
This Llensiry corresponil. to a iluasl-Fermi 
energy of -2 me\' from the  bottom o t  the  
second m~nibanil .  Thui ,  the  ~vldtli  of the  
electron Liistrih~~tion i. ~niicli  smaller than 
?y  at cryc~genic temperatures. 

\Yirl~ the  alii ot Ecl 2 ,  Eq. 1 call be 
rexi-itten as 

a,,, -L a,, 1. = ---- 
I I gr (3) 

nliere a,,, = - (h i  R)/L, = 6.5 em-' is the  
mirror lo..;. \Xie ha.\-e cit lmate~l that the  
I!-a\-eguiiie losse, a\\ = 3fi cm-'  from iub- 
thresholil spectra 111 continuous-\\-am OC - 
laser.; operating at a similar ravelength 
(1  3 ) .  Ecluatlon ? then gives J,,, = 3.5 kA/  
em.', In reasonable agreement \virh the  e s -  
perlmental ~ ~ a h ~ e ,  consiileri~lg the uncer- 
ralnr1- in the value of the  naveguiile losses. 

Our s ~ p e r l ~ ~ t t l c e  QC laser-c~long with in- 
rerubl~and QC lams  (1 J), cascade type-I1 
heterostructure laiers (15) ,  and InAsSb,I 
InAlris straineL1 q u a n t u m - n ~ l l  dlode lasers 
(1 6)--are promising mlii-IR sources, alter- 
natll-es to lead-salt Jlode lasers (1 7). \XJe 
l~elieve t11'1t the key featurcs exploire~l hy 
the p r e e n t  s~ lpe r l~~ t t i cc  scheme-includi~lg 
l~lrerlliilliba~lil trallsltlons of h i g h - o s ~ i l l ~ ~ t o r  
strength, intrinsic popillatlon inver lon,  
anil lhlgh current capahl1lt~--are particular- 
ly tavorahle fix high optleal yon-er and 
1~1ng-K~T-e leng t l  oycrat~on (S ~ L I  12 p.111 
and l ~ \ - o n d ) .  

Note itdded iil b~oof ' .  f ' e  ha1.e recentl\- 
L ,  

ilemixwtrated laser actlon at a n-avelength 
of 11 kill. 
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Spectroscopic Observation of the Forrnyl Cation 
in a Condensed Phase 

Peter J. F. de Rege, John A. Gladysz," Istvan T. Horvath* 

The formyl cation, HCOt, has long been believed to be an important intermediate in the 
chemistry of carbon monoxide (CO) in acidic environments, but its spectroscopic ob- 
servation in solution has been elusive. This species was generated by the reaction of CO 
with the liquid superacid hydrofluoric acid-antimony pentafluoride (HF-SbF,) under 
pressure and was observed by nuclear magnetic resonance and infrared spectroscopy. 
Equilibria between CO in the gas phase, CO dissolved in HF-SbF,, the SbF, adduct of 
formyl fluoride, and HCOt associated with several equilibrating anions of the type 
[SbxF,xp,] are proposed to describe the system. 

Exverimental obserl-ation <It  cl~emical in- 
rerlnecliates pla~-s a cruclal role in uniler- 
tani i ino reaction rnec l~~~nl sms .  In  aililition 
to ~~er i fying the esistence of species pro- 
posed to explain knoa-n reactil-it\-, the  Jis- 
cover\- of ~ r e v ~ o u s l v  unhnon-11 inrermeiii- , L 

ares call lead to Lira~i~at~cal ly  different 
mechanistic es~>lanatlons for "\\.ell-known" 
reactions. T h e   sola at ion and ~ilenrit'ication 
of positively charged orgalllc species, 111- 

chldlng carh(>cations, has provldeii a iolid 
foundation for current uniierstanding ot or- 
ganic reactions in\-olvlng electrophllic ipe- 
cles ( I ) .  

