‘lllllls  far wc ]Iavc mstrictled  our discussion to o]lly the dolnil]allt  rcmrvoirs  of carbon,

ox~~gcll,  and IIitrogen. in l“igurcs  3 and 4 wc prescllt the standard Inodc] for otllcr s])ccics

wllicl)  arc olmnaticnlal]y  iml)ortaI)t. l“igurc  3 s]]ows tllc  cvolutioll  o f  tllc  carbon  and

oxyg;cll  s])cc.its: (~zll,  (;2112,  ~OZ,  112(; (), and ll(;()+  , l’;xarninillg  t)lc uppcJ  ])allcl  whit]]

i s  lc])l(~sc~lltati~’c  of a well sllicldcd  rcgiol] , at e a r l y  tilnm ( <  1 05  yr) tlicse  ]IIolcculcs

(~xllil)it  a very  ricIl cllclnistry  ill s])itc of  tllc  illclusioll  o f  g r a i n  clcy)lctio]l. Sillcc the

rcIIloval of atomic carbol)  froln  Llle gas ])llasc is illcfIiciellt,  spmics  which am c}lcvnically

lillkcd  to (~, sllcll as (~~11 and ~.zllz,  snow a dcJwlIdel)cc  at early tinlm similar to ]nodc]s

wllicll  do l)ot conta,irl  dep le t ion  (],cung,  IIcrbst & IlucbJ]cr  1 984). ‘1’hc raJ.)icl  drop in

al)ul)dallcc  of (;2}1, (;z1lz,  and  IIz(lo at ‘1 X 105 yr is rclatcxl t o  t he  sharl)  (Ire]) ill tllc
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IIcutra]  carlml)  al~ulldal]cc  at this tilne and  is not ii result  of ally gas-grail} illtcractiolls.

‘I1l IC al)u]ldal]cc  of the ll(;()+ io]l dro])s slightly at late ti]nes  duc  to t}lc dq~ldion  of its

])1’(x’111’sor IIlolc’clllc!  Co .

ltxa]]lillillg  tile  grail] surface abundaIlccs  of tllcsc  s]mics at late tilllm, Jvc sm tlImc

is ty])ically  a much larger abundance prcsmlt  olI tllc  grai I] surface tllall  ill tl)c gas ])l]asc.

‘] ’]lis is trllc for ]tlost  of tllc  neutral lnolcculcs,  and  is a rc!sult  of dcsorptiol~  rates w’llicll

arc Iwlow the dc]jlctio~l rate, allowil]g  tllc  lnolmulcs  to frcczc  onto Lllc grairl surfaces at

early tilllcs  wlic I] t}lcir abundances  arc peakir)g  (e.g.  (;211, ~OQ). IIrncr ihc grai71  svr~acr

)/ Olds i}! (’.s{: Spccics ot~ “ f o s s i l ”  rcIILIz(lIIls of cody iimr: cltcmisi7y. ‘~’l)is is an cxaln~)lc  of

tllc  iln]mrtallm  of the IIistory  of dc])letioll  l)romss. ‘J’llis  effect  h a s  bcml sccll ill othm

gas-g ra in  IIctw’orks  (cf. }Irowl) ct al 1 WRa; (k+el]i  c1 al 1 W3).  ‘1’llc IIlost ahullda]lt  of

tllc  tram’ s]mics ill tllc  carbo]l  fatllily  ])rcsent  on tllc  grail] lna]ltlc is ~~zll wit]] a ]IIodcM

fractiolla]  abulldancc,  x((~zll)  w 2 X 1 0 - s  aftm 10:’ yr.

‘lllIC lower ])and d l“igurc  3 slIows  tlIc ti]nc Cvo]utio]l  o f  tllc  cllc]nistry for tlIr same

s])(’tics at 7_~T = 2.1 msg. ‘lllIC gas ])hasc cwolutioIl of tlIcsc  Inolcculcs  SIIOWS tllc  classic

l)eak ( fo l lowing  tllc  ]Icutral car}.ml at~ulldallcc)  and  tllcII  tlIe  s[Il)scqumIt  dra]]]atic dro])

afkr N 5 X 105 yr. Ilcjth  g a s  pllasc  and  surfaw aburldarlccs  cxllibit  the salnc t)imc

dq)c’ndcllcc  as SC(’I1 i]] t,l Ic dmpcr  mgio]]s of  tl]c c]oud,  w i t h  subscqucl  Itly dc])rcsscd

al)ll]]daJ]cm  duc to ])llotoclcst  rLlc.tioIl.

‘J’llc abllTldaTlccs  of nitrogen  hearing s]mi,es  arc show’~1  ill F’igurc  4. l’;xalllilling  tllc  to])

])al]el i]) l“igum  4, at TV : 10.3 msg. tllc  IIitrogc]l Iwarillg  spccics  exhibit quite: diffcmit

tell]l)oral  Iw]lavior  dqmlding  CM1 wl~ctllm tl]c ]Ilolcculc  is li]lkccl  to t}le carbo]l  cllc]nistry

01’ IIot. ‘J’llc  s]mcics wllic.11 contain carbol],  (;N and  lI(;N, s}iow  the saTlle til]~c  dqwndcnt

Iwllavior  as tile (;11 Co]n])oullds sillcc tl)csc  ]Ilolcculcs  call f o r m  v i a  tllc  illtcractioll  o f

IIit rogcll al,ollls with carbon radicals  slid  ions. At later tilllcs, as  tllc  aljulidallc.cs  o f

lle~ltra] carl)o]l  and car}>oTl radicals sllar])ly  dccrcasc, tl~c ahulldanccs  of lI~AT and (;N rise
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a s  tl]c~ traditiol)al  cquilil~riu~ll  nlctl)od  for ])mlucillg il)csc  II101CCU1CS Iwgills to dolnillatc

(ll(~Nll+ -I c - + (IN, II(;N).  1]) c o n t r a s t , tllc  nitrogcll  oxides  and IIydridcs,  N O ,  N113,

allcl  Nzll+ , SIIOW a steady  rise ill g a s  ])llasc al~ullda]lcc. ‘]’]Ic sip;ltificallt  i?)crcasc’  of N113

alj[illda])cc  }Ntwml  4 x 1 (F and 2 X 106 yr is ducI ~)rimaril~~ to the forlnatioll  of rmc’rgctic

N+ io]ls frolll t]lc dcstluct,ioli  of NZ l~y IIc+ ions. ‘J’l)c cl)ergctic  N+ ions have cllllallccd

ratw to rcac(  lvit It h~’drogcm lnolcculcs  wl]icl] fuels  tllc  quick  rise i]] tllc  ahulldancc  o f

Nll:j (SW AJ)]m)dix  A) .

‘1’IIc  cvolutiol)  of the surface a}~ulldallcc!s  for tt[cse slmim is IIigllly  dqxIIdeIIt  01) tlic

IJilldillg  c]lcrgy. ‘1’hc s])ccics with tllc  ]Iighcst  birldillg  cv)ergics, ]](; N al)d (;N, show all

al)undaltcc  iricrcase  on tllc  grail] surfacm  w;tl]out reaching cquilibriuln.  ‘1’his  i s  s i m i l a r

(0 lIN Ix:llavic)r  cxl]il)itd  by 1120, tl]c other  strollgly-bou]ld  sj)ccim.  IJor t h e s e  s]xxics,

lIIC cosll)ic ray dcsor})tion  tilllcscalc is greater tlla]] t}lc dc])lctio]) timescale,  \t’llicll  results

ill al] ll]li~)tc~]l~l])tecl  b~lildll]) on t h e  IIlalltlc.  ‘1’hc othm llcutral  ]no]cculcs,  N(J and NTI]:3,

nave trace al)llndanccs on tl]c lllalItlc  wit$ll  x( N()).l,,j w 10-7 and  x( N113)s,,Tf  w 1 0-8 .

‘JIIIO  lilnc evolutim]  at low visual  cxtillcticnl  is ])rcsclitml  il) tllc  l~ot)tolll  pallc)  of l“iguw

4. IJI tl)is figure,  JJIOSt  o f  tllc llitrogcll  s]mc.ics  arc sup]) rcsscd  ill both gas  alld surfacw

])llascs, w i t h  ]nost  of tl]c ]litrogcn  residi])g  i]] atoll]ic  forln. ‘1’llis  result  is si]]]ilar  t o

i])at for oxygclI w’lIcrc most o f  t h i s  s]mics mnailis  ill ato]nic fonll  bccausc of strong

]Jl]oto[lcst,r(lctic)]l  of 02  coupled with  cos]]]ic  ray dcxorptio]l  of O frol]l tllc  ]Ila]ltlc.  SiIlcc

tjllrre i s  ]Iot suf~icic])t  ]]lolccu]ar  nitrogm)  ])rcsm)t t o  for]]] tile  mcrgctic ]Iitrogc]l  ions

rquird  to ])rocluce N11:3 iI] the gas ])hasc, the fraci,ioIlal al)lllldancc  of N113 is quite low,

X( N113)  < 10-]],

3.2. Optical Depth  Dependence

l)is scctjoll  wc discuss  lIc cffcds of doucl  opt ical  dcpt]]  upon our  s t andard  gas -
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grai II cllml)ical  lnodcl. ‘1’1)(’ t o p  pa)ld  ill l’igllr(’ F)’ l)resellts  tl)c ])rofi]c  distriljutioli  of

al)ulldal]ccs  for tllc  dolliillallt  s])ccies at t = 105 yr. N1oi,c tl)at sillcc we IIavc I)ot ilicludcd

;I trcat]tlc]lt  of tllc  ])llc)toclissociatioll of 112, the al~utldallccx for s}mcics 1W1OW  TV < 0 . 5

II)aR are [)~’(~lcstilllatc(l.  fjt this car]y  tilne tlhc Illolcculcs  have ]IOL yet bcgu  II to dcplctc

sigi~ificallt,  ]y, I)ccausc’ LIIIJ cllaract,eristic  de])lctioll  til)lc  at this dwlsity is w 106 yr. IIcllcc

IIlostc) ftllcs])  ccicslcsiclc  in tllc gas ])llasc with OIIIY s]nal] al~undal)ccsolk  tl)c I]lat Itle, At

10:” yr tllerc arc significalltj all]oul]ts  o f  IIcwtral cart~oll, oxygen, and  nitrogml  CICC]) illtjo

tllc  cloud. Si?;llificant  diffcmlcm call bc observed at later tilncs (Iowcr panel) whml really

of tllv ato]ns  llavc hcml collvcrtcd to IIlolccular  forln.  As stated ill the previous section,

])llot(j(lcsol})tioll,” eve]) wit,]) a yield  as large as 10-- 4 , is hoi, as cfficicnt  as coslllic  ray

(Icsor])tioll  ill rclllovi]lg  molecules froln  tlIc Inant, ]c. IJor spccics such as co and 02 with

IIlodcrat(’ l)illding  mergics 1’~~, w 1000 K (as o~)poscd to }120, l;~ w 1800 K), tl)c cosmic

ray  desorptlioll  tilllcscalc i s  sllortcr  than tllc  l)llotoclcsor])tioll  ti]llmcalc f o r  all cloud

do])tlls (at, 11(112) = 104 Cln-s).  Naturally,  with l)ighm  yidds or mud) larger r ad ia t ion

fields for ])l)otoclcsc)ll)  tioll, this situation could  cl]allgc. IIowcvm,  l)llotoclcsc)l]  )tiol)  cal I

l)c al) illl])ortallt  Inccl\allisln  at tllc  Nlgc o f  c louds . IIcm, wllerc  ]Jllotoclesol])tioll  call

])lay a role,  ]Ilolmular  formation is stro]igly  su~)])rcssccl  by ])llotoclcstlllctioll,  decreasing

tll( ill]l)ortal]cc  of ])llotolls rclnoving  ]no]cculcs  fro]n the ]nantle.

lk,causc  d tlImc drccts  tile  abulldallcc  l)rofilcs for bot}l tllc  gas ])llasc aIld s u r f a c e

S]IOW distributio]]s  l,]lat exh ib i t  a  strollg  l)llc)toc}lclllistr~~. Ill gcllcral, t he  abundancm

of 1]10s1,  s])ccics , cxcc])t  tlllc  self-s l l ic ldi l lg  co IJlolccu]c, arc sup]) ressm] at low TIT and

illcrcasc as tllc  radiatio]l  field is attmluatcd.  ‘J’IIc grain  s u r f a c e  abulldancm  cxhi})it (IIC

salllc  I)c]lavior  as a fu]]ction  of cxtillction  as the gas phase abulidanccs.  ‘1’llmcforc  (;0 will

don]illatlc  the grain  surface until  the radiatio]l  field is attmluatcd  and allows molecules

SIICII as OZ to forln  and  dcplctc.  l~or  cxatn])lc,  tllc  al)ulldancc of I)otll 02 and  N2 ill t i l e

gas ])l]asc arc l)clow 10- G Illltil ~~~ x 2 lnag  and  tllcll r ise to their  sllicldcd  values  l)y T},
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~ 6 Tllag.

‘4. Discussion

l!l(’ IIavo ~)ImcIItcxl  gas ])llasc cllc]l)ical Inoclels  illcludi]]g  tllc  cfI”ccts of grai]l dcl)lctiol)

al]d scvcra]  dcsor])tio I] lnccl)anisnls.  WC l]avc foul)d tl)at over a wide rallg’c’  of collditiol)s

cosll)ic  ray sl)ot hcatiIlg is tllc  lnost ilnportallt  dmorl~tioll  lnccllanislll  for ?)l,,~ < ’20 K.

