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Gas-liquid scattering experiments provide direct observations of the fate of hydrogen- 
bonding molecules striking the surfaces of acidic liquids. Collisions of gaseous formic 
acid with concentrated sulfuric acid show that impinging monomers (HCOOH and 
DCOOD) scatter inelastically from the interface or become trapped by surface H2S04. 
Most trapped DCOOD molecules undergo proton exchange before desorbing from the 
acid, indicating that gas-surface accommodation almost always leads to reaction with 
H2S04 molecules. This proton transfer is not inhibited by dimerization of the formic acid: 
The dimers readily undergo intramolecular hydrogen bond cleavage and D-H exchange 
before desorbing from the acid. 

T h e  first step in the  dissolution of a gas 
molecule occurs a t  the surface of a liquid. 
During the initial encounter, the  ilnpinging 
gas m o l e c ~ ~ l e  can scatter away fro111 the  
surface or dissipate its incident energy be- 
fore momentarily co1n1111g to rest a t  the 111- 

terface. Our  goal is to learn what happens 
after a m o l e c ~ ~ l e  is trapped by the  surface of 
a reactive liauid like sulfuric acid. W e  ad- 
dress the  trapping, reactLon, and desorption 
steps that occur in many g a s - l i ~ ~ ~ ~ i d  process- 
es, ranging from the  industrial absorption of 
olefins in sulf~lric acid to the hvdrolysls of , , 
nitrogen and chlorine species in atinospher- 
ic aerosols (1 ) .  A n  incolnillg molecule DX 
(Fig. 1)  may scatter off the  surface of con- 
centrated sulf~lric acid in one or a few 
bounces (direct inelastic scattering), react 
on a si~lgle collision, or he deflected enough 
times alollg a rough surface to dissipate its 
energy and be trapped at the interface (2) .  
T h e  accolnlnodated molecule lnav either 
desorh immediately from the  acid without 
reaction (trapping-desorption) or reinain 
long enough to undergo protonation and 
perhaps further reaction (3 ,  4). In  the case 
of protonation (5),  the  solvated species 
DXH- may relnain within solution (long- 
time solvation) or decolnpose into HX, 
which can then desorh into the vacuum 
(trapping-reaction-desi>rptii>~~). 

and H,SO, to generate desorbing D C O O H  
and (ii) acid-induced dissociation of the 
hydrogen hollds in ( H C O O H ) ,  and 
(DCOOD)2 .  T h e  data de~nonstrate that 
formic acid lnollolners and dinlers trapped 
by interfacial H2S04 almost always undergo 
sufficient solvation for protollation and hy- 
drogen-bond breakillg to occur. 

T h e  experinlents were carried out hy 
directing nearly monoenergetic beams of 
the  lnononler ( H C O O H  or D C O O D )  or 
diiner [ (HCOOH) ,  or (DCOOD)2]  a t  98.8 
\velght 96 (18.5 M )  sulf~lric acid. A t  this 
azeotrope composition, sulillric acid is com- 
posed of neutral and ionic specles dominat- 
ed by hydrogen-bonded H , S 0 4  molec~~les  
(8). W e  created filins of clean sulfuric acid 
(vapor pressure < lo-' torr) inside a vac- 
uum chamber hy partially immersing a glass 
wheel 111 a Teflon reservoir filled with the  
acid (9). T h e  wheel rotated at 0.5 Hz, pick- 
i11g up a 0.3-mm film. A glass blade then 
scraped away the outermost 0.1 111111 of the  
acid, leaving hehind a fresh 0.2-mm-thick 
layer of liquid. This cont inuo~~sly  renewed 
film passed by a hole in the  reservoir (12 
lnnl in diameter), where it intercepted the 
gas heal11 for 0.05 s. Time-of-flight (TOF) 
velocity analysis was used to record the  time 

T h e  pathways can he in\:estigated hy 
choosing DX to be formic acid monolner or Dx 
d i ~ n e r  because these species can undergo 
proton exchange and are weak enough 
bases for protonatioll to be reversible o n  a 
0.05-s ~ n e a s ~ ~ r e n ~ e n t  t m e  scale ( 6 ,  7). T h e  
scattering experiments reveal two distinct H2S04 ! I 

- - 

signatures of reactivity between gas and 1 1 ~ -  $ I I 

uid: ( i )  proton exchal~ge het\veen D C O O D  DX + Ht(acid) -DXH& HX +D+(acid) 
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for the recoiling and desorhing species to 
travel from a chopper wheel, positioned just 
after the surface, to a mass spectrometer 
19.2 cln from the \vheel. T h e  incident bean1 
was directed a t  the acid surface a t  a n  angle 
of 45", and the  exiting molecules were de- 
tected at a n  exit a~lgle  of 45'. W e  varied the  
~nc iden t  translational energies E,,,, of the  
molec~~la r  beams between 14 and 170 kJ/ 
lnol by bubbling N2, He ,  and H2 t h r o ~ ~ g h  
formic acid and expanding the gas mixture 
through a pinhole nozzle. W e  varied the  
dinier fraction from nearly one to nearly 
zero by heating the  nozzle from 30" to 
200°C. In  the  Inass spectrometer, the  
dilners preferentially ionized into 
( H C O O H ) H f  or ( D C 0 O D ) D - ,  and the  
lllononlers were ~nonitored as HCOOH-, 
D C O O D f ,  or DCOOH- .  

