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Condensation of a vapor to a l iquid on a cold surface that is not wet completely by this l iquid
leads to the formation of an array of droplets. lf the surface is heterogeneous in its physical
propefties (especially its interfacial free energy), the patterns of these arrays reflect this
heterogeneity. The distribution of droplets of water (condensation figures or CFs) observed
by optical microscopy on a surface can be correlated with the molecular structure of that
surface. The substrates used to investigate the formation and morphology of the CFs were
patterned, self-assembled monolayers of different alkanethiolates on gold and of alkyl
siloxanes on glass. Analysis of CFs is a valuable nondestructive technique for charac-
terizing heterogeneities in surfaces.

Con.icnsatic,n hgures (CFs)-historical ly
cal led "brcath ftgures" beciruse thcl ap,pear
on cool surfaces cx1-losed t() u.'iirnl, l-rumicl
air ( f ion'r exharled breath) (,1)-form imagcs
of resions with dif ferent u. 'crt irhi l i t ics in
sclf-asscmbled monolayers (SAMs). Thc
firrmation of bre:rth hcures and thcir use as
a metho.l  for elctect ins c()ntamination on
homogcne ous surfirccs wr:ls describe cl by
Lord Ravleigh and latcr by M6rigoux (1). In
general,  CFs are an examplc of phenomenil
that ha'u'e a basis in heterogene()Lls nuclc-
ir t iot-r:  Tccl-rnological ly important cxirml-, lcs
include ( i)  the grou't l-r  of thin hlnrs of
nrct:rls antl serniconductors c'lurir-rg eva[]()ra-
ti'u'c prl:rting and cl-remic:rl vap()r tleposition
and ( i i )  the con.lensation of l iquids in heat
transfcr openlt iorrs- As an cxample of het-
cr()gt:nc()Lls nucleation and condcnslrt i trn,
CFs of water r lre c()nvenientl t ,  studierl  at
ne llr r()()r'n ternpe raturc ancl hence har.'e
been investigated expcrimcntal l l '  (2, . l )  and
theo re t i ca l l y  ( 3 ,4 \ .

At a particulerr st:rge ir-r the de'u.clopnrent
of a CF, t l i f t 'ererrces irr the si:e and distr ibu-
t ion of the droplets ref lect propcrt ics of the
surface on u'hich they f irrm. We uscd opti-
ci l l  microscopy of CFs tr ' r  im:rge patterns in
tlvo types of p:rtternet-l SAMs: SAMs
ftrrrned fiom nvo ()r m()re .1il{erent, or-sub-
stituted alkanethiolates on gol.'l (.5) ant{
SAMs fbrmed by the sililni:i,rtion of glass
rvith tll 'o or nlore functionali:cd rrlkyl-
tr icl-r lorosi lanes (6, Z). These stucl ics int ' l i -
ciltc thirr CFs ot-r SAMs will be 'u'irluable as
il method of surfircc aniilysis :rnci :rs a tool in
Lrndersttrnding t-ruclc:rtion iln.l grou'th of
conclensed phascs at intcrf:rces. Tl-rc case
u,i th which SAMs can be Lrsed to control
surfhce wettabi l i ry :rn. l  the abi l i ty to use
tl-rem t() gcncratc pittterns of irrcas thirt
cl i l fcr in their rvctrabi l i ty make SAMs par-
t icLrlarlv convenient substratcs with rvhich
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to t lcvclop thcsc anir lyt ical mcthocls an.l
r i ' i th lvhicl-r to test hypotheses regirrding thc
firrmatiot-r an.l gro'*'tl-r of CFs.