‘1’llc illc]usioll  of coslllic  ray  dcsorptioll  allows an active gas ])llasc cllclnistry  il) sl)itc  of

tllc  l~igll  dc])lctioll  rates at dcnlsitics  >  104 CI11-3. ‘J’o ])utj  t}]mc  results  i]lto ])ers])cctivc,

}vc will first  colll])arc  olIr s t andard  Inoclcl resul ts  lvit]l cllcl]lical  cvolutioll  ~vitllout ally

grail] }) IOCCSSCS. ‘JIIIC w o r k  prmc]ltcd  lIcrc is all attc~l]pt  to IIIodcl  lmtll  gas ]JII:lSC arlcl

s u r f a c e  fil~ulldancm  tl~creforc  wc coln~)arc our  standard  IIIodcl  to tl]c ])llrc g a s  ]Jhasc

iol)-llloleculc  results of I,angcr  & Grade]  (1 989 [1,(;])  and tl)c gas-grain  cllcI[lical  II Iodels

of 1111.  SmmIId,  wc wil l  discuss some  of tllc  ohscrvatio]lal  colIsequcIlces  of our IIlodd,

cllll)llasizillg  ill ~}artlicular  tllc d[ccts o f  c]lallgillg  ~)}lysical  collditiol)s  and ]IOW t}lc!sc

(Ifl’eels l]lay I)e related to ol>servatiol)s  of ]l)olccu]ar  ice features ill lno]ccular  clouds.
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tllc  gas pllasc  cllcIllish’y to ‘Lo\’er])I’()(l llce” sl)ccies at loIIg ti]]lcs. ‘J’]](: “o\’c’I])]o[lllcti[)]]”

occurs dIIC to lIIC gas l)}lasc  I]cvcr rcacliillg  a true equilil~riulll  Lmausc t,llc graills  act as

sillli S fo] al]~~ molcculc ])roduced  by tl]e gas  ])hasc  ioll-]nolccu]e cl]cvnistry  wllicll  is still

forl]]i]]g  IIIolcculcs at late ti]ncs kcausc  tl]c p r e c u r s o r  atolns  and iol]s arc IIot dq)lctcd.

11 SIIOLIIC1 a l so  be Ilotcd  that  t})c Inctla]  iolls  s n o w  Ilo cvidmlcc  of depletion  sillcc tllcir

al)ll}ldal)ccs  do ]Iot d i f f e r  d ras t i ca l ly  ill colnJ)alillg  the lIIodcls wit]) grail] accretion  to

t ]Iosc witliout  grain  accretioli.

(;olll])alisoll  of our rcsu]ts wit]) tllosc  of I,G s]low solnc  significant diffcmrlces.  l~irst,

o u r  g a s  ])llasc al~uIldallccs  of OZ and  1120 wit]l grains arc still llig}lcr  thali tl)osc  of I,G,

‘1’llis  is a col]scqumcc  of our in i t i a l  cxnlditiol)s ill which  wc h a v e  ]rlucl]  ]norc  oxygen

ava i]a])]c  t,o I.c:act, al]d forln  tll CS(: species.  110W(!\’Cr, ill s~)ite  of tllcsc  diffcrcllccs,  the re

i s  llo~llillal  agrmlllcllt  f o r  tllc  ]Iitrogml slmcics,  II(; N, NT(), and hlll:j.  ‘J’l]c glari]lg  dif-

fcmlccs arc tha t  our ]nodc],  wit])  and w i t h o u t  grain  accrctio]l, LIIlclc:rI)IOCILlcC:s  llz(~(~,

(;lll,  ll(;()+  , N21]+, and (;N ill tile g a s  ])llasc WIICII coln])arcd  to I,G.  l]) additiol] tllc

al)u]]da]lccs  of clectrolls a]]d recta] iol)s am hig}]cr  ill our l)etwork  than ill lj(; .

Sil]cc II)ctal iol]s arc all ilnporta~lt  factor ill dcciclillg tllc  iollizatioll  I]alallcc  ill Inolcc-

IIlar clouds (SCC Gracdcl et al 1 982), tllc  diffcrcllcc  ill al~unclallce of IIlctal  ions tx~twcml

0111 results and tllc  l,G results is significalli.  l{ull]lil)g our rcactioll  Ilctwork  with all n)ct-

a ] s  ( S+  , l’e+ , Si+ , Mg+ ) dq)lctcd  by a]) additiolla] factor  of tell c}langcs tllc iollization

I)alattcc  a~ld 10WCM tllc CICCL]OII aljul]dallcx: frolll x(c) =-- 1.4 x 10-7 (st,a])dard  Inodcl;  at

107 y]’) to x(c) = 7.6 x 1 0 - -8. r ‘1 he collscqucllcm  of this cllallgc  is to lower t}lc dissociative

1(’((~llll~il]titiol]  rates of polyatolnic  ions (e.g. 11~ ) w’llich leads to a subscqumlt  ilicreasc

ill tllcir al)ulldallccs.  ~11) illustratio)l  of tllc  practical effects of depleting lncta]s  is showl]

ill l“igurc  6 where we show the 11{;0’ abundance witl~ metal iol) abundances froln ‘1’able

1 a]Id OIIC ruII wit])  lncta] iol)s dcplctcd  by a factor of tcn (Iabclcd “low lnctals’)  ). 111

this Ii?;ure  tllc  al.)ul]dallcc  of ll(; ()+ snows a dlalllatic  il)crcasc  (by about  an order of
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4.1. Comparison to Pure Gas Phase and Other Modeling
Efforts

1]] ‘1 ’ab le  3  wc list tllc  al~ulldallccs  of sclmtcd  spmics for our I]]odel  rul] ivitllout,

g:]s-graill i[lteractiolls  a s  w e l l  a s  frolll our stal]dard  ]Jlodcl  wit]) grail) dc]jletioll  a]Icl

desorJ)tioll.  ‘1111(1  al~ullda]lccw are listed  at 1 07  yr sillcc it is at t h i s  ]Joil)t }VIICII  tl]c gas

])}lasc cvolutiol]  (without grains) reacl)cs  steady  state. A l s o  listed  ill tllc  table arc the

resul ts  froln  lJCJ and 1111. Silicc tl]e lnodc]s  of I,(; al]d 1111 arc for w]] sllic’l(ld rcgio]ls,

\ve ])r(w]]t  abu]ldallccs a t  -rv = 1 0 . 3  ma,g. ‘J’hc ]J}]ysical  co]l(litio]]s  for 1,(; and  1111 are

IIot exactly tllc  salnc as our lnodcls  with tllc  lnaill  diffcrculccw  l~ci~lg  tlie  de]lsity,  5 x 104

(’111 --:3 for 1,(;,  and 2 x I 04 CIH--3 for 1111, compared to our standard  Inode]  of 10’1 ml-3 .

1,(; also list tl)eir results  at 108 yr but rcrllark  that tllcir abulldallccs  arc Ilcarly  constant

after 107 y].  1111 LISe initial col~ditiolls sill}ilar to ours:  l]owcver,  we llavc a ll]ucl) l a rge r

mygc]]  ]No] tllall  I,G. ]n ‘J)ablc  3 we also list tllc  al)ulldallccs  of t})c clmtrol)s  ar)(l  Iilctal

iol)s  sil)cc tl]csc  iolls  will l~cI il]~portallt,  for co~nl~ariso]ls  l~ctwccll  networks.

‘1’l]c cfrects  of pyain depletim~ arc easily  seen iJl ‘J’al~lc  3 WIICTI  wc colllpare tl]c r e su l t s

for our ]nodc]  wit}) al)d wii,llout  graitl  dq>lction. ‘1111(1  al.)ulldallcm  of do]ninal)t  Inolcc-

ular s])ccics SUCIJ  as (;(), 02  a]ld N2  s h o w  g a s  .p]lasc alju~ldatlcc  rmiuctiojls.  Ilovmver

{Ilrre  arc IIotal>lc  exccptio]]s,  for cxalrlJ]lc, tjllc abulldallccs of ll)ost radicals arc increased

slig]ltly  01’ rclllaill  e s s e n t i a l l y  col]stallt  (e.g. 011, h’(), ~N, wld  c211). ‘1’}lcsc abu~lda~lce

(~]lllallcclll[~])t,s  occur ill sJJitc of tllc  fact tlkat total al.)ul~dallcc  of tllr:sc sl)ccim  (gas +

grain sllrfacr)  is largm than that j)roduccxl  by tJlc l)ULW gas  p]lasc  ]Ietworli  wit,l)out  dc-

])]etio]l.  ]Jor eXaIIIJ)]e,  t]lc! t o t s ]  abuIldaIlcC  o f  (;N bot,ll 011 grai I1s and ill t])c! gas ])]lasc?

for  tlIc stal~dard  Inoclcl  is ovm an orclu of lllagIlitrldc gmatm tl)aIl tJ1at producec]  by the

lJIIIC gas I)llasr  Illodc1. ‘I)lICSC effects am IIot lilllitd to  radica l s :  tllc at~ulldaIlcx: of 1120

01] grail)s  is tlvo orders of lnag[litudc  greater  tl]all that ]) IOCIUC,CCI  witl~out  grain  ac,cre-

tiol~.  llcI)cc  mlc of tllc  effects  of illcludiIlg  grains wit})  coslllic  ray dmor])tioll  is to allow



II Iaf;IIitudc) ill tllc’ case where  the II Ictal al)ulldallccs arc lowcmd. lle]Jlctillg  tllc  ]]letals

d o t s  reconcile SOIIIC  of our diflcrcwces  w’itll I,(; for (;N, 11~~()+  and Nrzll+  , I.)ut the 112(30

al)d (~zll al)ulldallccs  mllaill  o rde r s  of IIlagllitude  below their  result ,  rcflcctillg  actual

diflcrcllccs  I)ctwec]) tllc  two rcaciioll  IIc(w’orks.

‘1’l]c 1111 ]nodc] is sligl]tjly  closer  to our  lnodcl  Lccausc  ]111 inc]udc  grain  accretion  and

tllc sallle  cosmic ray dcsorptiol)  rates, ‘1’l)e  ]nai]l (aIld a significant) diffcrmcc is that

1111 lla~c all extculsivc  surface reaction  network and  thus it sl]ould IIot bc suq)rising  to

find large dif~cmlccs  hctwccn  OLII results. lr] gcrleral,  thcabullclancm  of lnost gas pl)ase

sl)crics  i]] ouI IIIodcls  i s  largm  tha]l  1]11, tile IilairI cxcq)tioIls lmirlg N113 and (~lli. 1])

OUI IIctwork  coslllic  ray  dcsorptioll  prcfmmtially  mnovcs  the weakly hour]d  atol~ls  froln

tlllc  grail] surface allowing an active gas l)llase c]]mnistry.  In 1111, tllc  atoll]s  are rapidly

l)roccsscd  ilito  lligllly  bound s]mcics 011 t}lc: surface via catalytic reactions. ‘J’llis  results

ill 1120 Iwillg tjllc dolni]lal)t  lnolcculcoll  tllcgraill  su r face  in co~nparison  to our  statldard

Ji)odc] ill wllic}l  (:() is most al~ulldallt  spccicx oll the graill.

A~)otl)cls;gl)ifical]t  diflmmccistllat  thclll]  abundanmsof  ~oa]lcl  02  in the grain

lllalltjlcs  arc orders of lnagllitudc  IX’low our Inalltlc abu]ldanccs.  IJor }111, C() and OZ arc

IIotj alJulldalit  at long tirrles  lmausc of slow hydrogm]at,  io)l wit}l  tllc  main Ix’ncflciaricx+

lx;illg  112(;0,  (;11:3011,  and 1120 (1111; Ilcrbst  1993). At 106 years 1111 l]as a])~)reciablc

al)ulldallcm of (:() and Oz i~l both  t]ic gas  p}lase arid olt tl]c g;rail]  s u r f a c e s .  IIowcwcrl

ClVCl, at, t,J~csc:  ~~ar]y (,jl]l~s  o~l) ]]1oc]c] ])le{liCts  gr~at,cr  (~o  a~l(] 02  a}j[lllc]a]lces  in hot})  t]l C

~as ])llase a]ld ill tl~c lnalltle.

‘1’llc oihcr  i]nporta]it  clifrcmncc  to llotc  ;s tllc  cxtmllcly  low abullclallcc  o f  r ad ica l s

fol” 1111 since  these spccics  will quickly react on t hc grain  surfaces. II] our ]lctwork  the

rad ica l s  arc assulned to bc ;Ilert  o]l the grail) surfac.cs.
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4.2. Comparison to Gas Phase Observations in TMC-1

‘ITM(:-l is a cold (Ii. ~’ 10 K), dmsc’  (11(112)  ‘-- 10’1 cl]”) - ‘3) co]]dcl]sation associated wit])

IIcilcs  (~loIId “2. SiIIcc  the j)hysical  conditio])s  in ‘1’MCI tire silllilar  to our sL311daId  Inodc]

for conl])arisol]  wc list ill ‘J1ablc  3 Ll)c abullda]lccs  of solllc’  spcc.ics  that l]avc l)cm] c)tmrvcd

ill ‘1’ M(I-1.  It should  lx l]otcd  tl)at tile  ol)scrvcd  al~ulldallccs  Inay  o n l y  Ix’ accurate to

witllill  a factor  of 10 (Irvine, (Joldslnitll,  & IIjalll]arscnl  1987). Wit]l  thisill  lnilld,wcfitld

agrcwncu)t  with  obse rva t ions  fo r  so]ne of tllc  silllplcst  spccics  (~(1, 011, (~N, N’(), N]]:+,

and  II(; h’. our abulldallccs  arc ccmsistm]tly  l)CIOW  t}]c o}mrvcd  values al)d the agrmllcnt

is lmt for silllple  ]Ilolmulm  wl)ose chmnistry  is WCI1 kIiow II. WC llotc  t)lat though  W’e

IIavc ])rcsmtcd tllcsc results at 107yr tlllc agrcclncllt  witl] observations is qualitatively

tllc  salnc at 3 x 10(i yr. our IIlodcl,  at bot]l  3 x 106 yr and 107 yr, prcclicts  aljulldallces

of otllm spmies, such as 112~0  alld (;211, WC]] be low tlic  observed  l imits .  Additiol)a]

(’llilllgCS  i]] tllc initial collditiolls , SUCI1 as a decrease ill LIIC aburlda]lcc of rncta]  ions by a

fact or of fell,  wollld iln])rovc  tl)c agrcwlne])t  for SO]IIC  s})ccim. 110WCVCY this study is IIot

al) attclll])t  to accura.tc].y predict t$llc  abundances  of all ]nolccules  observed ill molecular

clouds  but ratllcr all attc]npt  to cxan)inc  whctllcr  the gas phase  cllclllical  cvo]utioll  call

])roceed  wit]]  tll(’  inclusion of a realistic. dcsor])tioll  lIlodcl.  We nave  prcsmlted our rcsu]ts

at 107 yr 10 illustrak tl~at the ilnportancr of tllc  results is not tl]c overall agrccmmlt  or

lack of agrcancvlt with tllc  olmmvatiorls  I)ut that ill spite of tllc  liig+ depletio?)  rate at

11(112) =  JO’l cll”l–3, molecules am still ])rment ill tllc  gas pl]asc  at late times a]ld tllcrc is

]]0 dralnatic disappcarallcc  of tl]c gas phase as smI ill l“ig;urc  1.