T h e  T O F  spectrum of fornlic acid scat- 
tering froill sulfur~c a c ~ d  (Fig. 2 )  is billlodal 
a t  E,,,, = 84 kJ/mol (17 times the average 
room-temperature collision energy of 5 kJ/ 
mol). T h e  fast peak (time of arrival -200 
ps)  corresponds to formic acid molecules 
scattering inelastically from the  surface; 
these molecules o n  average transfer 70% of 
their incident energy to the  liquid during 
the collision. T h e  slow shoulder (peak time 
of arrival -415 ps)  n~atches  a thermal dis- 
tribution a t  the  s~~ l fu r i c  acid temperature of 
295 K, indicating that some HCOOH mol- 
ecules are trapped by the  acid and that a 
fraction of these accolnlnodated nlolecules 
desorh back into the  vacuum (7, I G ) .  In  
contrast, a more hasic molecule like D,O 
shows no  evidence of thermal desorption. 
As previously sholvn (3) ,  nearly all trapped 
D,O molecules dissolve for long times in 
the  acid, prohibiting observation of the 
H O D  or H,O reaction products. 

Lye can distinguish between the  phys- 
ical process of trapping-desorption and 
the  chenlical process of trapping-reaction- 
desorption by substituting D C O O D  for 

Time of arrival ( ~ s )  

Fig. 2. T~me-of-fl~ght spectra of formic acid at El,, 
= 84 kJimoI scattering from sufur~c acid. IS and 
TD refer to d~rect ~nelastic scatter~ng and thermal 
desorption of the exiting formic ac~d molecules 
(Inset) Scatter~ng geometry 
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HCOOH and searching for evidence of pro- 
ton exchange in the desorbing products. 
W e  recorded T O F  spectra at DCOOD-  and 
D C O O H -  after collisions of incident 
D C O O D  with H,SO, at E,,,, = 97 kJ/mol 
(Fig. 3 )  (1 1) .  T h e  reagent D C O O D  mole- 
cules scatter in a narrolv distribution of 
velocities typical of inelastic scattering, 
mlith only a snlall shoulder attributable to 
ther~nal  desorption. T h e  thermal peak reap- 
pears whet1 product D C O O H  is monitored by 
the Inass spectrometer. The  ratio of the inten- 
sities of the thermal desorvtion components, 

I,, , (DCOOHf )/I,, ,e,,,.,,, ;(DCOOD'), is at 
least 3 : 1, indicating that protoll exchange 

DCOOD 
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Fig. 3. T~me of fght spectra of DCOOD (3) and 
DCOOH (0) scatter~ng from H,SO, after bom- 
bardment by DCOOD at E,,, = 97 kJ/mo TheTD 
peak refers to the peak arrva tme at the mass 
spectrometer for thermally desorb~ng DCOOH 
Most DCOOD molecules c~ndergo proton ex 
cliange to DCOOH before desorbng 

Fig. 4. Time-of-fl~ght spec- 
tra of formc acid dmer (3), 
(HCOOH),, and monomer 
(O) ,  HCOOH, after bom- 
bardment by (HCOOH), 
dimer at (A) E,,,, = 155 kJi 
mol from H,SO,. (8) E ,,,, = 

14 kJimo from H,SO,, (C) 
E l ,  = 155 kJ/mol from 
squalane, and (D) El,, = 14 
kJimol from squalane. 
Thermally accommodated 
d~mers survive Intact when 
desorb~ng from squalane 
but are cleaved Into mono- 
mers by sulfur~c a c d .  

tvnlcallv takes vlace before the forin~c acid , L 
molecllies can desorh into the vacuum (12). 
T h e  trapping of for~nic acid molecules by 
concentrated sulf~~ric  acid is t11~1s Inore often 
a chemical process in\:olving solvation and 
reaction as opposed to a solely physical pro- 
cess in~~o lv ing  only energy accommodation. 