Protonatlon of 1veakl.i. basic i ~ l ~ s t r a r e s  to 
yield an  acri\-ated specie, is central to or- 
ganic transformations (-?), elirvlne caralysls 
(3 ) ,  and catal\-sis of industrial im~lorrance 
(3). T h e  strongest laiol\-n liiluid aclds, such 
as HF-SbF, and HSO-F-ShF:. calleil ~ L I -  

peracids lxcause t h e n  acidit\- 1s higher rhall 
that of li?i?Qo anh>-drous H2S04 (5),  call 
protonate ertremel\- weak bases ( b ) ,  even 
alkanes (7-9). Protonatloll of carbony1 
compouni i ,  aromatic systems, alkenes, and 
many other key classes of orgaluc ipecies 
has been ohser\.ed in superacidic e n v ~ r ~ ~ n -  
ments (6 .  lG). riltlhough the  cl~emlstry of 
CO in acidic liiedia is \yell eitabllslied (1 1 ), 
the formy1 c a r ~ o n ,  HCO', has not been 

obser\,ed in a collde~lsed phase. T h e  exii- 
tence of HCO-' has been surmised o n  the 
bas1 ot reactio~ls that indlcate electrophilic 
acti\,arion of CO in superaciillc media. 
Garterman-Koch form\-lation (1 1 , 12) ,  in 
I\-hich a n  aromatic compou~ld reacts with 
CO in an  acidic solution to yielii an  aro- 
niaric aliieliyde, occurs 1-ery readily in the 
klresence of superaclils (1 3-1 5 ) .  T h e  f(>rmpl- 
a t i~ ig  q e n t  is believed to he HCO- (6,  
13-15). T h e  eslstence o i  HCO' 111 the gas 
phase has been well estahllsheil hy nlicro- 
lval-e, infrared (IR) ( 1  6) ,  a n ~ l  mass (1 7)  
spectroscopy, anii it is 110n7 recogni:ed as 
one of the  nlosr ah~u~liianr positive ions in 
deep space ( 1  8).  

T h e  ol~servation of H C O  In SLI- 

peracldic solutions has been the  goal of 
man>- experiments, inchliiing ( i )  iiirecr pro- 
tonation of CO 111 a varlet)- of superaciillc 
solutions silch as HSO,F-SbF,-SO,ClF 
(1 9), HSO,CF,-SbF,-SOICIF (1 3 ) ,  anil 
HSO,F-ALI(SO,F) (20) ;  (i i)  abstractlo11 of 
F horn H(F)C=O \\-it11 SbF, (19) ;  anii (lil) 
dehydration of formic acid ( I  3.  19) .  I11 all 
of tliese cases, CO \\.as ol3served in a non-  
proronated state, eve11 \vhen the  reactions 
were pertormed at low temperati~res under 
lolv CO pressure ( < l a  atm) to shlft the  
p r ~ ~ t o n a r ~ o n  equllibrlilri~ (Eq. 1) to the  rlghr 

F ? .  F de Rege ane I T. HoS,!ati- Col-zol~xe Researc~ 
~ako~a:z l ,es  Lxxon iesealck, an: Enc.reerlng Colrza- CO + H~I % HCO' 
r;. Annardale NJ 05531 USA 

(1)  

J A C;lad,,sr, ~ e z a r t l ~ e n t  zf C ie l~ ls - r ; ,  Lr!e,slty of W e  expected that,  by increasing the  par- 
Urah. Salt ~ a l i e  ~ l t y  UT 841 12. ILSA rial pressilre of CO (Po,) above what hail 
- - o v:,-~zrr c311eszordence sPoilId ze addvessed been used for 111 sltu spectroscop~c sti~dles, 



we could shlft the protonation equilibrium 
to  the  point nhere  HCOf could be ob- 
served. High-pressure nuclear magnetlc res- 
onance spectroscopy (HP-NMR),  in  which 
a single-crystal sapphire tube fitted \vith a 
T i  head and ~~a l - \ . e  serves both as reaction 
vessel and as NLlR sample tube, is a poiv- 
erful tool for in situ exalninatlon of chem- 
lcal reactions occurring ilnder pressures up 
to  2CC atm (21).  Furthermore, m.e assumed 
that,  by using the  strongest knolvn su- 
peracld, HF-SbFj (9), u.e could Increase the  
concentration of Hf and f~lrther s h ~ f t  the  
protonation equilibrium toward HCO-. 