So]]]c  of the diffcrcllccs  Ijctwocll  our  r e su l t s  and ohscrvations  do lncrit  further  ex-

l)]allatioll. As we lllcIltiollcd iIl t]lc! prev ious  scctiol] our IIIOC]C]  does not predict enough

112(;()  W’IICSII colllpad to o t h e r  chclnica] Inoclcls.  II I  f a d  b o t h  t}lc Inodc]s  of hotll] I,G

alId IIerbst & l,cullg (1 989) prdict an at~ulldatlcc  of 112~()  close to the observed value

ill ‘~1h4(;-  1. ‘J’llus  we regard our low abundance of 11.2(; () a result  of a dcficier]cy  irl our



cllclllica] rcactio]l llctl!’ork and IIot a ]Jroduct  o f  tllc  gas-gIai  Il il)tcractiol]. ‘1’IIc sit[lat,iol]

fol (~~11 is qllitc {lifi’crcl]t. ‘J’l]c JIIOCICIS  of CO]]I])ICX ]t]olccLllc  forlllatiol)  of l,cullg,  IIcrl)st,,

&’ lluclJIIcr ( 1 9 8 ’ 1 )  and }Icrbst & l,cung (1989) find tl]at t}lc al~ulldallccs  of (U,, I1 s])ccies

Iwst Tl]atc]] olmmatiolls  wit]l a tilnc ]nucli carlic] (W 1 (F’ yr) tllall  ])rwmltcd  ill ‘J’ablr 3.

111 fact IIcrl)st &? l,cul)g  (1989) find t]lat tllc  l~est agrcm~lellt  for Itlost s])ccics is at “car]y”

tilllcs. ‘] ’]ICSC  c]lcllljca]  stll(]jcs  al(:  ill agrcelnclll,  witl] tl)c study  of (Ilallo,  Wallnslcy &

\Vilsol)  ( 1 988) who mtimatcd a lowcx lilnit to age of ‘J’M(;-1 to bc 2 x  105  yr.  ‘J’]Ic

stlldy  by IIrowl] a~]d (~llarnlcy  (1989) who lnodclcd tllc  g a s  ])llasc cllmnistry  including

dcl)lctio]l  (with ]10 dcsorptiml  l)roccsscw)  also find bettm agrcmne]lt  wit])  otmmmtiolls  at

early till~es  l)rior  to tllc  ollsct  of dcl)lctioll. 0111 alJulldallcc  l)rmlictiollsfor  sonlcs])ccies

woli]d I)c ill agrecll)cllt  at 105 yr. l“or cxalnl)lc, tile abul)dallcc (;211 at 105 yr is w 8 x

I 0-8. IIolvcvcr t}lc ages of IIlolccu]ar  clollds  arc IIard to c a t e g o r i z e  a]ld tllc  illl])ortar]ce

o f  our rcsu]ts  is not, tllc  actual  agrcclnm]t  at ally ])articular  tilnc but Lllat  the cllclllical

cvolutioll  actually continues at times significantly greater tl]al) tllc  dc])lctioll  tjilncxcalc.

4 . 3 . Comparison of Our Model to Nonpolar and Polar Grain
Components

A s  IIlc]ltiolled  ill the i[ltroductioll,  obscrvatimls  of tllc  atxwq)tio~l  ])rofile of (;() icc sug-

gests  t h a t  s u r f a c e  (J() is elnl~eddcd  ilIto lnaIltlm of  two  distillct  coln])ositiol]s.  {)IIC

col)l])ollclit  cxllibits  a weak, broad s])cctral  feature (SaIldford  ct al 1988);  this is prc-

SIIIIICCI to I)c (;() c]]]ljcddccl ill a lna]ltle dolllillatcd by ])olar ]I1OICCU1CXS,  prcsulllably  1120.

‘]’]Ic  ot,]lcl  s]~cctral fcat,llrc  is  a  IIarrow,  strollgcr  co]t)po]]cl)t  sll~)crilll])oscd 011 t}lc broad

f(’fitlll”(’. ‘J’]Ic oligil]  of t,]ljs  colll})ollcllt,  i s  il)fcrrm] t o  I)e {;() icc ill a II}atrix dol]lill~tcd

I)y llol)l)olar  s])ccics, whicl] arc ])ossih]y I’!2, OP, and (;02. ‘1’l)esc  diffcrellcm  IIlay be

a I’cslllt  o f  diflcm)ccs o f  grail) lnalltlc colll~)ositio~l  along  t]lc ]il)c-of-sig]lt  (I)cr]laps  CIUC

10 variatiolls  in tile  clll’irol)nlellt)  and/or  a coIIscqucI)cc  of abundance cliffercllccs at tl]c
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ti]]]c of ]Ila]Itlc  formation).

our  cllmlical  I]lodcl clearly al)])lics  to only tl]c ]Iolilmlar  colll]xJllellt.  l~or all rclcvallt

;Istlollc)l])i(.al  timcscales,  t >  10s yr, our  s t a t i c  clolld lnodc]  callllot  rc])roducc  IIlalltlcs

dolllillatcd  by water ice, provided that the dust, tclll]matum  ill lnolecular  clouds is < 20

Ii  (SCC ‘J’al)lr (i). lnslcad,  OUT sionda Td lI)odcl joI a hig~t dcnsify r e g i o n  (sl[own in l“i.qulcs

i-~) pfdicts /l/at the. grain Tnanilcs  will k: donlinaied  by thf  highly  abundoni  nonpolflr

,spmi(<~, CO md 02 togcil(cr  with modcrolc anloultls  OfllZOalLd  N2. At alltimcs,tlle

ablIIIdalIcc  of co 011 the Inalltlc is greater tliall  that of 1120 and  t]]mcforc  ill this IIlodel,

lIIC g a s  ])llasc chc]~lical  cvolutioll  alo]le callliot  rc])roduce  obscmml  1120 abulldallcm  011

grain  II]alltlcs. \Vllittct  (1 993) fil]ds  all abulldallcc  of water flozel] o]) graill  surfaces frolll

olmcrvations  alol]g lillcs of sight  to f ield stars ill ‘1’aurus to bc w 8.(i x  1 0- ‘5, ivliich  i s

significantly  greater than ollr surface a}~urldallcc  at 107 yr of 1.1 X 10-” 5.

‘1’l)is rcsu]t le]lds crcdcnce to ot]lcr  st,udics wllic]] s u g g e s t  lnostj  of tllc  tl)e  obscrvml

IIzo ice 011 dust  graills  iTl IIlolccular  clouds  is a result  of react iol]s  on tllc  s u r f a c e  and

not  frosting  fro]n the gas phase (cf. Whittct 1 993). ]Iccausc wc do IIOt allow reactions

0]) 1 IIC IIlal]tlc  o u r  model  is  solllmv]lat  illadcquatc  t o  addms this qucstiol].  IIowmwr,

tl]c lnodc]s  of 1111 a]ld 11111,,  which do allow reactions to l)IOCCCXI OJI tfic surface, calil]ot

M’I)MXIUCC  .3 lnallt]c i]] wllicll  w a t e r i s  noi (he tlIc do]llillallt  collstitucvlt  ove r  ~0.

Some  gas-g  rai]l mode l s  wllicll illcludc  surface reactlio]l  IIetlWOrk  S (rl’iclclls  S’. Ilagml

1 982; d’llclldccourt  et al 1 985) Ilavc l.wcn able  to ])roduce  grain  lllalltles  wl]erc  (;() and

02 arc ]l]ore abulldal)t  Lllan 112[). ‘J’lle  rc(juired  co]lditioll  is a l o w  rate of accretion  for

atolnic  11 (’~’iclcvls ct al 1991). 111 tllesc  ]IIodcls, if 1)(112) > 10’1 ClIl- 3, il)cll tllc  al>ulldallcc

of atonlic  11 is less thal]  that of (;() and  02  ill tllc  ~;as l)llasc. llc]~cx:  the accrctcci  (~() and

OZ ]IIoleculcs  will be IIlorc al~ulldallt  tllall  ally otllcr s]wcics  01] tllc  Il)antle,  ])rovidcxl  ]])mt

of tllc  oxygm] is colltail~ml  i]] (;() and  02. (Jnclcr t,llcse collditiol]s,  even if rcactiolis  occur

011 tllc  l~]al)tlc,  IIlost of tl]c [;() and 02 will be illcrt  on tl)c Illalltlc.  (Jtller  less  al~ulld~nt



s])t~cim ]]~ay react olI tl]c Inal)t]c  I)ut sil)ce at tlIcsc  l a t e  tilncs Illost o f  t]lc carlmll  and

oxygut  is  locked u]) i]] I)lolcxular  forl)l, i t  i s  u]llikc]y  tl]at apprcciahlc  al~uIIdaIIccs of

co]l]l)eti])g  II Iolec IIlm sucl I as 1120 Jvill forIII. \VitlI tl~csc cor]siclcratioI]s  iIl ]I]i]ld  kvc l~ill

c“oll(c’llt]atc>  ollr discussion of  surface abuI]daI]c(’ olI olIly the doIni  Ila]lt spwics 011 the

]Ila]lilc  ((~(),  02, 1120). As SUCII, our ]nodel  is I]Iore rcprmellt,  ative of tlic  IIollr)olar  grains

w’l Jcrc 1120 is oll]y a  t race  c,o]lstitucl]t,  lvl~ilc  IIcrl)st (1993) has stated tl)at t,llc Inodcls

of 1111 al]d 11111, apl)ly  to tl]c polar componmlt.

‘1’llcrc is IIo clircct  cvidmlcc  for molcculcs wllicll  colnprisc the IloIl])olar  IIlaIltlc Lccausc

0 2 aIId N2 arc i]]activc  ill the infrared (d’l Icmdcxourt  A al 1985), whik C02 features are

Ol)scurcd  by tl)e  at!llms])hm. (;urrcIlt]y t]le  ])1’CSCJICC  of thCSC  molecules  must bc’ i]] fcrrcc]

I)y cxalllillillg  subtlctim  ill tile  co at~sor})tiol~  p r o f i l e  colIl~)ared to profilm  scwli  ill tile

lab(nato]~’  wit]] diflcrcllt  Inolecular  lnixturcs. 1’o1 Cxaln])lc a lnixturc  of solid 02:W

of  3:2 ill tl~c lalmratory produces  a  spec t ra  wit]]  a ccvltral wavclmgt]l  A. == 4 . 6 7 8  ~IJIJ

a]]d a 14’\VllhI == 4 . 5  CJI]–l while  tllc  spec t ra  of a lllixture  of ~O:llZ() 1:10 IIas Jo =-

4.(i72 ~1]]] alld I)WIIM == 4.5 clll-] (’1’iclells  et al 1 991; Kerr et al 1 993).  ‘1’lic cllallgcs

ill tllc lalmratory  s]mctra arc ofte]l quite  s]]]all aIId hig]l rmolutio]}  11{ s~)ectroscopy  i s

rqllirml  ill order to diffcrcn)tiatc  tllc]n.  ‘1’wo lligll  resolution spmtrosco])ic  studies of ~0

ice, features llavc  colll})arcd  t,llc observed  al)sorl)tiorl  ])rofilcs  wit]] lillcar  conlt~illatiolls  of

diffcre]lt  Iahoratory s p e c t r a  c.ol~taillil]g  (;0 in smwal ~llixturcs  o f  0 2, 1120, and (~02.

II] ‘1’al~lc 4  we  })rcsmlt  tllc  r e s u l t s  o~]]y fo r  t}lc lnixtures  wliicll coml)rise  t}lc  I]arrow

lloli]~olar feature. It should be stressed that tllcsc  colllJ~arisoll  arc limited by tllc nulllbcr

of lal)oratory  studies that have 1X*CII pcrforllled o]] lmsib]c illtcrstcllar  icc IIlixturcs  (Kerr

(’t al 1 993).

Most of tllc  soLlrccm in tllcsc studies arc Imst fit with ~0:1120  lnalltlcx  with a ratio

J 0:1. our slalJdard  Inodcl  for Tl =: 10.3 n]ag  is col)sistcllt  with these rcsu]ts  yic]dillg  a

ratio of (;():112()= 10:0.2 to 10:1.4 bctlwmvl 10G aIId 107 yr. IIowcwer  we fiIId a sigllificant



4.4. Comparison Lo Warm Star Forming Regions

1]1 Scctio]l  4 , 2  WC colllparcd OLIr gas-grail]  cl)cIIlical Inodcl  to obscrvatiol)s  fro]]] a [ICIISC

cold dark cloud. IIowevcr,  ill dcltsc  lnolccular  corm associatcc]  wit]] rlcwly-formed stars

t{’l)]l~elatlllc’stvill hclligllcllollgl]  tjoIalJicllylc  ll)(JI’clI~  olcJcLllcsfrO1~l”  tllcgrail]s  and  eject

tlle]n  i]) tl]cgas  phase. l’lxalnplmof  lnodclsof  }10{ star forlnil]gregiol]s  arc tllc  s tud ie s

of IIrow]l,  (;l]arn]cy,  & Mil]ar  (19&3a, b) alld (~asr]li  ct al (1993). IIotll  of t,llmc studies

cxalllilied  tllc  cllcnlistry  ill the orion  IIot core ,  illcludillg  grain  dcplctioll  and surf  am

])1’OCCSSCS, ‘J1hcsc Irlodcls  follow tl]c c.l)mnical  cvolutiol)  during  tile  collapse of a cold

c]uln]) of gas and  dust wllcrc  after a hcatil]g  event associated wit]l tllc  forlnatioll  of stars

ill t,llc cILII]]]) tile  graills  am warlllccl sigl]ificalltly  to release II IOICCUICS iIlto  tllc  gas phase.

our I11oc1CIS arc not as cxtcllsivc as tile  previous exalllillatiol]s  of IIrow’11,  (.~harlllcyj  &

h~i]lar (1988) or (;ascl]i  ct al (1993) sillcc t}lcsc stlldics  illcludcd  r e a c t i o n s  011 tllc  grail]

sllrfaccs  al]d,  iI] i,llc case of casclli  CL al (I 993), IIad a Inorc  cxtcrlsivc rcactio Il IIctwork.