Figurc I shou's an optical tnicrograph of
a CF on ir si lmple (8) in u'hich pattenls
l'rave been forme.l w'ith SAMs clcrir,'cd frotn
HS (CHr )  , rCH, ,  HS  (CHr )  ,  ,CH ,OH,  and

IS(CHr) , .CN] ,  (9) .  T l - rcsc pat tcrns werc
not detectable by optical micnrsctrpy beforc
thc CF f irrmed (see Fig. 2C, f irr  example).
I t  is clcar t iom Fig. I  t l -rat CFs t i ,rm rrscful
inrages of sLrrfnccs t l ' rat cl i f icr [-rr imari l t '  in
thcir interfacial frcc cncrgics rnt{ that t l -rcr
crn pro. lrrce ir lages u, i th good c()ntrast.
Contrast betn'een regions of di l lerent ir l -
kanethiolates is u consequence of . l i f f-er-
cnces in t l-rc distr ibutions of \vater across
thcse rcgions. This distr ibution i l t  a pirrt ic-
ular t ime is charactcri :et{ b1' dif ferenccs in
. lnrple t  si :e ,  t lcnsit l ' ,  polvcl isl- ,crsity, an.1
st ructurc  f : rc tor  (J ) .

Earl icr studics of the nre chanisnrs of t l rol-r
grou'th antl  coalcscence on homogenc()us
surf i , ices bear direct ly on t l-rc usc t, f  CFt a. rr
qlrantit:rtive technique fcrr in-rirging hctcrt,-
gener)Lrs surf irccs (21). Knobler, Mcukrn,
ilr-rd other investis:rtors har.e iclcntifrc.l scr'-
er:r l  dist inct phases that occur in t l-rc f i ' rnrrr-
t ion of a CF on a ht lm()gene()us sLrrfrrcc
(2_4). The earl iest stage invol." 'cs thc ur-r i-
firrm cor,cmge of the surfacc [-,t' thc nLrcle-
ir t ion of small  . l roplcts that grorv u' i th fcu'
coalescences. Subseqllent stugcs include i l
regime ir-r wl-rich thc- droplet tlistrihutior-r
rentains, u' i th growtl-r and coalcsccncc, sirrr-
i lar in t ime and exhibits a well-definerl  struc-
ture firctor- This stage is followcd by a rcginr,:
i r-r which nLrcleation of new droplets ()ccurs
bctwecn older antl largcr drops. Typically,
the stage of CF evolut ion in which droplet
coalescence is ncgl igible gives images u,i th
tl'rc I'rigl-rcst sensitivity ancl resolutior-r.

To corrclate the appearancc of thc CIF to
chemical functional i ty on thc surfacc, we
imaged ar single lir-re of a SAM derived tiorn
hexadecanerh io l -d , r  [HS(CDr) , rCD,J em-
beddetl in :r SAM dcrived lrom merci:lpto-
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he xadecanoic :rcid IHS (CH]) r 5CO,Hl ( l0) .
We compared imagcs (Fig. 2) of CFs ob-
tained by optical microscrrp)' t() inr.rges of the
silmc surfacc fbature obtaincc'l h1' sccon.{ary
ion mass spectrc)metry (SIMS) ( l  1) :rncl
scanning electron microscopl '  (SEIVI) (1/).
All three techniques yielt-led inuges u'itl-r
similar latcral resolut ion. For CFs, scr-rsit i r ' -
i t1'  to surface fcatures and imagc rcsolut ion
depends on sevcral factors, inclu.{irrg ti-rc
stirge of growth of the CF, thc nrtc of
conclenszrtit)o, ilncl the type of surtlrcc.

We uscd a pattcrned SAM consist ing rrf
rr rect i l inear gricl  ( l ine width -10 pm irrrcl
l ine spac ing -10 pn i )  o f  hydrophobic  l ines
(contact  ang lc  o f  watcr  -120")  boun. l ing
hydrophil ic squares (contact :rngle of u'eter
- l0')  to control the pattern of corl lcsce ncc
expl ic i t ly  (13) .  We expecred the gr id  ro
imposc a p2rttern ()n thc posit ion of thc
. lr trps. Figure I shorvs the evolut ion of a CF
of u' lr ter on this patterned surftrce.