\\re investgated the reactlvity of CO in 
HF-SbFj ( 1 : l )  by 'H,  "C, and '"F HP- 
NMR, using "C-labeled CO (Table 1 )  (22, 
23). T h e  13C-NLlR ('H-coupled) at room 
temperature sho~vs tu.o signals, a doublet of 
doublets at 179 pprn assigned to the O- 
complexed SbF, adduct of forrnyl fluoride, 
H(F)C=O+SbF, (24) (see below), and a 
singlet u.hose chemical shift and intensity 
relative to that of H(F)C=O+SbF, ~iepends 
on PC,. This latter signal shifts from 145 
ppm to 139.5 ppm, and its Intensity relative 
to that of H(F)C=O+SbF5 increases from 
C.43 to 0.75 as PC, is Increased from 3 to  55 
atm, respectivel~;. This signal (25) is assigned 

to HCOf undergoing chernical exchange as 
depicted in Scheme 1. Var~able-temperat~~re 
HP-NMR (Fig. 1)  s11on.s that the species 
responsible for the t\xro "C resonances are 
exchanging slowly 011 the N M R  time scale 
(equ~librium e in Scheme 1).  Depressuri;a- 
tion of the sample and repeated freeze-pump- 
thaw cycles at -78°C lead to complete dis- 
appearance of all ' 'C resonances, indicating 
that all C-containing species are in equili1~- 
rium n ~ t h  CO in the gas phase (equllll~ria a 
to d 111 Scheme 1).  

T h e  chemical shift of the  HCO- reso- 
nance, 139.5 ppm, is consistent \ n t h  the  
trend observed in a 1-arlety of H C ( O ) X  
colnpounds compared with h leC(O)X com- 
po~lnds  (Table 2) .  A 13C chemical shift of 
136 ppm, calculated o n  the basis of ah lnitio 
methods (GIAO-LlP2) (26) ,  is in  excellent 
agreement with our experimental value. 

N o  'H-I3C coupling is observed in  
HCOf, suggesting that the  protonatlon- 
deprotonation equilibrium (Eq. 1 )  1s rapid 
o n  the  N M R  time scale. This process may 
involve additional protonatLon equllibrla 
(Scheme 2).  T h e  equilibri~un between 
HCO- and COH- by means of HCOH2- 
has beel-, shown by ab lnitlo methods (27)  
to  be a viable process in the  gas phase and 

has been proposed to explain the  reactlvity 
of CO in superacidic medla (14) .  T h e  lack 
of a separate ol~servable signal in the  'H- 
N M R  spectrum for HCOf is also attribut- 
able to  rapid su rot on at ion-deprotollatioll 
equlllbria, resulting in  a very l~road 'H- 
NhlR  resonance. Accordingly, selective de- 
coupling of the  acidic 'H resonance leads to 
a nuclear Overhauser effect enhancelnent 
of the  13C resonance of HCOf (28).  Be- 

Scheme 2 

cause the  CO-HF-SbF, system becomes 
highly v~scous below -4OCC, we were not 
able to use low-temperature NLlR to fur- 
ther analyze this rapid exchange process. 

Our  HP-NMR results are supported by 
IR spectra of the  CO-HF-SbF, systeln under 
CO pressure (Fig. 7) (29).  Addition of CO 
(25  a tm) to  HF-SbF5 gives a broad band at 
1 1  1C cm-I and a sharp hanil a t  1671 cm-'. 

Fig. 1 (right). Varable-temperature 'H. lSC, and 'T HP-NMR spectra of 
l3CO (5.38 mmol) in HF-SbF5 (1 6 4  mmol) n a sapphre NMR tube (total d 

i s  
pressure. 26 atm at 25'C). The broad resonance at 6 ( 'T)  = 1 1 3  (Table 1) I 

is not shown n the 'aF spectrum Scheme 1 (below). Proposed equ- / I  
br ia  n the superacid HF-SbF, under CO pressure. I il 

lo521 IL 1: 
2' i__*- 

(a) [H,Fl'[Sb,F5,y+1 1. ! 
I /  

co (g )  - A CO(so1) , [HCO1'[SbxF5,,]~ + HF I 
i I / \(d) / %  

1 
/.I i i 

8 5 ' '  ' 1; 
J i__J-- 

F\ 
C=O-SbF5 , ") - [HCO]+[SbF6]- 

H' A i I 
Table 1. HP-NMR data for 13CO-HF-SbF5 under CO pressure (22,231; lSCO (5.38 
mmol): HF-SbF, (1 :I) (1 6.4 mmol). Total pressure. 26 atm 