IIowcvrr it is worthwhile to exaIninc  t}lc effects 011 t}lc gas phase  cvo]utioll by rcleasirlg

llloleculcs  froln  t}]c lnautlc.  W e  llavc cmatcd  a sil]]l)lc  Inodc] by usi]lg the aljllndallccs

of all s])ccics (gas allcl  surface phasm)  at 107 yr frolll tl)c stall  ciarcl  l]lodcl of a quiescent

CIOU(l as initial  col)ditions  fo r  a]lothcr  cllclllical  ]nodc].  llsirlg  tl)esc  il]itial  collditio~]s wc

f o l l o w  tllc  time dcpcnlclcnt cllcnlica]  cvolutio~l a]ld a~)proxilnatc  tl]c s t a r  “turn  011” by

illst:llltallcc)llsly  raising  the dust tmnpcraturc  (at ( = O). ‘J’]]us  the J)icture  is 011 Q of a

(]llicscc])t c loud t}lat at late tilncs  LIIIdergoes al) illstalltallcous  heatil]g  evcllt  caused  b y

tlic  forlllatioll  of a star. ‘1’hc molccu]es  will tl]ml IN mnoved froln  the Inalltlc at, their

rcs]miive  therlna]  cva])oratioll  r a te . ‘J’llis  approxilnation  is silnplistic  since a star will

I]ot sillll)ly  “tlurll 011 “  ill t}lis  fasl]ion Ilor d o  we collsidcr  the collapse  o f  tllc  cloud.  I t

(1OCS, IIowcvm,  allow a first order cxalnillatioll  of t,llis  co]nplex  situation]).
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‘1’0 isolate effects of sclectivc dcsor})tioll we lia~’c cllosc]] to Cxalni]lc 7~1,,~  = 25 ]<. ]“Or

exaIIIljle,  cxalllillatioll of ‘J’able 6 i]] A])pmldix  1]1 slkows tl]at a dust  tm))l)craturc  of 2.5

K ]vil] dcsorl)  all of tlIc (;0 and 02  into lIIC gas l~llasc, ~vllilc  leaving llCIN a])d 1120 OI~

tl)c ]lla]ttlc.  l“igurc  8 slIows tlIc’ cllcxllica]  cvolutioli  for selected s]mcies a t  1~,1~~ =- 25 K .

111 tllc  u]~])cr ])al~cl  SW that,  by t > 100 yr all of tllc  co and 02  llavc  cva])orat,cxl  off t])c

IIlal)tlc  wl]ilc the abun~la]lcc  of 1120 011 tllc  ]nantlc  is co]lstant  a]id is actualljr rising  011

tltc  grail) It]a]Itlc  at l a t e  ti]ncs. ‘J’ltc  gas p]lasc  al)unclances  for tllcsc  s])ccics shows the

colll])lcl~lf’l]taly ])ictjurc w’itll (;0 and  02  il]crcasillg  to tllcir cquilibriuln  values.  ]Iowcvcr

close cxal)]illatiol]  rcvca]s  tl)at by w I(P yr tllc  al~ul)dallcc  of OQ i s  dccrmsing.  ‘1’his

(Imleas(’  ill tl)c al>ul)da.l]cc  of this spccicx  is tlIc result of cllclnic.al cwolutiol~ that is not

ill cx~uilibriuln duc to the prcxmlcc  of sinks for SO1))C sl)ecics. ‘1’llc sinks  arc, of course,

tllcgraills  wl~ich  arcscl(’c.ti~’ely  dc~>lctillgt  }lcs])c(i(’s  whicl] llavclalgcl  ~irlclillgc llcrgics.

‘~’llusl  tl]c  des t ruc t ion  o f  IIlolc’clllalc)xygc:]l  iri tllc  gas pltasc,  ])resulnably  by IIc io]ls, is

fll(:lillp)tl]cgro~~tll  o f  11~() 011 tllcgraill  lllalltlc.  11] f a c t ,  tllcabulldallccof  ]120  ill t]lc

gas  lJIIasc at late till)c$ (i, > 106 yr) is  actual ly larger  tllall  that sccll for tl]c standard

IIlodcl at ‘l~,,s~  =. 10 K.

Asil~~i]ar  J)ictlllcis  sclcllill  t]lc>]ol$’er  ]>allc], lv])cl’r lllol{:cll]cswit]l  illtcrlrlc:ciiatc:]~il]c]-

il]g t,~)crgics slowly cva J)oratc  off tile  lna]ltlc (e.g. (~zlI, (;N) and tllc  otllcr s])ccics witl)

IIigllcr t~il]dillg  el]ergics  (e .g . C 02 ,  IICN, and  }IZ[;O) rcvllaillillg  011 t}le lna~ltlc.  ‘1’IIc

IIigllly l~om]d  sl)ccics, cspccial]y  ~Oz snow tllc  salne  effects as sccw for 1120, gas ])llasc

abulldallm  cnllanccll)clll,s  a]lcl growth on tllc  mantle. ‘J’hc gas ])llasc at)ulldallces  of ~211,

ll(~N,  (~NT, and  N]]:+ peak at, 1 ---2 x 105 yr allcl  t])cll dccrcasc. After this tilnc the “lior-

lllal” cllcvnistry  tric,s  to rcassmt itself. I“or e x a m p l e ,  tllc ‘(norlna]” quicsccmt  cvolutioll

(Iocs ]~ot })roducc  ~211 at lat,c t,ilncs bccausc  of tllc  lack of a.to]nic carbon.  Si~lcc  all of

tl]c at,olllic carbol]  is locked  into co W}lcn ~zII is dcsorbcd from tllc  grain  lnalltlcs,  it is

rapidly dcstro,ycd  via gas J)hasc illtcract,  iol]s.
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l“igurc  9 show’s allotllm cxam])lc  of tlIc star “turn oII”, but mmlcld with l~,,~f = 30A’.

At this d u s t  tclllpmature  ]nost  of tlIc s]x>cics arc ofl’ tllc  grail}  lna]lt]c  hy 10[; yr and tllc

cllcl[listr~’  is IIearillg  a l)or]nal  steady state so lu t ion . ‘lllllls, for not dust  and t > 106

yJ, tllc  tlw  abul}dal]ce  Cl)llal]cclncnts  frolll early tilllc  graili  IIlalltlc  cwa])oration  (wit]lout

surfdcc  proccsscs) do not, prcvcrlt  tltc  cllcll]istry  frmn J~romcding  to a ]Ior)nal  pure g a s

l)llasc steady  state solution.

Sillcc wc lia~’e lnodclcd only  a quicsccnt  cloud  IJ]ildly  IIeatcd  by Ilcarby  stars ,  our re-

sults am di{ricu]t to ronlpare  qualltitativc]y  w’itll obscrvatiolls. I“or example ill t,hc orion

liot mm, wl)cre  tllc  best cwidmlcc exists for graill  ]Ilalltlc  cvaporatioll,  the tcm]maturcs

are ?\. >  1 0 0  K  ]nucll llighm  than modclcxl in this work. 11] add i t ion ,  tllc  orioll  not

CON’ IIas large abundal)ces  of c.olnplcx I1301ccmlm  that arc I]ot i nc luded  i]) our reaction

])ctwork.  ‘1’IIc star ‘(turn on’> Inocld  best, rq)resmts  warln  regiolis  tl]at have lmI)I lleatd

to t(~ll)])c]atl]]cs  <50 K as tllc  rcwults of tl]c for]llatioll  of nearby  stars.  As sucli,  wc IIavc

CIIOSVI] to collll)arc  our al~ulldallccs  with  tl]c cxtelldcd  quicscclltJ  r i d g e  in orion ratlicr

than tllc  ]Iot tom. h4czgcr,  \Villk,  & Zylka (1 (NO) cstilnatcd  a dust tcmpcratum  of w20

K for t IIc cxtmded  Orion  lnolccular  cloud  usillg  tlic  350/11]1/l  300p1n ratio.  Additional

lll[’:ls~llc’l~lellt)s  of tllc  gas tcnpcraturc  a]ollg the orion  ridge  show that tl)c  tcm]pcraturc

of tl~c dc]]sc gas varies  from 50 1{ Ilear the ‘J’ra})cziunl  and tl]c e]nbcxldcd  llN/KI, cluster,

to 20 K further away from the }leati~lg  sources (Ilergill  et al 1 994). If Ykt ~ ~~fl, ak)llg

tl]c dc~]sc ridge of gas ,  a s  i s  cxl)cc.tcd  ill tlicsc  dcllsc  rcgiolls  ((Joldslnitll  a]ld l,allgcr

1978), tllcll tllc  orion riclgc m a y  bc all cxa~]lplc o f  a  rcgim IIcw]y  heated by forlnillg

stars.

‘J’al)lc  5 ])IWSC]JLS tl]c a}~unda]lccs  froln tllc  s t a r  “turl)  o n ” ]nodcl  along  with al~ull-

dallccs  frol]]  tile standard Irlodcl at 107 yr and  obse]vcx]  al~u]lda]]ccs froln  the orio]) ridge.

‘1’IIc  agrcmllcllt  Lct,wcen otxxrvations  and Inode] is quite goocl. III fact, t}]c model that

i]lcludcs  p;rai]]  ]nalltlc evapora t ion  Imttcr ]natclles  obscrvatio]ls  thal]  dots Llle quicscmlt
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gas ]nodc] at 7b,,.t = 10 1{. IIowevm  the llulnlm of spccics  wc coll]parc  is quite sl]lall .311d

Inorc  (Ictailml  Illodclillg  including sulfur  Ixarilig spmics would bc uscfu].  1]] add i t i on ,

WKT TIOtjC that tl)c early time ( 1 Os yr)  l]lodcls  of llcrbst  aIId l,mlllg  (19S9), WIIO Inodelccl

tllc cllmllistry  witlloui  any  illtlcrac.tiolls witl) grains, arc ill just, a s  good  agrcclllcllt wit])

olmmatiolls  as arc our results. As sucli, wc regard tllc  rcsu]ts frol]l this crude ]nodcl  of

IImtcd gas as ]ncrc]y  sllggcstivc  tllatl  the ])roccsscs  wc liave iIIcludcd  ll~ay be ongoing  il]

tllc  war]ll  d e n s e  rcgiolls  of in intmtd]ar  clouds  as cxe]n])lifitxi I)y tl]c orio]l  ric]gc licar

tllr ‘1’ra])cziuln  stars.

4.5. The Ikpendence of Depletion on Physical Conditions
and Its Relationship to Observations of Solid State

Features

l)cplction is  IIigllly dqmndcmt  011 the pllysica]  conditions  o f  tllc  p a r r o t  cloud.  Solnc

(Irtails of i,}lis  rclatiollsllip  have beml prcmm]tcd  ill Appmldix  1~, in wllicll wc cxalni]lc tllc

del)c]ldc]lcc  of dc]jletioll  olI t]lc dust temperature, radiation field, and tl)e density. II) this

scctio]) Ivc exa]nillc lIOW our results a})])ly  to the ohscrvat)io~ls  of molecular icx! features.

III tllc  fol lowing paragraphs wc will refer to dc])lction  as dcfillcd  by tllc  pcrccntagc of

tllc  total ahulldallcc  of a spcxics  (gas pllasc  -} s u r f a c e  al~ulldallcc)  that is ])rcscllt  o]l

t]ir ,gyaill surface. A ]]101ccL11c that shows a dcl)lctioll  of 90% will IIave 90% of tllc  total

al)ulldallcc  of that, spm.icx  on the grain surface aIId would IN considered sigl]ificalltly

dc])lcted  froln  the gas pllasc.

4.5.1. D e n s i t y

olmrvatimls  alo]]g Jillcs of sight  towards field stars ill ‘J’aurus by \VIIittet  et al (1 989)

]Iave revcalcxl depletions 011 the order of 5- 40%. Since  tl]mc  results arc towards obscured
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stars (Jl]a!,  arc IJmslllnably  I]ot associated wit])  tllc  cloud  it is likely  t}latj tlicy  arc ])robillg

(Illiescmll  IIlaterial. ‘1’IIus  we lnigllt  assulnc tliat a dus t  teln]maturc  of 10 K ]I)ay bc

lt’])lc’sf:lltativt’  for tllc  ohscrvations  towards the ]nost  obscuml  stars wl]icll  exhibi t  tllc

IIigllcst,  depletions, Witl)  this assull)~)tioIl  it is lvortl]whilc  to examine at w]lat  dmlsity  our

]]lodc]  agrcm with tllc’  observed  (;0 dq)lctiolls,  and whctllcr at these densities lllillil)]ctm

[Jl)scrvatiolls  lnay  ll~iss  a sigl)ificant  f’ractioll  of nlolccular  material .

‘1’0 illllstratc  this, wc plot ill l“igurc  10 tllc  dq~lction  as a func.tiol)  of’ dcllsity to

cxalnillc  at ~vllat  dmsity diffc:rmt  J1101NW1CS  will lW signif icant ly dq)lctcd  frolll the gas

])liasc. ‘1’l]is figure  SIIOWS  that  both (;0 and 02  am c]uickly  depleted  bdow a level of 50%

I)y 11(11~)  = 3000 Cln ‘:3. Whi le  tllc  higll]y bou]ld  species (~N, ll{~h’, alld 1120 all sltow

sig}lificallt amou]]t,s  of gas ])l)asc  depletion for all dcmsitics. ‘1’hesc  rcsu]ts arc ullccrtaill

sillcc tllc  dc])]ctioll  of a givcll s])ccics is a strong  ful)ction  of tllc  bindi]lg  cHImgy and mm]

a IIlodcst clla]lgc  in h’~ (whic]l arc mostly UIIk II OWII) will have a largy  effect.