In thc top n1i.. , , ,graph in Fig. 3, thc-
condensation of water has pnrgressed only
to the poir-rt of firrming one dmp on each
hydnrphi l ic region; there has been no drop
coalescence. At this stzrge, the volume of
each drop is  approx in- ra te ly  lO- i  p l  ( l0 r
pnrl ,  nrughly thc volumc of an crythro-

F ig .  1 .  (Top)  Scanning e lect ron micrograph of
a  microoen t io .  L ines of  SAMs der ived f rom
HS(CHr)  , .CH.  were wr i t ten wi th  the use of  th is
n o n  A  m i n r n n i n o f i o  1 t r 7 9 9  U S e d  t O  W f i t g  a  S A Mv e , , .  /

der ived f rom HS(CHr)1sCH2OH The back-
ground.  der ived f rom [S(CHr) ,uCN]r ,  was
formed in a subsequent step (Bottom) Optical
mrcrograph of a CF of the pattern of SAMs
composed of  the a lkaneth io la tes R(CH,) , .S
(R  :  CH . .  COrH  CN) .
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cyte); we bel ievc that this rype of arrzry wil l
be useful in analytical merhods ir-r which
these small ,  isolated volumes of l iquids
servc as mrcrorcactors. Moreover, CFs can
be scnsit ive analyt ical tools for the detec-
t ion of defects on surfaces that are eithcr
patterned (as in the present example) or
meant to be unif irrm. Because a small  defect
in thc zrrea of the hydrophobic grid can
result in the nucleation of a stable droplet
of wilter, the presence of drops (arrow in
Fig. 3) outside the ordered :rrrt-ry of conden-
sate suggests : t  defect in the desired pattern.
Although the detecrion l imit of CFs as ir
tool for inspection remains to be deter-
mined, Fig. 3 suggests that nucleation of :r

m

1 0 0  p m

Fig.2. lmages of a patterned SAM obtained by
different techniques. The surface consists of a
l ine of a SAM obtained by the adsorption of
HS(CDr) , rCD.  wi th in  a  SAM obta ined f rom
HS(CHr) r5CO2H (A)  Opt ica l  micrograph of  a
CF formed from water on the patterned SAM;
(B) optical micrograph of the CF shown in (A)
after further condensation, (C) optical micro-
graph of the sample without formation of a CF,
(D)  SIMS ion map (m/z :  s0) ;  (E)  SIMS ion map
(m/z : 55), (F) scanning electron micrograph
of the oatterned SAM
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drop on a defect, followed by its grou,th
through control led condensation, u' i l l
make possible the detection of submicrome-
tcr-sized defects-

Figure 3 i l lustratcs the potcntial of an
array patterned in its hyclrophilicity ils a
model systenl with which to study evolut ion
of CFs with t ime. Typical ly, the nrund
(-10 pm in diameter) drops hrst combine
with other round drops to firrm clor-rgaterl
dmps, which are constrzrined in rheir shirpe
by the underlying wettabiliry of thc hydro-
phl l ic intcrst i t ial  spact:s- Because cirpi l l i rry
effects tend to drive thc clrops tou'ard their
equi l ibr ium shapc (a sphericir l  c:rp rhat hirs
ar-r cqui l ibr ium contact angle with thc hy-
drophobic surface), the growth of the
drops, by condcnsation to them, tends ttr
make them nrundcr (thi l t  is, the minor axis
of the cl l ipsoid grows fastcr thar-r the m.l j()r
axis). With further condensi,rt ion, the re-
maining nrund and elongatcd drol-,s may
coalescc to form tr ianglcs, or two paral lel
ckrngated drops may coalescc- to firrm ir
sqLrarc. Hence, in this rect i lngul irr arra),. ,
clongi l te. l  . l rops drr r-rtr t  coalesce cnJ t() clrd
irn.l firrn"r lines; ir-rstctrri, trirrnglcs rind
squirres f irmr with increasctl  c()t ldeltsr l t i () l l  .