Obsenled 
Chemcal Coupng 

nucleus shift constants Assignment 
( P P ~ )  (Hz) 

H P - S ~ F ~  and 
[HCO]~~[S~,F,,,~]~~ 

386 (J,J H(F)C=O+SbF5 
98 (JHz) 

HF-SbF- and 
Chemical shift (ppm) 

'Pesi~ts frorr the protonaton of trace >water, wl ich s cresent as an npurl ty (35) +Racdy 
exchangng on the NMR t r e  scale (see text' 
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L&'hen "CO was replaced \vlth "CO (18 
atm),  the  original banila disappeared and 
ne\\- I,aniis at 1L16L1 clll ' ancl 1629 cm- '  
appeareJ, as expected. T h e  a t  1671 
cm-' is assigneci to vc,, tor H(F)C=O+ 
SLTF,, consistent n.1t11 tlie large shift from 
the gas-phase \.slue of free H(F)C=O of 
1837 cm-'  (32) .  S ~ m ~ l a r  sli~tts of vc, are 
ohser\.ecl tor acyl tluorides upon s~milar 
comylexa t~o~l  (31 ) .  T h e  b,inii at 7 11Ll cm-- '  
is assig~ied to H C O f .  T h e  spectrunl sho~vs 
no  observable amount of cl~ssol\-ed CO [v(.,-, 
for free C O ( 5 )  is reported at 7143 cm--l 
(??)I,  ill agreement \v~t l l  the HP-NhlR re- 
sults. Furthermore, the shift in v c a  for 
HCO' in HF-SbF, from 7184 cm-1, re- 
ported h r  HCC)+ in the gas phase (??), 
suggests stroll? interacr~ons n.ith anlolllc 
species or SbF;, or both. T h e  IR ilata there- 
fore r e r d  that. altliough HCO.. call esist 
in ~pectroscoplcal l~  obserl.able quantities in 
s i ~ ~ ~ e r a c ~ i l ~ c  liquids. ~t is by n o  mean, best 
ilescribed as "free" HCO'. 

The  Pi.,, i lepe~~dence o t  the chem~cal  
shift and intensit\- of the H C O  "C reso- 
nance relat~ve to that of H(F)C=Cl+ShF, 
can lye explaineil 117. Scheme I.  Solut~ons o t  
SliF, m HF are l i ~ l o ~ v ~ l  to invo11-e complex 

cm-1 

Fig. 2. R spect ra  of ii) HF-SbF,: ! I )  HF-SbF, + 
-'GO (28 a im) :  a - d  i i i ~ )  HF-SoF, - '"0 (28 a tm)  
(23). 

Table 2. Caroony  cs,rbon chetn ica  stiih data  for 
fo r tny  ard ace ty  spec es  (36). M e  mertiyl 

6( -C) (ppm) 6( -C lppm) l6 
Me1 X) C=3 HI X) C = 3  

eqL, , l l~r lc l  kletween \.arious aniolls (Sillerne 3 N C P~.icea~id L. Ste;,en. k~i;da,iiei;ials o:Etlz$~ol- 
ogy (Oxford IJni;,. Press. Oxford. 1952). pc. 157- 3) (9. 37). A t  lon. ratios of HF to SbF5, this 155, B, C, Gates, Cataly:lc CheilJISii), (Wl ley,  Nevj 

eiluilihri~ull is sh~f ted to the right; at 4 : 1  Ycrk. 1992). ctial:. 3. P. K. Trauer. Ailgek,; Ciicm. 
Iiii. Ed. Olgl. 34. 2247 11995.  

[H]+[SbF,]- L Y. P~nes. The Ciiemistr/ of  Cara1y:ic ~ ~ d r o c a i b o i ;  
HF + SbF, + [HI-[SbF,]. Con~/crs!oiis Academic Press. Nevj York. 1951). 