%]]lc l~ilidillg  ellcrgics  lla~c bcml ]Ilcasurcd  ill tl]c lat~oratory  for (;0 i]) al] llzO lnatrix

(Salldford  & Alla] I]an(lola  IWO) and  (;(3 ill a pure (;O matrix (Sandford  k. Alla] llando]a

I 9&S). WC IIavc used these binding cnmgies  to cxaTnil]e  tl)c illtcr(lc]~ellclel]cc of dc~)lctiol)

al]d I)illdillg energy for the (;0 mo]cculc.  WC present tllcsc  results ill l“igurc  11 sl]owillg

(Iel)letiol] as function of dmlsity  and }-)illding  energy. ‘1’l]c dasllcd  lillc ill tllc  figure is tllc

IIolnilla] I]laxilnuln  d e p l e t i o n  e s t i m a t e d  by Wllittjet  CL til (1989) ill ‘1’aurus.  ‘1’11(’ II1OSL

striking  feature ill this figure is that tllc C~O lnolccu]c  is easily accrctcd  and llcld 011 a

water IIlaIItlc. 111 fact, for all densities, tllc dcpletio]ls of (lo ill a watm Illantlc arc Inuch

lalgcr tllall obscrvd. Our model thus suggests that tlIc (;0 ice observed ill II IolcculaI

clouds  IIlust  IM2 hindil~g ill a lllantlc  witl~ a billdillg  energy ]]lucll  lCSS than 1740 K. ‘]’his

conclusion  is  consis tent  with  the ol)scrvations  of rlonpo]ar  arid I)olar  icc fcaturm, si?lcc

(10  is Jnow al)ulldatlt ill the noll])olar  layer wllicll  is not dolnillatcd  by IIz() (rl’iclclls  ct

al 1991)



‘llIIC lIi IIdi IIg of co iIl tlIc nonpolar lnalltlc II]ay also lx: illcollsistmlt with tllc binding

e]lcrgim usd ill this work, which arc for Si02  IIlalltlcs.  At lligl~  dc]lsitics,  CVC])  a bilidillg

c]lmgy  for (;0 to all SiOz surface of w 1200 K produces lligll  dcplctioll.  It is so]ncwhat

]Iard  to c a t e g o r i z e  the ac tua l  dcvlsitics alo]lg tl]csc  ]incs of sigl]t sillcc s~)acc~  dcllsitics

arc diflicult, to illfcr  fmn cxtinctio]l  ]llc’{~s~llclllcllts.  IIowcwm,  various indications of t}lc

dmlsitics  towards some  of tllc  field stars ill ‘1’aurus arc ill the Iitcraturc.  ‘1’wo of the stars

ill tl)c  survey by Wltittct  et a l  ( 1 9 8 9 ) ,  l{;lias  15 (Av = 1 3 . 3  lnag.) a]]d I’lias  16 ( A v

23.9 msg. ) arc in portions of tllc  llcilcs’  ~loud  2 lllappcxl by ~crllicllaro,  Gu61i11, &~

Asknc (1984) in tile  J =- 1 - ~ O t ransi t ion of  11(~()+ allcl  its isotopic varial]t  11]3(10+.

110111 of tllesc field stars arc withill  tllc  contours of tl]c 11~0+ clnissiol!  (tllc bc!dln  size

i s  N 5’) al)d l;lias 15 is c.oillcidcnfj  with a local Inaximum  ill the 1113~0+  ]nap.  ‘J’hcsc

obscrvatiolls  tlllus  suggest the densities arc >10 4 clll-3 sillcc 11(~0+  a]ld ill ])articular

11 l:J(I()-l would bc hard to excite at densities below this value. It is IIccessary  to llavc

]Ilorr  obscrvatio]ls  of IIigll  clipo]c  lnonlm]t  lnolcculcs  alo]lg t}lcsc  lilm of sight, wlwrc (;0

dq)lctjimls  are measured  in order  to bet ter  charactcrim  tllc  pllysica]  collditiolls,

If tllcse dcv)sitics arc rq)rcscl]tative  of the lllatcrial  where (;() icc fcaturm arc observed

tllell ])urc  (;0 ice sccrns  to best rc])roducc obscmwtions. l’oI (10-(;0 l)indillg,  dcplctiol]s

> 50%0 do IJot occur until 11(112) > 5 x 10 4 c m ”  “ wl]ic.11  is llot ullrcalistic.  for lillcs-of-

sigllt  wit,]] large ext inct ion. III fact, for two sources listed in ‘J’able 4 tl)c observatiol]s

of  tile  IIoll})olar  colnpollcllt  e x h i b i t  ice f e a t u r e s  col)sistcllt  wit,h ])urc (:O ice. If C(I

(of’ OZ, is Ihc d o m i n a n t  componcmf o f  I}LC IloIlpo/aI’ icc lhm lhc.  binding rncl:qics for

most spmics  u)ould h mduccd to VQIUCS ihat may O11OU) a signijkanf  portion t o  remain

in /l/c gas phase ~ c:vell at l’Ligh d e n s i t i e s . of Course these I’csults  arc Clcpmdcwt  011 t}lc

dcwr])tio Il IITOdd allcl 011 the absmcc of colnpcting rcactioI)s 011 the surface of the grain.

11 owrvcr, givcll  tl)e  current otxscrval,iolls  of co ice features this question merits further

cx})lorat,  ioI1.
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4.5,2. AIJ T h r e s h o l d

llotlI  (no  and 1120 ices cxllil~it  a tllresl)olcl value  o f  visual  mtinctioli  bclolv wllicll  tllcir

icc features are l)ot,  observed.  l]) gcl]c’ral  tl~is  tl)rcs}lo]d is lCSS for 11 20 tllall  for (;(). III

‘1’aurus  tllc  water ice tllrcsllold  is Al,~)’= 13,3111aF;Jvl)ilcfol(;(),  A~) = 5.31] lag(Wllittct

d al 1988, 1 989). ‘1’llc Cxtillctiol)  tl)rmllolds  to ol.mmw (;() and 1120 ices dots vary  frol[l

cloud  to cloud  (Williall)s, ]Iartquist,  & \Vhittctj  1 992).

!-kvmal [Jx])]allatiol]s for L]lis  cfrw.t ]Iavc bmi l)roposcd.  Adamsoll  CL al (1 988) propose

tl]at {II(J tl]rml]olds  sllggrst that, tl]c lnant]c  dcsorptio]l  Inecl)aI]is]n  o r i g i n a t e s  froln  tllc

o u t s i d e  o f  tllc  cloud.  Willialns,  IIarquist,  &? PVllittct  (1992) attrit>utc tllc desor])tioll  of

1110 to tllc  local infrad  radiatio]l  fidd.  ])ulcy and Williams (1993) proposed that the

llcat of forlnat,io]] of 112011 alnorpl]ous  icc regulates this ])roccss for (;0. Wllilc  Sloitl),

SCllgml,  S’ ]Irookc  (1 993) suggest  two separate l]lcchallisJ1ls: for 1120, ])llotoclcsO1])tioll

rc~ulaks ]I]a]ltle  gro\vtl  I, wllilc for CO si]n])]c  tl]m]lal  m’a]mratioll  IIlay h efficimlt.

our sillglc dwlsity C1OUC1  ]nodc] s]]own in l“igurc  5 gives alJulldallcc  ])rofilcs f o r  b o t h

tllc  gas and surface as a fu]lctioll  of cxtillc.tioll, 11] this figure, duc to self-s}lieldi)lg (;()

is al.)ul]dal]t in tl)c gas phase and  011 tl)c grai]l surface at very low extil]ctiolls  wllilc  IIzo

(Iocs ]lot a])]war  ill aljulldallcc 011 the mant]c  un t i l  TV == 4-5 IIlag, ‘I)hcsc  ITsu]ts  Sccnl

contrary to olmrvatio~ls  wllerc  1120 IIas a lowm Cxtillctio]l  t h re sho ld  tl)a]l ~0. IIowcver

w(’ arguml  ill Smtion  4.3 t}lat our Il]odcl callllot  ])NXIUCC  e]lougl]  1120 on tllc  nlal]tlc to

agree wit]) Ol)sel. Vai, iOl)s. It is clear t}lough,  that a sillglc dmsity C1OLICI ]nodc]  is IIot al)lc

10 rc])rodLIce  tllc observed Cxtillctioll  tlircsllolds  for (10.

S]]lith,  !+llgml, ancl IIrook  (1 993) llotcd that tlIC dust tcm]mratum in IIcilm’  Cloud

2 a s  ]]lcasurcd  1)}7 t h e  60~LI11/1 00jLIIl  ratio is  N 2 4  K (SI)CII,  IIcycr, & Scl Ilocrl) 1989

[s11s]) at tllc!  cloud  (’dgcs. llxalnining  the d u s t  tmnperaturc  dcpc:nclcl)c.e  in ‘1’ab]c 6,

Y~{l,,,,  > 221{ would  l)c cnoug]l  t o  dcsorb  tl)c v o l a t i l e  (;0 fro]n tile  grain  lnantles.  I f
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llIC {111s{ tc]])])craturc  decreases wit]) i~)crcasil]g  cxtil]ctioll  tl]cl]  a si]l]])lc  cx})lal]ation  f o r

tlIe  (;0 tllrcsllold  exists (i.e. dust temperature dccreasi]lg  with distance i]ito tlIc cloud).

‘1’ll(,lcisc~licl(:llcc  tllatjtlle(lllstcolo)  tcllll~eratlll{:ill  ‘1’allr~lsallclillotl)cl  clollcls,ol.)sc]l~c(l

I’ia tllc (iOjlIn/100~lln latio,  illcrcascs  wit]] dmmosing co]u]nl] dcllsity (Ilcilcs (;loud 2:

S11S; 115: I,angcr  ct al 1989). 111 fact S11S show that the dust color  tcmpmatum  il~ ‘1’aurus

is > 20 K until N(112) =- 5 x  102]  CI]l-2, or Al, = 5 Illag. S11S and  l,angcx  et al (1989) also

arr; uc that,  only  tlllc  slnal]cstl grains arc rcspollsiblc  for t}lc 60 ~l]n and 100 ~[]n clllission.

‘1)11( larger grains, such  a s  t}losc rcs])ollsiblc  for ]Ilolccu]ar  dcpldio]l,  will k at 10WCI

tcl]i]lcrat urcs and tllcrcforc  will not have sigllific.allt  clllissioll  at 60 and 100 ~lm. \Vhilc

tl]c  tmnpcratum of this com~)ollmlt is ullcertain  it is lilwly that t}lc l a rge r  g ra ins  will

SIIOW l,IIcI salne tcvn~)craturc  distribution wit}l  increasing column clcmsity  as t}lc slnallcr

dust  grains. hfodels  of dust, ,graills  lleatcxl by the i]ltcrstcllar  radiation field do SIIOW tl]is

dqm]dc]]cc  (de h~uizoll & ]{ouall, 19S!5). ‘~’hcm: is solnc cvidmlcc  for the tcn]lpcrat  urc

of 1 l]e colder dust colnponc]]t  ill the rcccllt results fro]]] t,hc lo]lgcr  wavelcllgtll  survey

of  IIIC galaxy at 140 at]d 240 ~[]]], by tllc  c;oslnic  l~ackgroul]d  l+lxplorcr  ((; ol\l’; ). ‘1’llis

sLIIvey found  t,llat tllc  average dust telnpera,t,urc  ill tllc  lnolccular  coln~)ollcllt of tllc ilillcr

galaxy is 19 K (Sodroski  ct al 1993). Sillcc!  the dust clnissioll  is optically tllill this dust

t[’l~ll)(>lt[tllle  will reflect an average dust temperature over the prcsu]nab]y  hotter cloud

CXISCIS  a]ld tllc  c.oolcr  illtcriors.

l]] our ]nodcl  CO is the dominant malltlc constituent al)d as suggested ill tllc  previous

scctiolls  t,llc (;() I]]oleculcs  will have a lower  l)illdillg  cllergy  to a CO surface. 111 tllc case

of pum C;() icc the evaporat ion tclll]matum  is 17 1< as opposed to *2O K for Sioz

grai],s  (see ‘J)ab]c  6). Under tllcsc  co*]ditiolis t}lc sim],lmt solution for tllc co Cwtinctiol,

tlltcsl)old  is IIcatillg  by the  loca l  r ad ia t ion  field as suggcstcxl by S1nith,  SCllgrc]l,  a]]cl

IIrookc  (1 WI). ‘J’llc  strong  cvidc]lcc  that ]nolccu]ar  clouds exhibit a clumpy structure

(cf. hllllldy et al 1986; Stutzki  et al 1988;  Staccy ct al 1993) would only enhance t}lcsc
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(’f[C’(’t S. \~al’ia{i(J1l S ill t~lC t]ll’CS]lO]d  tKiW’CCVl C] OlldS  COll]d

1 IIC fraction  of IIlaterial which  resides ill dmtsc CIUJII]M.

5. Summary

WC IIavc ])rcselltcd  here  a IIlodcl of  gas phase cllclnist,ry  for dcJIsc  iritcrstcllar  clouc]s

illclu(lillg  tllc  eflects  of grai:l  dcplctioll  and clcsor})tioll. ‘J’o assess tlic  iln~)ortallce  of dif-

fmmlt  dw+orptioll  lnccllanisl[ls,  wc llavc iIlcludcd  lllrcc potentially important ]nml]anis]Ils

to rcIIIove s]x:cics from tllc  graiu  Inallt,lc:  tl]mna] evaporation, cosmic ray  spot IIeati]]g,

al](l  direct ])l]c)t[~(lcsol}  >tio)]. ‘IIIIC cl]e]]listry  }Ias  km cxaIniIld  usiI]g  tl]csc  dmorption

]ncc]]a]lislns  ill t]lc  c.olltcxt of  a  s tandard cloud  IIIOdd ( 1 1 ( ] ]2) == 10’1 C.]n-:j,  Yi,,,t = 1 0

K, :/:..5 =- ~o ]<, y =: ]  o ) .  ‘J’lIcsc:  IIIOC]CIS  of gas-grail]  cllmllical  cvolutio]l  arc both tilnc

(] C] XVl(]C1lt al~d dq)th (TV) dcj)(’ndc’r]t. IJsirlg  the sta  Tldard ]node] as a rcfmvlcx!  case,  wc

IIavc also cxalllillcd  t])c illtclclcl)rllclcllcc  of tllc  gas-grain  interaction over  a wide  raligc

o f  co])ditiolls  by ~’aryillg tllc  dwlsityj  dust, tcm]mziturc,  and  lJV fidd eI]llal]cc]ncmt.  ‘1’o

isolate cf[cc,ts  of gas ])llasc a]ld gas-~ rai Il i]]kractions  wc cxc.]udc surface catalysis. WC

lis t  tlIc ]Jri]]cipal rcsu]ts h]ow.

1 ) (JVU a wide rallgc  of co]lclitiolls, 11(112) : 10:J cln-:i  t o  105 CIn-3, 7i,,,t < 20 1{,

and TV > 2 IIlag, wc find that, cosmic ray dmor])tioli  is tllr most importa]lt  Illcc}lallisln

fol rcll]oving  spccics  from the grain  sLlrfidccs.