Examination of CFs fbrmed on regular grids
should provide a wcalth of informatiol)
about thc rules rcgulat ing thcir evolut ion
u i th  [ur thcr  c( )nJensat ion.

For surfaces having patterns with f'ea-
tures of din-rension5 )-10 pm, CFs offer a
method of imaging that is simple , nonde-
struct ivc, and inexpensive. CFs :rre sensi-
tivc to parametcrs such as interfacial free
cner!ry, chemical rcirctivity, and functionerl
group character that may not be detected by
other techniques (, l4). Formation of CFs
can be rapid (- I  s) ancl,  in principle ,
reversible; CFs can be generated and
"erased" (by evaporation) rcpeatedly and
used to follow changes in :r surface. A widc
vilriety of vapors with differcnt characteris-
t ics can be used in forming CFs.

Bccause orgirnic surf irces ( including
SAMs) irre clamagecl by exposurc to part icle
beams [ ions ( l  l ) ,  e lec t rons (15) ,  and atoms
(16 )1 ,  t r u l y  n , rnJcs t ruc t i vc  i n rag ing  i s  no t
possible i f  onc uscs spectroscopic methods
such :rs SIMs, scanning Auger microscopy,
SEM, x-r:rv photoelectron spectroscopy
( l5) ,  or si lver decoration ( l  Z) .  CFs provide
a mcthocl of surface imaging with minimal
p()tential f i rr  damaging most surfaces. We
l'rave used CFs to image nondcstructivcly
thc surfaces of severirl types of pattcn'rcd
surfaces (for examplc, ccramics and polysty-
rene that has been selectively daniaged by
an e lect ron beam) ( lB) .

The ult imate spatial resolut ion possible
in in'raging with CFs remains to be defined,
i ls . loes the cor respondencc of  the s izc ,
shape , ancl . l istr ibution of droplets to spe-
cihc physical,  chemical, and morphological
fc:rtures of the surface, and to the me thod of
CF fornration. h-r thesc pursuits, as in the
present study, the synthetic versati l i ty of
patterned SAMs wil l  be invaluable (5).
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near saturated stream of water vapor in argon
CFs formed by condensation of water as the
stage was cooled to ---0'C.

To form the patterned SAMs of alkanethiolates on
a go ld  subs t ra te ,  a  mic ropen was used f i rs t  to
write l ines of a hydrophobic SAM from neat hexa-
decaneth io l  [HS(CH2) , rCH. ] ,  and then a  mic rop i -
pette was used to form a hydrophil ic SAM from
mercaptohexadecano ic  ac id  [HS(CHr) , .COrH] ;
seeA Kumar ,  H A B iebuyck ,  N L  Abbot t  G M
Whi tes ides ,  J  Am Chem Soc,  in  p ress  The SAM
der ived f rom HS(CH' )  , .CH,  was wr i t ten  in  a i r .  To
wr i te  the  hydroph i l i c  l ine ,  a  mic rop ipe t te  was
loaded with a concentrated solut ion of HS-
(CH2)1 .CO2H in  hexadecane.  The t ip  o f  the  mr-
cronrntrt ic and lhc nnld sr rrfar:e werc nlacgj

under water The water prevented spreading and
t ra i l ing  o f  the  th io l  so lu t ion  dur ing  wr i t ing .  Dur rng
wr i t ing ,  the  t ips  o f  the  pen and mic rop ipe t te  d id
not  touch the  sur face  o f  the  go ld ,  on ly  l iqu id
containing the alkanethiol contacted the gold
There was therefore no mechanical markrng of the
gold surface. After formation of the desired pat-
te rns ,  the  go ld  was exposed to  a  1  mM so lu t ion  o f

[S(CH2) j6CN] ,  fo r  1  min  The d isu l f ide  lS(CH2)16
CNl r ,  ra ther  than the  cor respond ing  th io l ,  was
r rqed to  comnlc tp  the  SAM of  a lkaneth io la tes
because the rate of exchange of the preformed,
a lkaneth io la te  SAMs ( l ines  in  F ig  1 )  i s  s lower  w i th
d isu l f ide  than w i th  th io l  (H .  A  B iebuyck  and G M.
Whi tes ides ,  unpub l ished resu l ts ) .