T h e  D C O O H  T O F  spectrum also dis- 
plays a fast bump under the inelastic peak of 
D C O O D  (time of arrival -200 ps) .  This 
bulnp has tile same peak artival titne as the  
inelastic conlponent of the  D C O O D  spec- 
trum, suggesting that it arises fronl contam- 

Time of arrival ( p s )  

Fig. 5. T~me of-fl~ght spectra of DCOOH (0) and 
(DCOOD), (2) after bombardment by (DCOOD), 
at E,,,, = 196 kJfmol The DCOOH spectrum IS f ~ t  
by a thermal (Boltzmann) d~str~but~on at 295 K 
(sol~d n e )  The dashed n e  IS the spectrum for on 
mass 48 [DCOOD+ or (DCOOH)H+] The absence 
of thermal desorpt~on at mass 48 ndcates that 
the d~mers undergo d~ssoc~at~on and proton ex- 
change to DCOOH before desorb~lig 
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inant D C O O H  in the incident heam and 
not from proton transfer through a direct 
collision. This explanation is supported by 
the  intensity ratio I ,,,e ,%,,, ( D C O O D P ) /  

I,,,c,,s,,c ( D C O O H - )  of -0.06, which is 
close to the ion ratio measured for the  
incide~lt  bea~ns  of -0.08. Thus, we have n o  
distinct evidence for proton exchange me- 
diated by direct collisions that bypass the  
trapping process. 

T h e  trapping and reaction of fc~rmic acid 
molec~~les  with sulf~lric acid are likely to be 
initiated by hydrogen bonding between 
HCOOH and surface H2S0, after the gas 
molecule dissipates   no st of its energy. LVe 
attempted to inlpede trapping and reaction 
by prebonding the C=O and 0-H groups in 
formic acid through dinleriiatioll of the 
monomers. These cyclic di~ners are bound by 
t ~ v o  hydrogen bonds lvith a dissociation en- 
thalpy of 64 kJ/lnol (13).  T h e  dilner still 
possesses reactive sites o n  each 0 atom, but 
ilionolner desorption must non. proceed 
through dilner bond cleavage (14). In  T O F  
spectra recorded for ( H C O O H ) Z  striking sul- 
furic acid a t  Ellic = 155 and 14 kJ/lnol (Fig. 
4, A and B, respectively), therinal desorp- 
t ion is dolninated by inonolners and no t  by 
dimers. T h e  lnoilomer ion/dimer ion ratios 
of the  thermal deso1.ption signals, I ,,,c,,,,j, 
(HCOOHf  )/Itl ,el,,,c, l(HCOOH.H-'), are - 10 
and -25 a t  E,,,, = 155 and 14 kJ/mol, 
respectively (15). In contrast, the ion ratios 
for the incoming heams, I ,,,,,L ,,,, 
(HCOOH+)/l,,,,,,,i ,,,, (HCOOH.H),  are 
0.08 at E ,,,' = 155 kJ/~nol and 0.02 at E ,,,, = 
14 kJ/mol. The  dolnil~ance of monclmers in 
thermal desorption indicates that ditner trap- 
ping is accompanied by dissc~ciatic~n of the 
dimers into monomers. This breakup does not 
appear to be specifically induced by high- 
energy collisions because diner  dissociation 
occurs at incident kinetic energies well below 
the bo~ld strength of the dimes (Fig. 48). 

T o  determine if dilner breakup occurs in 
collisions with nonreactive liquids as well, 
we scattered (HCOOH) ,  off squalane 
(C30H6,), a long-chain hydrocarbon liquid 
(Fig. 4, C and D). T h e  trends are opposite to 
those (7f sulfuric acid: For squalane, ther~nal  
desorption is do~ninated by dimers, and there 
is little ditner breakup even a t  high collision 
energies. Most formic acid di~ners survive the 
accotnrnodation process intact in collisic~ns 
with a nclnreactive liquid. In contrast, sulfu- 
ric acid cleaves the di~ners i i ~ t c ~  lnonolners 
before desorpticln can take place. 

T h e  ultimate fate of the di~ners  is re- 
vealed by ( D C O O D ) ?  scattering a t  E,,,, = 
170 kJ/mol (Fig. 5 ) .  T h e  di~ners  can scatter 
inelastically but do nc~ t  undergo desorption 
if they are trapped by sulfuric acid. Thermal 
desorption is instead dominated by proton- 
excha~xged D C O O H  monomers. T o  deter- 
mine if the dimer can fall apart without 

SCIEKCE \ OL 273 19 IULY 1996 



prcltcln exchange or if it can undergo proton 
exchange without dissociation, we mclni- 
tored the signal at mass 48 (dashed line).  
This Inass corresponds to D C O O D  from 
D C O O D  lnonomer and to I D C O O H ) H -  
from doubly proton-exchanged dimer. T h e  
fast arrival times in the mass-48 snectrum 
indicate that the signal arises mostly from 
contalninant D C O O D  lnonomer in the  in- 
cident heam scattering inelastically from 
the  acid, and nc~ t  from (DCOOD) ,  reac- 
tions with the acid leading to thermally 
desorhing D C O O D  or (DCOOH), .  T h e  
three spectra dernc~nstrate that ( ~ n l y  directly 
scattered dilners survive intact, whereas 
trapped di~ners undergo both dissociatic~n 
and proton exchange before the monclmers 
desorh from the acid. 