2) IIuc t o  coslllic ray dcsorptioll, w’l]icll functions  CVCII  at, Iargc  visual cxtirlctiol]s,

at, tilncs greater  than tllc  dc])lction  tilncsca]c at 11(112) ~ 104 cln-~, all active gas pllasc

cllc]llistry  pmsists,  as shown iIi l’igurc  2. ‘] ’]lis is dif[creIlt  froln  ])rcvious  stuclics  WIICTC

tllc  gas })llase s]lows  a drain atic disa]jl)carallc.c. At tllcsc  late times, the al.)u~ldallc.cs  of

sotnc  sil)]])lc  s]jccim  ill the gas p]lasc  fro)n the sta)lclard  model  arc close to agrmnmt

wit,]] o}>scrvatio]ls  of abul~dallcm  i]) ‘J1hI~-l  . ‘1’hc agrccmcllt  is best for simple mo]ccu]cs
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WI IOSC cllcl]]istry is failly well known.

3 )  II;xa]l]illatio]l of the dcpcmdellcc  of dq)lctioll  wit]]  dcvlsity SIIOWS  that  srvcral  o})-

scrvatio]lal]y  ilnportant  species,  SUCII as ll(; O+ al]d I](; NT, cxllibit  gas phase abulldallcc

rcduclimls  wllcll t,hc density is illcrcasd  froln n(l]z)  ❑ : 103 cln ‘3 to 105 CIII-3.  Since  dc-

j)lctiol! js strmlgly jnflucmccd by dmlsity  a mllparison  of gas p]lasc  abundances between

l)igl) dm]sitim and low dcnsiiics  may provide cvjdcllcc  of its cflcc,ts.

4 )  l“or astropllysically  rclcval)t  tilncscalcs  ( t  >  1 05  yr) wc f i n d  t]iat (;0, and at t

> 1 (P yr, 02 arc the Inostj  abunda]lt  spcwjm olt the grain mantles wit}) trace amounts

of 1120 and N2. M7c a l s o  find tha t  dcplctiol]  froln  the gas pl]asc  callnot rcproducc tl)c

olwcrvcd  abullda])cc of 1120 molccu]cs  o]t grain  surfacx!s.

5) observations of (;0 ice features sl]ow that ~0 is c]nbcddcc]  in two  co]n~)oncnts:

O]IC dol))illatcd  by lloll-polar  spczics  and  tllc  other by polar lnoleculcs,  prcsulnably  1120.

I I I  tlIc IIIodcl ])rcscntlcxl  lIcrc CO allcl  tllc  IIoII-poliIr  0 2  nlolcculc am tile dolninalli  spccics

0]1 tllc  ]IlaIltle,  thus  our  ]nodc] ap})lics  to L1)C noll-l]olar  grain  coIn]JoncIIt.  hlost  o f  t h e

ol)scrvationa]  studies of non-polar (10  ice arc best fit with ~O:lIZO lnantles  wit]] a ratio

of 10:1. our rcsu]ts  arc ill a.grcxmcl~t  w’jt}l tllc  obsc!rvationso 1 lowcvcr  wc also fiI)d Iargc

alllou]lts  of 02 prcscmt  in the ]nantlc.

6 )  WC llavc  e x a m i n e d  the illtcrdcl)cllclc:llc.c  of (;0 dq)letion  wit}] gas dmsity a]ld

I)il]ding cIImgy  and fiIId that the obsmvd  depletion li~nit  for CO ill ‘1’aurus of 40 ])mcent

is i~lcollsistcnt  with co bonding  in an 1120 rich tl~alltlc. ‘1’llis  result  is ill agreement with

ol)scrvatio]ls  of solid CO, wllicll suggest t}lat II]ost  of the CO is ill a lnallt]c with oIlly

trace atllollllts  of 1120 (rl’ic]cns  d al 1991).

7) ‘1’lIc results for CO binding to different ,graill  surfaces sl]ow tl]at dcplcticm  is llig}lly

d(’p(’ll(lcllt  011 the!

aIld depend u~)o?l

s u r f a c e  })illcling  Cllcvg<y of tllc  spccics, which arc highly uncertain

w]lich  s p e c i e s  i s  the do))lillallt  c.olnponmltl  of tllc  grain lnalltlc.  111
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all Ilost every C a s e  prc%cllt(’d  IIcrc (:0 is t’llc  CIoll)il)allt  species  011 tll(’ II]alltl(’. If tllc

illtcrstcllar  grain  Inal Itles consist  of  a  layer  of  (JO ice, tllell the hillding  mlcrgim  fo r

})llysical  adsor])tioll  would  bc reduced to values  that collld allow a significant  alllou]lt  of

this s])ccics to rell)aill  il) the gas ]Jllasc.

WC would like to acknowlcxlge  Yvcs Viala and  Jca]l  Jac.qucs  }Icllayou]l for providing

tl~c cllclnical  ]lctwork  used ill t}lis  work .  WC tllallk  Gary M a r o o n  for l)rovidirIg  a key

Imrtio)]  of the code.  We arc also indebtml to Al Glassgolcl for providing illforlnatioll  011

(IJC activatio]l barriers o]] IIcllt]al-llelltral rcactio]ls.  lt. A.11. is grateful to l)oug  Wllittct

for a very  useful  discussion  of obscrvatio]ls  of lllc)lcc~llariccfcat~lres.  We would likcto

tl~a IIk h4ark  Allcll,  es~lecially f o r  ]lis c.oln~ncmtsol~ t]lc billclillgcllc:rgics,  and  ]{on Sncl]

fc)l]i[l]i]e]o~lsllsc!f~ll  discussionson  obsmvatiol)s  and  cllmnistryin  II)olcclllarcloll[ls.  ‘1’lIc

rcscarc.]1  at tllc  Ul]ivcmityof  Massacllusct,  ts was sup~)ortcd  by ag rant froln  the National

Acrollauticsalld  S]~ac(:Acllllillistratiol]  (N ASA)  for the Sll~]lIli]]illlctcr \~Tavc Astl’{)llolll-

ica] Satcl]itc.  ‘1’l)is w o r k  w a s  co]lductm]  in l)art at, LIIC Jet l)ml)ulsio]l  l,ahoratory,  (Jal-

iforllia  lllstitute of  ‘J’eclt]]o]ogy  uTIdcr  collt, ract to  tllc  NIASA. ‘J’l]c h’atio~lal  Astml)only

a]ld lol~osl)hcrc (;cntcr  is ol)crated hy (~or]l<!ll  lJllivcrsity  uIIdcr  a coo]) erativc agrcclnel]t

w i t h  tllc  N’ational  Scimcc h’oulldatioll.
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Appenc]ix  A

changes To TIIE V i a l a  D a t a b a s e

1 ) ‘1’hc IIctwork  IIas IH211  rcvisd to illcludc tlIc eIlllallccd rcacticm  ra tes  at, low tcln-

]wra{llres lwtwccI)  iol~s al)d higl] d i p o l e  IIlolncl)t llcutra] l~lolcculcs using  tllc  forlllalislu

of h4illar  et al (1991).

2) (k)]lsidcral~lc  attmltioll  IIas bcml focused oll tllc  rcac.tions  whicl) illit,iat,e  tllc cllc]n-

istry  of llitrogcl)  l)ydridcw. lJ1llikc  reactiol]s  that, illitiatc  tllc  carbon  al]d oxygc]] chem-

istry,  tllc rc~actiol]  of IN wit]]  11: lmsscssm  a larg;c  a c t i v a t i o n  b a r r i e r  (Ilcrbst,,  ] )cfrcesj

a]~d Mel, caIl 1 987) a.lld tl]crefore can]lot  I)c a Illajor forlllatiorl  patl)way ili the low tcll)-

l)cratllrc  cllvironll]cllts  of ]nolcculal  clouds, l{atllcr, tllc forlilatioll of  IIitrogcll IIydriclcs

is ldicvd to be i n i t i a t e d  by tllc r e a c t i o n  N + -} 112 —} h’]]+ -t II (Ilcr}mt,  l)cl’rees,  ancl

illcl,ea~l 1 987; (;alloway a]ld IIcrbst 1 9 8 9 ,  l,c lkurlot  1 W] ). ‘1’his  reactio]l  has  km:])

st, ~ldicd  at lolv t,cll)pcriit,  urcs  il) the l a b o r a t o r y  slid  has  ljccll  found  to be slig}ltly cm

dotllml]ic  wit]] all act ivat ion barrier  of  N 210 1< (I,uinc  atlcl  l)unll  1985; h4arqucttc  d

al 1 985; h4arqucttc,  l{cbrioll , and  ]tc)wc 1 988). ‘1’l)is ~)rcsmlts  a complication for forlll-

illg Nll:~ si~lcc  under IIonnal  quicsccvlt  i~]tcrstcllar  c.ollditions  (7L N 1 0  K )  tl)is slnall

activatiol~  ljarrim w~ould  su~)press tile  rcactioll  scxju(~l)cc  that  ultilllatcly  forlns  all]lnonia.

h4a]~y tl]comtica] and expcri]nmlt,al  ef~orts  })avc IJCC])  directed to studying  this ilnpor-

ta]lt rcactio]l  (J,ui]lc  & I)uIJ]l  1985; l~:rvill &I Arl[lc]ltrout  1987;  J’cc, I,cp}), & ])algarno

1987; G a l l o w a y  a]ld IIwbst 1989). Ada]ns, Smitl], & h4illar  (1984) llavc suggcwtcd t h a t

if tll(’ N+ im]s arc forlncd  via dissociati~~c  ionization  by IIc+ of nitrogmi  IIIOICCUICS (112,

(;N, etc.), ratllrr  illall  by coslllic  ray ionization  of N, tllcl] tllc  ~)roduct  N+ iolls  may IIa.vc
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c]loug]]  tral)slatiolla]  c])crgy  to ovcrcoII]c  tllc  act ivat ion barrier  al]d allow tlllis  reactiol]

10 ])rocced  .

‘1’llc tllcorctica]  calculatiwls  of Galloway & IIcrbst  (1989, [G]]]), provide  all avcl]uc

for f?l(ilc’illtl~lsioli  o f  tllcsc;  coll)l)licatioIlsi  lltoa  cllmnical  Iletwork. They plesc’lltj  tllco-

retica]  r a t e  coclficicmts f o r  t i l e  NT+ -1 112 rcactioll  under  bot,l] tllcrlllal al]d Iloll-tllcrlllal

co]lditiolls. lJIIclcr  tl~cnllal  il]kmtcllar  collditio~ls (Yh = 10 –- 20 }<) ,  the N+ iojls arc

create(]  IIlaillly  by mwnic ray  iollizatioIl  and  tile  r e a c t i o n  rate i s  s m a l l  (k <  1 0– 1 3

(“111 ‘  ‘~s- 1 )  i,] agrmnc,lt  with  *,rcvious rcsu]ts hy IIml,st, J)CP’IWCW,  & McI,ca*)  ( 1  987),

[I II(]CI l]o~]-tllc>rlllal  cm]ditiorls, the N+ ions arc t]]c J)roduct  of  dissociat ive iollizat,ion

a])d arc illllmtcd  with IIol]-tilcmnal  trallslationa]  cllcrgy  that Inay  ov(!rcolnr  tllc  harrier.

‘1’]]c  reaction  rate ul~der  L]]cse  collditions  dcpcncls  U])OI] t])c! spill orbit el]crgy  distributioll

of tl]c  cllcrgctic

(’111 - :{s- 1
)

liall)cl’ tlla Il

N+ ic}lls and  is a fractiol]  of t}lc l,angevil]  rate (  ~I,O,,~C~jiTl  = 1.6 x 10-s)

trcatillg  t h e  abul)dallces  o f  tllc tllc’rl]lal  and Iloll-thcrl]lal  N’ ious a s

sc])arate s])ccies W(; IIavc opted  to usc the t}lcrr~lal  rate (sew ‘1’able 3 of G]]) at car]y

ti~]lcs  WIICII N’ is forInd Inainly via cosmic ray ioI1izatioI]. WIICII the productioIl  rate

of  tile  N’i l)y d i s s o c i a t i v e  ionization  of N2, IN(3, II(; N, a~ld (;TX cxcds tlIe forlnatio]l

rat e I)y coslllic  rays we have uscc]  the largrr rates for IIoll-tllcrlna]  NT+”  fro]]) ‘1’able 4

o f  (;11, assllll~il)g  al) 1,’I’II;  e n e r g y  clistributiol)  of  tlIcJ N+ sl)in statms. lIcIIcr, WIICI1 tllc

followil]r;  illcqua]ity  is satisfid  in t}le tilnc dq)clldcllt  colnputatiol]  of abullda]lccs  tl)c

IIigllm l]oll-tllm]lal  rates am used:

( [ N , ]  -1 [NO] -i [IICN] + [CN])[Ilc+]kd,ss  > (N[N]

de]lsity  of a gil’ell  species, kdi~~ is a c]laraCtCristiC dis-

3.0 x 10-~ c]]”]%’ 1 ), and  (N = 2.72 x 10-17 S-l is tile
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cos~r]ic  ray  ionization rate of JIitIwgcvI. ‘1’l)e ])ractical  effect  of this aJ)~)l(jxitllatic)Il  is a

lo]lgcr  forl)]atio]]  timcscalc  f o r  alllmollia  colnparcd  to othm sil]l])lc  nitrogm]  I1101CCU1CS

SI]CI1 as iN() or (;N.

4) l,ow tcl]lpcraturc  IIlcasurcmc]lts of tllc  reaction of (;zll~ with IIz show all c]lllallccxl

rate. ‘1’llcrcforcwc  IIaveinc]udcd  this reaction wllicll  produces (;z~l~ and 11 wit]) a rate

o f  5.6 x ]()-117’-2 0113s-1 (llawlcy  &  S1nith 1992;  Glassgold,  omollt,  & Gu61i11 1992).

5) A ]argc  amount of attcntio,~  has km focused, in both laboratory lncasurc]ncmts

and thmretical  calculations, 0]1 tllc  dissociative lc:colll}~ill{itioll  rate for II: . ‘J’llis  ion is

quite  il~l]mrta]lt  sillcc it il]itiatcs tllc  forlllation  of carlmn  a]ld oxygcm bcarillg  I] IOICCUICS

((;raedcl,  IJallgcr, &’ l~rcrliillg  1 982). ‘J’llc  rate for this reaction has ullclcrgollc  ]lu]]lcmus

r e v i s i o n s  in the ]Jast dccadc (cf. Adanls & SII1ith  1988; (3a110sa et al 1991 ). \Vc IIavc

adopted a rate of 1.5 XIO–7 (7L/300)0’s  cln~s- ] l~asccl  011 the n~casurclncl]ts  of (;allosa

(’t al (1 991 ).