The l ine  was ob tarned by  wr i t ing  o f  HS(CDr) , ,CD.
wi th  a  mic ropen in  a i r  A  1  mM HS(CH' ) r5CO2H
solut ion rn ethanol was reactively spread on either
side of the hydrophobic [ne and al lowed to react
fo r  1  min  to  der iva t ize  the  remarnder  o f  the  qo ld

surface.
Typ ica l  S IMS ana lysrs  cond i t ions  were  as  fo l lows
A primary ion beam of 16 keV Ga* ions (50 pA)
was used. The maps obtained are a 256 prxel by
256 p ixe l  image w i th  a  dwe l l  t ime o f  200 ps  per
p ixe l .  We be l ieve  the  pea l . .  a l  a  mass- to .charge
ra t io  m/z :  50  to  be  pr imar i l y  due to  C.Dr* ,  tha t
a l  m/z  :  55  is  a t t r ibu tab le  to  C, ,HgO* and CoHr* .
For  fu r ther  de ta i l s  see  C D Fr isb ie ,  J .  R  Mar t in ,
R.  R Duf f ,  M S Wrrgh ton ,  J  Am Chem Soc 114,
7142 1992\
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Pyrex glass wafers (Mooney Precision Glass,
Hunt ing ton ,  WV)  were  c leaned in  p i rahna so lu t ion

fsee (5 ) ] ,  r insed w i th  de ion ized water ,  and dehy-
drated under N, at 200'C for B hours A 

.1 -pm

layer of posit ive photoresist (KTl 820. 20 centi-
stokes, Union Carbide) was spin coated onto the
glass wafers. The coated wafers were baked at
90"C for 30 min and then exposed to ultraviolet
l igh t  in  an  in f ra red  a l igner  (Car l  Suss ,  Mun ich ,
Germany) through a chrome mask containing the
desired pattern. We removed the exposed photo-
resist by treating the photoresist with KTI-934
(1 :1)  deve loper  (Un ion  Carb ide) .  The rematn ing
photoresist was used to restr ict the deposit ion of
vaporized (tr idecafluoro -1,1,2,2-telrahydrooctyl)-

1  - t r i ch lo ros i lane [C l .Sr  (CH2)2(CF2)5CFr ]  to  cer ta rn
regions ol the surface of the glass. Photopat-
terned glass wafers were placed in a vacuum
desiccator ( in a dry box) together with an open
v ia l  con ta in rng  30  p l  o f  C l .S i (CHr)2(CFr ) rCF,  fo r
20  min ,  The v ia l  and the  remain ing  l iqu id  were
then removed from the desiccator, which was
evacuated with continuous pumping for t  hour.
The wafers were then removed from the desicca-
tor, and the photoresist was l i f ted off by sonicatron
in ethanol. After dryrng the newly exposed glass

surfaces were derivatized (as above) by exposure
to  10-undeceny l -1 - t r i ch lo ros i lane IC l3S i (CHr)e-
CH=CHzl  vapors .  Th is  p rocedure  resu l ted  in  a
patterned surface of f luorinated and vtnyl-termi-
nated monolayers. We then selectively rendered
the vinyl-terminated monolayers hydrophil ic by
placing the wafers in an aqueous oxidant solut ion
( 1 . 0  m M  K M n O o ,  4 0  m M  N a l O o ,  4  m M  K , C O . ;  p H
7.5)  fo r  15  min .  The wafer  was removed f rom th is
so lu t ion  and r insed in  10  ml  o f  each o f  1  M

NaHSO.,  water,  0 1 N HCI and ethanol  lsee (Z)]
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