Scheme 3 

HF-ShF,, the predo~llinant species 1s 
[HIFIf[Sb-Fll]- (32).  \S1e expect that, In 
the C O - I ~ F - S ~ F ~  system at lo\? PC:,, the 
predolnllla~lt coun t i r~on  n-111 he [Sb,F5 k+,]- 
( I  > 1) .  If 0111~. H(F)C=C)+S'PFi and 
[HCO]+[SbF , l  \\ere present In solution, 
t h e ~ r  relat~r-e concentrations 1voi11J lie inile- 
penilent of P, ,,. In contrast, n h e n  the ratlo 
ot  H C C  to SbF; present 111 the counterlon 
is not constant, a different Po, depe~lde~lce  
1s especteil tor H ( F ) C a + S h F ,  ancl 
[HCO].-[S1ykFii- , ]  (I > 1 ) .  .%s P, ,, is 111- 

creaseil, the prodilct,, H(F)C=C)+S1,Fj and 
HCO', increasinglv ilili~te the 51-stem and 
this likely shitts equ~librium t in Scheme 1 
to\varil [HCO]' [SlyF,]-. 

In agreenlent \\it11 ear l~er  s e s ~ ~ l t s  (1 3 .  19. 
20).  n-e ohserved no  e\.~ilence for HCO+ or 
H(F)C=O (fl-ee or 0-complexeci to S1,F;) b\- 
HP-NMR or IR \\hen HS0;F-S1.F; [a 
~ ~ ~ e a k e r  acid 'PI- a factor of 1C0? than HF- 
SbF; (9)]  \vas chargeil n-it11 C O .  Further- 
more, i i ~ l u t ~ o n  ot HF-S'PF; a - ~ t h  SOICIF 
( 1  : 4 )  or H F  ( 1 :  3) resulteil m the c l~sap~ear -  
ance of the NLIR resollallce assiglleil to 
HCO-- even under CO pressure. as previ- 
oilsly obserl-eil (13.  19. 22) .  This result 
indicates [hat aciil strength plays a crucial 
role 111 ~ t a b ~ l i z i n ~  H C O  and r e ~ l d e r i ~ l ~  it 
spectroscopically observable (by lllcreaslll: 
the  concelltratloll of H in the proto~latioll 
e i l ~ ~ i l ~ b r ~ ~ ~ m  in Eq. 1 ) .  T h e  presence of 
H C O  111 wa i i e r  superacid$ 1s st111 silgge,t- 
ei1 1.v the occurrence of Gatterman-Koch 
formylation in these system> (13-15), but 
the ~ i ~ i ~ i l i b r i ~ ~ m  co~lcen t ra t io~ l  is ob\-~ously 
~llilcli lower. Formyl tluoricie Itself is an  
excellelit tormylatin? ayent in the presence 
of Len.is aciil catalysts (32.  33) alni1 I\-111 
ilecompi~se to H F  anil CO In the  presence 
of llietal catalysts ( 3 1 ) .  These observations 
are explainal~le 117. Schenle 1 as \\-ell. Tlie 
oliserr.ed ti>rmation o t  H(F)C=O ilirectly 
tiom CO in HF-S1iFj 111 ltself is er~idence for 
in \ -o l~ement  of HCO+, because a likely 
mechxlism n.ouli1 be the  protonation of 
CO i'olloned by electrophilic attack ot 
HCO' o n  [SL?,F, to form H(F)C=O. 
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stainless steel pressure cell (volume, 2 ml) fitted with 

The immobilization of ligands on surfaces 
is a first step in many bioassays, a prerequi
site in the design of bioelectronic devices, 
and a valuable component of certain com
binatorial screening strategies. Existing ap
proaches typically expose macroscopic areas 
of a substrate to milliliter quantities of so
lution to attach one type of molecule, some
times using light and specialized chemistries 
to carry out localized reactions {1-7). We 
have explored an alternative approach, 
namely the use of jxFNs to guide nanoliter 
quantities of reagent to targeted areas on a 
substrate with submicron control. 