6) of collsidcrahlc  importance ill tllc  Inodel  is the inclusion of tllc  (~() self-sllielclillg.

Sil]cc earl.)o]l monoxide is the only molccu]c  olxscrvcxl  in regions of low cxtillctioll  ill both

tl)e  gas and the solid ])hasc (W}littct  et al 1989) it is quite illlportallt  to treat correctly

(:() ])l]otociestr~lc.tioll. W c  nave  used rates for (;() ])}lotoclissociatrioll  ~jrcsc]ltcd i)] van

l)is}]occk & IIlack  (1 988) w}Jich incluc]c iiIJ a.]~])loxilllatioll  to tllc  Cfrccts of self-shielding.

III tl)is ~jaralllctcrizatioll the }J}lotoclissc)ciatic)ll  r a t e  s e p a r a t e l y  accounts  for tllc  cfl’ccts

of dust colltilluuln  absorption, which is dqxmclcllt  on t}lc visual cxtinctioll,  and that  of

s(,lf sllicldillg,  whic}l  is dcpcwdellt  01) the total  (:() and  112 colu Inl I dc]lsitics.
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Appendix Ii

III tlIis Al)p(v)dix wc cxa]ni]]e the cfrwts of va]yi]lg  Yjl,,t, y, and 11(112). 14’or tllc  l]]ost part,

w will restrict  our discmsiol]  olIly h tl]osc  spcc.ics  w]lich arc tjllc do]ninantj  reservoirs of

caIiK)II,  oxygcII,  artd I]itrogcr].

131. DIJST ‘ T E M P E R A T U R E

]Iust tclll]wratures  inside molmular  clouds  tyl)ically  vary bctw’cell 5-30 K dcpcl  Idillg oll

tllr proxil]lity  of hc:atillg  sources. ‘J’his variation call illflucllcc  tllc  clcsorption  of lnolcculcs

I)y cllallgillg  tllc rate of tl]cmnal  evaporation. ‘1’11(! rate for thmnlal  cwa])oratioll,  which

)  },cncc warlnil~g  up  grainsis llegligi}~](>  at ~~~l,~t = ]0 K, is proportional tO CX])(-~~~/~)l,S~  ,

I)y mm a l~lodmt alnount  call llavc a significant  e f f e c t  011 rclnoval  of  ]nolccu]cs  frolll

tllc  IIlalltlc.  \Vc have lnodclml  the gas-grain cllmnical  cvolutioll  over a rallgc  of dust

tcl]llmaturc  ill order  to Cxamille  tllc  dcqm)de]lcc  o f  s u r f a c e  a~ld gas  coln})osition  oll

?j,,f~.

‘JIIIC top l)allcl i]) l’igum 12 shows tllc  abu~ldalicc  profile at YLU.f = 20 K and 107 yr for

tllc  tllIC lllajor  resmvoirs  of carbon, oxygm],  and  Ilitrogcn. Naisillg  t}le dust temperature

froln  10 K (shown ill l“igurc  5) to 20 K dots not, IIavc a major effect u~)on tllc  cllc]~listry.

I“(M cxall)])lc,  the al)ul)dancc of ~0 in tllc  gas ])llasc is illcrcascd  by a factor of two wit]]

tile  difl_crcl~cc cominr;  solely froln  co Inolcculm evapora t ing  ofr tllc grail) surface.  A

silllilar cllallgc  in aljulldallcc is see]] for IIlolc’cular  oxygen and llitrogcn. 111 colltrast,  the

strollgly-l>ollll(l  spccim show’ only s~nall  gas ])hasc cnhal)cclllcnts;  for 1120 the gas pllasc

al)u]l(lallc.c illc,rcascs tjy o]lly a factor of 1.5,

‘1’IIC bcllavior  cllangcs  dralnatical]y  WIJC]]  Iiti.t  is ilicrcascd  above x 22 K. At 30 K

(S] IOWI1 ill the ]owcr pand)  t]]c s u r f a c e  colnJmsitioj)  is great]y  modificc] With oIIly ]]20
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rcvllailling  01) tl]c }nantlc. ‘1’0 cxalnijlc tl)c surface mln]msitioll  mom closely wc list ill

‘1’al~lc O tllc ]Jcrcclltagc  of tllc  total abulldallcc  of a several  spcxim  wl)ich is iII tllc  gas

])llasc’  for S(’vcral  Valu(’s  of tllc  dust t!cIllpcTatul”c, ‘1’llc I)c’rcxv)tagc  in the gas p]lasc  is

(Icfil]cd  as 100 x (gas l)hasc  abulldancc)  / (gas pllasc  abulldallcc  -+ surf am al~lll]clallcc).

‘I)IIC SCCOIIC1  co]u]n]) i]] ‘1’ab]c 6 s h o w s  tlic  ]mcclltagc  i]l tllc  g a s  p h a s e  f o r  7jt, st = O

K; tllcse  values rcl)rcml]t  the results solely of dcsorpiiol]  by coslnic  rays without ally

c(~llt]il.)lltiorl  ])y thcr]]lal  evapora t ion  m ]Jl]otlo(lcsor}>  tioll (which is not sigl~ificallt at

TV = 1 0.3).  ‘1’lle pcrccntagm listed in ‘J’able 6 snow t}lat ~;as phase dqlction  is IIigllly

sc]lsitivc  to tl]c  dust tcmpcratureo ‘J’lie  al]lount  of (;() and  Oz in the gas pllasc  is  qui te

st, al)lc and ]argc  until  7~l,~L > 18 K, above tl}is  telnpcraturc  Ll)c atnount  ill tllc  gas phase

SI]OWS  a sigllifica]ltl  incrcasr so that by 7iUsi  u 2’2 K virtually all of tile  co and 02 arc

rmnovccl froln  the grain  surface. lhq~lc’tioll  is also acutely afrCCtCd  by the C}1OSCII  }>illciing

cvlergics. ‘1’11(:  species  ill the table arc listed  ill orclm of incrcasi~lg  }Jilldillg e n e r g y  and

SIIOW that  at a dust temperature < 30 K sonic  slmcics will bc sclcctivcly dcplctcd  fro)ll

tllc  gas ])llasc solely bccausc of strong  bincli]lg to the graill  surfaces. 1“0] malnplc,  for

(lust  tcln Imaturcs as high as 30 1{, tile  abundance of watm ill tllc  gas p]lasc  is strollgly

dq)rcsscd and tllc grains will act as a sink for a~ly 1120 ]nolecules  cmatcxl,  but II1OICCUICS

with  l;~, < 1500 K will reside csscnltial]y  ol)ly i]) tllc> gas ])hase.

132. l“)ENSITY

(;llmnic.al abunclal]c.cs and cwolutionary  timcxcalm arc sensi t ive to dmlsity  duc to ill-

crcascd collision rates ill the gas atld 0]1 tllc  grain  surfaces. III ‘1’ab]c 7 wc list gas allcl

F;rai]] al~u]kdanccs for a IIuInLcr  of sl)ccics. WC I]ave clIoscuI to ~)rcscnlt t,hcsc  r e s u l t s

at 106 yr sil]m  this will show t}]c drcct,s  of the changing dq>lctioll  ti]ncscalc,  w’llic}l is

g r e a t e r  tllall  106 yrs  for 11(112) =- 1 03  cl11-3 and  <  106 yrs  for 11(112) == 1 05  cm-s. III

‘1’able 7 tllc  abulldal]cm  of the major mscrvoirs SIIOW, as cxpcctcx],  greater clcplction  on
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grains f o r  Iligllm dcmsitics.  l“or cxalnplc, tl)c slirfacc  ahunda)lce  of co and  OZ s h o w

a steady  decrease ill gas pllasc  abundance, Colll)lcd wit,]} collsistcllt  build  u]) of Illatlt,le

,aI)lt]idallccs. IIolvcver,  lnaTIy of tile  trace reactive sl)m.  ics , suc]l as (;211, sholv significant

dmreasc ill gas pllasc  abu]ldallce betwcml  dm)sitim  of 103 al]d 10’1 cm-s both duc both

10 dcst,ruct)ioll l~y g a s  p]lasc  reactions  and to dcplctiou  on g r a i n s .  ‘J’l)e al~ulldallccs  of

ll(~oi a]~d N211+ arc also sharply dccrcasc over several orders of lnagnitudc  for IIig]lcr

dcllsillics. ‘1’llis  decrcasc is duc to a colnhinatioll  of tlllc rcductiori  in the abul)dancc  o f

II: , wllicll is inversely dqmndcllt  on dm)sity,  and  to gas ])llasc dcpletio~l  of the J)rccursor

]l)OICCUICS  (~() and NQ.

113. RADIAT’ION FIE1,D

11) swtjiol)  3 w pNWVItCd cloud  II Ioclcls  usillg  o]lly the norlnal  intcmtcllar  radiation field.

As such tllcsc  ]nodcls  arc II1OM: rq)rcsmltativc  of dark C1O U C1S wllicll arc ]lot associated

w’it,ll ]Icarl).y  I)riglit  stars or clllbcddccl  yoIllIg  stellar ol>jccts. Since tl~ere  arc I)lllncrous

dc])sc cores  associated wit}l  lulnillous  young  stars that ellllallcc  the local radiation flcld wc

IIavc cxalnincd  tl]c dcpm)dcmcc  of the cllmnistry  witl] e])hallccd  ul traviolet  flux, I’igurc

1 3  SIIOW t,l)e ablllldance  ~)rofilcs  fo r  se lec ted  s])ccics at 107 yr wit}l  an cnha~]cclncllt

factor of ~ = 100. As SCCII  in tllc  standard  ]nodcl  with  ~ == 1 tllc  Idlavior  of al~ulldanc.c

w i t h  dc])tlI  is in flumlccd  strongly by lIIIC photodissociatioIl of IIlolcculcs. \Vitll x == 1 0 0

tllc tral]sitio~l  rcgiol] ill l“igurc  1 3 a  froln  atolllic  to  IIlolccular  forln  s h i f t s  1 0  7-v ~ 5

ll)ag fro]ll 7}/ w 6.5 mag for the oxygell and  IIitrogell  lnolcculcs. IIccause of clll]anccd

]Jlloto(lissoci  atioli  r a t e s  the  abutldanc,m  of rllost Ilcutral s])ccies 011 grail]  lnantlm  a r c

]nucll 10WCY until  tllc  radiation field is sigllifica]ltly  attlclluatcd  dcqm in tllc  cloud.

It is worlllwl]ilc  to note that  spccics  that arc lillkcd  to the carbon clicmistry  via (3+

(e.g.  (10,  (;N, aI~d (1211) SIIOW large ahullda]lce ill the gas ]Jhasc at very low cxtillctions

Ti, < 2 ill sl)itc of the lligl~  ~)llotodcstrLlctioll  rates. (;0 is forlncd with a large abundance
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at, 7}, = 1,5 n]ag  via the scqumlcc  ~+ -i 011 - } }l(; O+ fo]lowcd  by dissociat ive rccon)l~i-

l]atioll.  Wllilc tile  sequc]lcm  tl)at form (;N and (1211  start witli  I,IIC:  salnc initial  reaction:

(1+ -{ (!]]z –) (~zl]~ -{ (;, (Izl]+  is  destroyed ill two ways w h i c h  cvcntual]y  results  ill tllc

forll]atioll  o f  (;zll and (~N. A s  tl]c ahu)ldallc.e  of ~’ dro])s wit]) increasing  cxtillction,

tllc  abulldallcm  of~(),  [;N, and  (~zll d(!creasc  as the almvc  rates dimi]lish  a n d  t h e i r

])roduc.tioll  ]nakcs  a  tra~lsitiol]  switc.1~ to otllcr ])atllways  relcva~lt at }Iigh cxtillction.

‘1’lIc ahundanms  of C(), CN, and  C211 011 the grain  ]nantlm  arc also slig}ltly dud

duc to ]Jllotoclesol]>  tioll. ‘1’his  is duc to tlIc increased rate of p}lotodcsorption,  wl)ich for

~ :: 100 is greater tl]an  the rate of desorptio]l  by cos~nic rays for 7_v < 2.6 msg. ‘1’lIus

l)lloto[lcsol])tioll” is important for spccics  which arc abunclant  at low cxtinctio]l  bccausc

of forlllatiml pat}l,s  lilllicd to (~~ . III ]rigurc:  13 the abullclallces  of C(), ~N, and  ~2}1 am

]argcr ill tile  gas ])hasc tllal) OII tllc su r face . Otlicr Inolccules  such as 02 and 1120 will

I101, form until  TV > 4 because of illcrcascd  l)}loto[lcstrLlctioll rates.

‘1’llis  il]ustratcs  the ilnportanc.c  of tile  }~llotoclcsorj)tioll  yield, tl)c  value of wl)icll  (as

st, atcd ill sect,  ion 2.2.2) is llig}lly  uncertain. ]n our calcu]atiolls (with a yield of 10-’1)

])llot,[)(l[>sol])tioll  is al] cflicicmt desorptioll  ]ncchallism  only for low extillctiolls  alld very

lligll radiation fields and only for a select group of Inoleculm.  llowcvm  a larger yield of

w 10-2,  as suggestml  I>y Grccnlxrg  (1 973), combined with an cllhal]cccl radiation field,

w’ollld  l ead  to  a dcsorl)tion  rate Lllat is ]Iighcr  tllall  tllc clq)ldioIl rate u]) to TV N 4 . 3

lllag  without any  chal]gc  ill J)llotoclcstrLl  ctioIl rates. l’hotoclcsorption  lnay thus begin  to

illllil~it  Illalltlc  forlnation  at these  dc})ths for CVCI1  the easily-depleted 1120 II IOICCUIC.
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‘1’dl)le  1

]Ilitia]  ]~]m~]cl)ta]  Ahunda])ccs  aJId ])q)]elioll  ]“actors  a

‘Itlmllcnt!
T .$:ii -:--,.

Al~ul]dal]cc (l~elativc  to IIz)

‘“ (;J 2(-1) 1.0(-4)
N 2(-1 ) 4.5(-5)

() 2(-1) 3.5(-4)

s+ 1 (-2) 1 .6(-7)

Si+ 2(-4) 1 .6(-8)

Mg+ 4(-3) 3.0(-7)
]{’c+ 3(-3) 2.0(-7) — ———.
aNumL~crs are written ill the  for-]n a(-t;) =. a x 10-b.

blkplc[ion lactor dcfilicd  as 6X =. I i ( X ) / I l ( X ) O
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1{(’lcvaIIt ‘I)imcscalcs  ill yrs.a
—..————.—.