These experi~nents reveal that reactions 
with H L S 0 4  nearly always accolnpany the 
thermal accommcldation of formic acid 
lnonolners and dinlers o n  the surface of 
sulf~lric acid. W e  expect chemical reactions 
to follow trapping if H,SO, molecules with- 
in the  collision zone can reorient rapidly 
enough to hvdrogen bond to the forlnic acid 

u , - 
lnonomer or dimer before thermal motions 
propel the molecules back into the gas 
phase (16).  Subsequent proton transfer 
W O L I ~ ~  then occur either within an  interface 
that is a few molecules thick or be delayed 
until the forlnic acid molecules diffuse 
deever into the acid. T h e  obse r~a t ion  of 
proton exchange in collisions between for- 
mic acid molecules and sulfilric acid ilnnlies 
that solvation and protonation may often 
be intermediate steps in the trapping and 
desorption of protic gas species. 
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The Morphogenesis of Bands and Zonal Winds 
in the Atmospheres on the Giant Outer Planets 

James Y-K. Cho and Lorenzo M. Polvani 

The atmospheres of Jupiter, Saturn, Uranus, and Neptune were modeled as shallow 
layers of turbulent fluid overlying a smooth, spherical interior. With only the observed 
values of radius, rotation rate, average wind velocity, and mean layer thickness as model 
parameters, bands and jets spontaneously emerged from random initial conditions. The 
number, width, and amplitude of the jets, as well as the dominance of anticyclonic 
vortices, are in good agreement with observations for all four planets. 

D e s p i t e  vast differences in chenlical corn- 
position, thermodynamic properties, physi- 
cal size, rotation rate, and orientation, the  
atmospheres of the four Jovian planets ex- 
hibit a remarkable similarity in their band- 
ed appearance and the  associated strong 
zonal (east-west) winds. This unexpected 
similarity is a t  present a rnajor u~lanswered 
question ( 1 ,  2 ) .  Here we address this ques- 
tion with a single unifying dynamical 
fralnework to determine how many of the  
observed large-scale features of the Jovian 
atmospheres can be captured by a very s i r -  
ple physical model. 

W e  assumed that the  Iovian atmo- 

acceleration, CL is the rotation rate of the 
nlanet. cc is the latitude. and k is the  unit , ,  
vector llornlal to the surface of the  sphere. 
For all four vlanets, h is taken starting from - 
just below the  visible cloud decks at a n  
auuroximatel~; 1000-mbar level; this is the 
level a t  whicll the planetary radius is corn- 
~non lv  measured. Eouations 1 and 2 were 
solvei in spherical geolnetry with the use of 
a high-resolution, pseudospectral, parallel 
code (4) .  Similar equations have been used 
to model latitudinally confined features, 
principally Jupiter's Great Red Spot,  in all- 
nular and channel geometries (5). In  con- 
trast, we extend the  shallow-water model to 

spheres can be  nodel led with a nearly invis- comprise the entire planetary surface and 
cid, hydrostatically balanced, thin layer of apply it to all four planets. 
turbule~lt  fluid under the  i~lfluence of grav- T h e  computations presented here are ini- 
itational and Coriolis forces. T h e  motion of tialized with a random turbulent flow. T h e  
such a fluid (3)  is governed by the shallow- initial vorticity of this flow (Fig. 1A)  is the 
water eguations same for all four ulanets, and the results are 

a h  
- - C . (hv) = 0 
iit 

where v is the horizontal velocity, t is time, 
h is the  height of the  fluid, f = 2Rsin (F is 
the  Coriolis parameter, g is the gravitational 
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insensitive to the scale of the initial vorticity 
structures, provided it is chosen to be small. 
These computations, performed at a grid res- 
olution of 0.7", are essentially inviscid since 
Inore than 97% of the initial energy is con- 
served throughout the evoh~tion. 

T h e  advantage of using this sinlple model 
is that only five parameters need to be spec- 
ified (Table 1): R, g, the planetary radius a, 
the characteristic velocity scale L', and the 
mean height of the fluid layer H. T h e  overall 
amplitude of the initial energy spectrum is 
co~ltrolled by L'; the Rhines scale (6 )  LD is 
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