We used patterns in an elastomeric sup
port to define a network of conduits for 
fluids (the jxFN) along the surface of a 
substrate (Fig. 1A) (8, 9). Three walls of 
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a gas inlet for introduction of CO. (ii) A stainless steel 
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IR (Spectratech) with a Si rod crystal and fitted with a 
gas inlet for introduction of CO (cell volume, 2 ml). In 
both cases, HF-SbF5 (1 ml) was added to the reactor 
under anhydrous conditions and the reactor was 
then charged with 13CO (CIL Isotec, 99%) or 12CO 
(MG Industries, research grade) from lecture bottles 
in quantities determined by a pressure gauge. Re
peated pressurization-depressurization with 13CO 
allowed exchange of 12CO with 13CO. 
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these conduits corresponded to molded fea
tures in a poly (dime thy lsiloxane) (PDMS) 
rubber {10). The fourth wall was the surface 
of the substrate after it came in contact 
with the PDMS. Brief exposure of the 
PDMS to an oxygen plasma before this 
contact rendered the surface of the conduits 
hydrophilic and thus allowed a positive cap
illary action on a liquid introduced at the 
openings of the conduits {11). A tight seal 
precluding flow between adjacent, noncom-
municating capillaries occurred where the 
PDMS touched the substrate {12); sponta
neous adhesion between the elastomer and 
surface maintained this seal without requir
ing additional pressure. We applied the 
elastomer to Au, glass, and Si-SiOz surfaces 
previously activated by formation of a hy-
droxylsuccinimidyl ester to achieve chemi
cal coupling with pendant amino groups 
common to proteins. These substrates had 
enough reactivity so that monolayer quan
tities of immunoglobulin G (IgG) were 
readily fixed to the surface, preventing their 
detachment in the ensuing washing steps 
{13). We followed the attachment of IgGs 
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on the surface by ellipsometry {14) and 
waveguide techniques {15) over the large 
areas (~1 mm2) probed by these methods to 
confirm the extent of reaction and the qual
ity of attachment. 

We designed the network as a system of 
two pads, each with lateral dimensions of 
3 mm by 1 mm, connected by 100 chan
nels, each 3 mm long, 3 jxm wide, and 
separated by 0.8 |xm (Fig. IB). The chan
nels were 1.5 jjum deep, which provided an 
aspect ratio that allowed the formation of 
well-defined and stable capillaries in the 
PDMS. Deeper capillaries proved prone to 
collapse, either spontaneously (because of 
gravity) or during one of the processing 
steps; substantially shallower capillaries 
tended to block, provide poor mass trans
port of proteins, or deform onto the sur
face {16). With a jxFN of the above di
mensions, delivery of proteins onto the 
substrate could be homogeneous over dis
tances of a few millimeters while still pro
viding practical quantities of covalently 
attached material for convenient screen
ing using enzyme-linked immunosorbent 
assay (ELISA) methods or ordinary fluo
rescence microscopy. The independence 
of capillaries in a network also allows si
multaneous attachment of different bio-
molecules in each zone of flow (Fig. 1C). 
The topology of the network ensures a 
minimal use of solutions needed to deriv-
atize the surface and can concentrate 
zones of flow into small fields of view 
without compromising their integrity. 

Depletion of proteins from a dilute solu
tion confined in small volumes can result 
from the loss of material onto the walls of 
the conduits or its incorporation into the 
bulk part of the PDMS {17). Flow through 
the capillaries into a second, hydrophilic 
pad avoided such loss of material available 
for the coupling step, where diffusion of the 
dilute protein from the filling pad might be 
insufficient. Depletion could also be cir-

Patterned Delivery of Immunoglobulins to 
Surfaces Using IVIicrofluidic Networks 

Emmanuel Delamarche, Andre Bernard, Heinz Schmid, 
Bruno Michel, Hans Biebuyck* 

Microfluidic networks (fxFNs) were used to pattern biomolecules with high resolution on 
a variety of substrates (gold, glass, or polystyrene). Elastomeric fxFNs localized chemical 
reactions between the biomolecules and the surface, requiring only microliters of reagent 
to cover square millimeter-sized areas. The networks were designed to ensure stability 
and filling of the [xFN and allowed a homogeneous distribution and robust attachment 
of material to the substrate along the conduits in the [xFN. Immunoglobulins patterned 
on substrates by means of fxFNs remained strictly confined to areas enclosed by the 
network with submicron resolution and were viable for subsequent use in assays. The 
approach is simple and general enough to suggest a practical way to incorporate 
biological material on technological substrates. 
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