‘J’ilnescale (; (:() II*”O— b
Tdcp 7.X( 5 j”- 8.6( ~)”--”””----~~~)
7-T,}L(A,, = 2 . 0 )  6 . 0 ( 7 )  6.0(7) 6.0(7)

..:b’-. — 7.4(3) 2.2(6) 1.3(10).—
aNuml>crs  are }vrittc~l ill the fortn a(l)) =  a x  IOb

bTd,J, aIId TC, calculated at 11(112) = 104 CIII–:3
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‘1’able 3
(k)]nparison  of sl,alldar(l  lnodel  wit]]  ])UTCI gas ])llasc aIId otltcr cllclnical  IIIOdClS

l)ractiol]al  AbuI]daIlccIs it 107 yrs. n—.
wit]lout grail]s

Gas
3.7( --io) ‘-

6.s(-10)
1.0(-4)
9.5(-5)
$).4(.7)

3.9(-8)
5.8(-5)
1.0(-5)
~.q.~)

7.3(-12)
q.]z)

5.0(-14)
7.3(-10)
8.9(-12)
9.3(-10)
6.1 (-8)
3.2(-8)
2.1 (-9)
1 .7(-9)

3.9(-11)
4.4(-10)
2.4(-9)
3.4(-7)
3.5(-8)
8.4(-9)
1 .5(-7)

_  ..!.:4(-7)

w’itll  grai]ls
(~as Surface

lT4((~j-” 1.8(-11)
1 .0(-9)
2.8(-5) 7.1(-5)
2.8(-5) 7.2(-.5)
4.0(-7) 1 .0(-5)
4.9(-8) ‘2.4(-7)
3.8(-5) .5.0( -7)
4.2(-6) 1 .0(-5)
1.4(-5) 1 .9(-7)

2.4(-11) 2.3(-8)
9,7(-12) 2.9(-9)
5.8(-14) 2 . 2 ( - 1 2 )
5.1(-11) 6.6(-9)
3.6(-12) 1.5(-10)
4.7(-lo)
7.2(-8) 1.8(-7)
2.3(-8) 1.4(-8)
4.0(-9) 5.7(-8)
1.9(-9) 3.4(-8)

2.9(-11)
8.2(-10)
3.9(-9)
3.2(-7)
5.0(-8)
8.1(-9)
1.1(-7)
1.4(-7)

i(; (1{1111  6 )
(;as
3(-s)
3(-9)
7(-5)
6(-6)
9(-8)
7(-9)
2(-5)
(i(-[i)
3(-5)
2(-9)

1 (-9)
4(-9)
7(-8)
6(-9)
8(-8)
1 (-9)

1(-10)
3(-10)
3(-9)
(i(-S)

3(-lo)
7(-9)
4(-8)C

— -——

cm
6.6( -”]0)
3.1(-12)
1.1(-9)

1.0(-11)
2.1(-9)
1 .[i(-{))

7.5(-10)
9.4(-7)
3.4(-7)
1.7(-12)
2.4(-11)
3.7(-8)

{)~(-],5)
2.7(-11)
8.3(-13)
4.3(-11)
9.2(-7)

2.9(-10)
1,8(-10)
3.1(-10)
3.8(-9)
!5.6(-8)
4.[i(-8)
1.4(-15)
5.9(-20)
9.9(-12)

1 .9(-9)

Surface
3.,5(-1{))

4.8(-10)
1.6(-12)
2.0(-4)

‘2.9(-20)
4,~(.23)

l.1(-(i)
7.1(-16)
7.(i(-24)
3.(i(-11)
3.8(-6)
~.](.~)
4,2(-5)

6.(i(- 14)
2.8(-(i)
7.1(-22)

‘5”~(-~)

‘I’M(: -“F
(~as

8(-5)

3(-7)

8(-8)

>!(-8)
8(-9)

< 3(-8)
2(-8)

3(-8)
~(+)
5(-lo)

aN~l]llt>~rsa rc\vrittc]]i~] thcf orma( -b) L a  x  10-b.

“’1’hl(~- 1 al~~]]]c]allccs frollllrvi]lc, C;oldsrtlit}l,  & lIjaI~tlarso]]  (1987  )exce[,t NO (McGo~Laglcet,  al 1 9 9 0 ) .

‘  ‘1’llis ]Iorrll)cr  rq)rcsc]lts tllc SU]II  o f  t h e  at)u]]datlccs ofllcavy ]Iletal iolis  itlcludiug  hlg+  auc] l~c~.
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‘J’able.  4
Sullllllaryof  obs(’rwltiolls [)f N o n p o l a r  (:() (bllpoll[vlt 011  (; I’ai Ils

/) opll l’:lias 29 ‘(:():112()  (10:1)  (Vllh’ddia  KC’I1”  G;”(IW)
ltlias32  l)um(;() (’lllt>ml(lcd
~rs ]y (K):ll~()  (10:1) Clllb(’cld(!d
W], ~ (:():11~() (10:1) (’Illt)ed(lcd
W], (i (;():112() (10:1) mnbcddcd
W], ]~ (;():ll~o (10:1) C’ll”lbcddd

Sf’1’p[m  CK 2 l)llIT  (;0 field ~lliaretal (199.4)
(;1< 3 C():llz() (10:1) clIllm(l(lcd
sv!+4 s C():(), (3:2) Clnhddd

SVS4N (W:OZ(3:2) Cln})cd(led-.. — ——
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(:211

.1 I 1.

‘/.3(-12) ~.~(.~) 2.8(-8)
11(:0+ 4.7(-lo) 1.4(-9) 1.4(-9)
No 7.2(-8) 2.0(-7) 2.2(-7)

N]]:, 2.3(-8) ] .2(.7) 1.2(-7)
(;N 4.0(-9) 2.9(-8) 4 . 7 ( - 8 )
II(;N ] ,<)(-{)) 8.6(-9) 1.6(-8)

2.9(-11) 1.0(-10) 1.0(-10)N211+ _ _ _ _ _ _ _
‘N;]l]~l~crs  arew’rittcl]iI  It~]efor]lla(-lJ)  = a - x  lo-b.

.-

1 .0(-8)
3.0(-9)

<5.0(-8)
2.0(-7)
!5.0(-9)
2.0(-8)
2.0(-10)

b  fro]]) standarfi lnocle] at 107 y r

c Orion ahunclallces from IIlake et al (1987)

50



Table 6

(:() ~~ ‘2s 28 50 gcJ 100 100 100 100 1181
02 ~s 28 28 50 :)(J 100 100 100 100 1181
(:*11 < 1 <1 <1 <1 <1 18 ‘$1 100 100 1427
(;N 7 7 7 7 6 10 87 100 100 1476
I](:N :) 5 5 F) 6 6 6 10 7{9 1722
112C() 2 2 2 3 4 4 4 7 79 ] 722
1120 4 4 4 4 5 5 5 !5 13 ] gzo
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Table 7
l’ractiol)a]  AIJulldallccs at 10’; yr a]lcl  ?~u,, = 10 1{”

11(11~)  ❑  I  x  1 03  (“111 -J~”--l@l  J = 3 x lo:~  (’111::{ 11(112)  =- 1 x 104 CI11-3 11(112) =- 1 x  1 05  cln-:~
S~wcics (~as

. .
Sllrface (;a; “Sllrfacc G a s  sll;fa;’(’—--- Gas Sill’fac(’

(: 1.1(-6) 1 . 5 ( - 9 ) 8.3(={)) 3.6(-]]) - 4.8(-10) 6.4(-12) 5.(;(-  11) 2 . 3 ( - 1 2 )  ‘“
(’() 9.1 (-5) 7.7(-6) 7.7(-5) 2.3(-5) 4,3(-5) 5.7(-5) 3.8(-(i) 9.(i(-(5)
(:11 ] .2(.9) 1.8(-13) 9.4(-11) 4.2(-14) 1.8(-11) 2.8(-14) 5.(i(-12)  8 .3 ( -14)
02 2.3(-5) 1.1(-6) 2.8(-5) 3.1(-(i) 3.5(-5) 1.4(-5) 8.9(-6) 9.3(-5)
1120 1 .O(-[i) 1 .5(-7) 1 .0(-6) 3.5(-7) 1.2(-6) 1 .3(-6) 2.6(-7) 1.2(-5)
(:~11 9.1(-10) 8.7(-9) 3.7(-11 ) 1.4(-8) ‘2.0(-11) 2.7(-8) 3.8(-11) 2.21(-7)
(;2112 5.5(-10) 1.4(-9) 1.4(-11) 1.9(-9) 2.1(-12) 2.9(-9) 1.1(-11) 1.1(-8)
112(:() 2.3(-1 1) 2.5(-1 1) 6.0(-12) 4.1(-11) 4.[;(-12)  1.0(-10) 7.0(-13) 8.8(-10)
11(;()+ 3.7(-9) 1 .5(-9) 5.5(-lo) [i.l(- 11)
N211+ I.(i(- l]) 1.1(-11) 9.0(-12) 7.7(-12)
N]]:, 4.2(-9) 1.9(-10) 3.9(-9) 3.9(-10) 4.5(-9) 1 .5(-9) ~.~(.:)) 1 .0(-8)
C:N 9.7(-9) 1,1 (-8) 8.8(-10) 1!1(-8) 1.6(-10) 1.1(-8) (i.[j(-  11) 1.1(-8)
11(:N 3.[i(-9) 2.(i(-9) fSc[i(-l  O) 4 .6 ( -9 ) 3.6(-lo) 1 .0(-8) 1.1(-10) 7.0(-s)
011 1 .5(-7) ] ()(.8) 6.4(-8) 2.3(-8) 2.9(-8) 3.1(-8) 1.1(-8) {).[i(.~)

“NuttlkJcrs  aIc writtc]] it] I,IIC forl]] a(-b) = a  x  1 0-  b.
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Figure  ~~aptions

l“ig.  1.- ‘1’ilnc cvo]utio]]  of gas pl]asc  and  grail] surface abundances  for major reservoirs of

caIlm II, oxygm],  aJ)d ]Iitrogcll  (al~ulldanccs  am rc]ativc t o  112). ‘J’llc  ]~hysical  colldit,iolls

arc for tl]c sia])dard  ]noclel  but tliml]a]  cvaporatiol]  ofl’ of 10 K  dus t  grains is tllc  ol]ly

(Imt)r}jtioll  l)roccss.

l“ig. 2.- ‘1’jl))c  cvolllticnl of gas ]Jl]asc and grain surface abulldallccs (ablllldanccs  arc

rcliiiivc to 11 ~) for lnajor  reservoirs of carbon, oxyge)l,  and ]Iitrogcll for  tllc standard

IIlodcl at TV :. 10.3 mag (upper  ])ancl) a]ld TV = 2.1 mag (lower l)allcl).

l“ig. 3.- ‘hi J])c cvolutioIl o f  g a s  p h a s e  arid grail] s u r f a c e  al~uJ]daI~ccs (abuJ]dallces arc

relative to 112) for tram carbon a n d  oxygcl  I bea Jillg  s]x:cics for the staIldard lnodcl a t

TV : 1 0 . 3  lnag ( u p p e r  panel) and TV =- 2.1 Inag (lower  pallc]).

l“ig.  4,- ‘1’ill]c  evolut ion of  gas p]lasc  slid  grain  surface abulidallccs  (a burldarlccs  arc

r e l a t i v e  to 1 12) for trace nitrogc!n bearing  spccicx  for the sta]ldarcl  nloclc]  at TV = 1 0 . 3

]tlag (u]j]wr  palwl) al]d TV = 2 . 1  )nag  (Iow’cr pallc]).

Fig,. 5.- l’rofilc of gas ])llasc  aIld grain  surface al)uIldallccs  (abundallccs  arc relative 10

112 ) against dc])th  for Jnajor carbon ,  oxygcm, aJld Iiitrogpl }.maring spccics. ‘1’IIc profi]cx

a r c  for I,IIc stjalldard  m o d e l  a t  10s yr (uppm ])ane])  aI)d 1 07 yr (Iowcr  ])al]cl).

l“i~. (i.- Salnc as }“ig.  5 cxccpt  for trace carbon aJId oxygcvl  co]npounds.

l“i~. 7.- Salnc as l“ig. 5 cxccpt  for tram IIitrogcvl  l)cari]lg  molcxules.

l~i~,, 8.- ‘J’ime  cvolutio]l  of gas and grail] lIlantlc abunda]lces  (abundallc.cw relative 10 IIz)

for Sclcctlcd s]mics for tllc  s t a r ‘(turn o n ’) ]node].  ‘1’lIc physical  co]lditions  arc t h e  sa]ne

as t,lle st, alldard  ]Ilodcl CXcx:l)t 7~1,S~ = 25 1{, ‘1’l)c initial col]ditions  for this figure arc the

al)III)daJ]ccs from tllc  standard  ll]mlcl at 1 07 yr.



l“jg.  1 I.- IJq)lction  o f  CO frol{l tl]c gas  J)hase at 107 yr as a functjicm of IIlolmular

l]ydrogc]l  density for three diffcmnt Mndillg  surfaces: C() bonding with a pure (;0

Sul’fac(’> (:() lmlldi~lg  with a Sjoz surface, and  co hollclillg  o]lto a water icc su r face .

l’(:()(Stlrf(lc(  )/l’cc)(gcJS+S1,l  j(lcf) is dcfillc(l as 1 == 100 ]mcc])t dcplctioll.

l“ig.  1 2 . -  l’rofi]c distril)ut)ion  o f  gas and graiIl s{lrface ahunda)lccx  (al)llI)daIlccs  rc]ativc

to 112)  against dqJtjlI  for select  spccics at 107 yr. l’llysical conditions aI]d dcwmptioll

])1’()(”CSSCW arc llIC saInc a s  tllc sLaIldard IIIodcl  mccp~ ?hV,t = 2 0  K  (upper pal]c])  aI]d

‘1 ~l,.~ :. J30 K (lower  p a n e ] ) .

l“ig. 13.- l’rofi]e distrihlltjioll of gas a])d graiIl  surf am al>unclallccx  (abundances relative

(0 112) agail]st<  dq~th for select spwics  at 107 yr. l’hysical  conditions al]d dcwrption

l) NKCSSCS  are the same as the standard modd mccpt for an c]i}lallccd radiatio]] field,

y=- 100.
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