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Mixed Self-Assem bled Monolayers - 

in Chemical Separations 
Mary J. Wirth,* R. W. Peter Fairbank, Hafeez 0. Fatunmbi 

Chemical separations of many biomolecules and pharmaceuticals are limited by their 
electrostatic interaction with the surfaces of the separation medium. Mixed self-assem- 
bled monolayers of octadecyl and methyl chains organize into a dense, two-dimen- 
sionally cross-linked network over the chromatographic silica surface to reduce acid 
dissociation of the surface silanols. Molecular models predict that two-dimensional 
cross-linking is sterically possible for pure methylsiloxane monolayers, silicon-29 nuclear 
magnetic resonance measurements show that cross-linking predominates for mixed 
monolayers of primarily methylsiloxane, and chromatographic measurements confirm 
that electrostatic interactions are reduced when the monolayer is primarily methylsilox- 
ane. Chromatographic separation of genetic variants of a highly charged protein, cy- 
tochrome c, demonstrates the promise of self-assembled monolayers in separations of 
biomolecules. 

T h e  chemical analysis of complex mixtures 
typically requires spatial separation of the 
chemical components, which is often ac- 
complished by means of chromatography. 
In this techniaue. the mixture is iniected as . , 

a narrow zone into a mobile phase and then 
passed through a column packed with a 
stationary phase, which is typically silica gel 
with a monolayer coating. A detector senses 
each component as it elutes. Ideally, the 
surface of the silica gel interacts differently 
with each component as the mixture flows 
through the column, resulting in a different 
rate of elution to give a spatial separation. 
Silica has desirable properties as a material 
in separations: low compressibility, control- 
lable pore structure and particle size, and 
surface silanol (SiOH) groups that allow 
covalent attachment of a variety of func- 
tional groups to comprise a monolayer. The 
most commonly used monolayer for organic 
and pharmaceutical analyses is the mono- 
meric CI8 monolayer (Fig. I), consisting of 
dimethyloctadecylsiloxane chains cova- 
lently bonded to the silica surface. Steric 
hindrance limits the coverage of alkyl 
chains. leavine the silica substrate between " 
the chains exposed to the mobile phase. 
About half of the original silanols remain " 
unreacted, and these groups are acidic, cre- 
ating negatively charged sites on the sur- 
face. Problems arising from these charged 
sites are widespread in chromatography. 

The principal problem in separating and 
purifying biomolecules on silica supports is 
their unwanted electrostatic interaction 
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with the negatively charged silica surface 
(1). Pharmaceuticals and proteins are fre- 
quently positively charged because of the 
pervasive amino functionality. Electrostatic 
interaction slows desomtion kinetics (2). . . .  
resulting in the widely observed tail on the 
eluting zone. For example, when the pH of 
the mobile phase is 2, protonation of the 
silanols on a monomeric CI8 surface is 
maintained, keeping it nearly neutral, 
whereas when the pH is 8, deprotonation of 
the silanols is allowed, giving a strongly 
charged surface. The arrival of Ru(bpy)32+ 
(bpy, 2,2'-bipyridyl) at the detector is de- 
layed at pH 8 because of its stronger electro- 
static interaction with the surface at that DH 
(Fig. 2); the asymmetry of the zone is obvi- 
ous. Highly positively charged proteins can 
have asymmetric zones even at pH 2, where 
the silica surface is only slightly charged. 

Steps to reduce electrostatic interactions 
have been devised from an understanding of 

Silica substrate 

Fig. 1. Schematic illustration of C,, alkyl chains 
(dimethyloctadecylsiloxane) covalently bonded to 
a silica surface. Random aggregation of alkyl 
chains leaves sites on the silica surface exposed 
to the mobile phase, allowing unreacted surface 
silanol groups(Si0H) to deprotonate. Color as- 
signments: black = carbon, white = hydrogen, 
red = oxygen, and yellow = silicon. 

the chemical control of surface charge. A 
charged surface has a nonzero electrostatic 
potential &, which gives rise to an electro- 
static interaction energy 

between the silica surface and a cation of 
charge 7 (e is the fundamental unit of 
charge). The proportionality between E,, 
and 7 underscores why proteins are difficult 
to elute without tailing. Gouy-Chapman 
theory describes the relation between the 
electrostatic potential at the surface and the 
charge density a at the surface (3) 

7ed'o 
CJ = J%EJ sinh 

This relation accounts for a mobile phase of 
dielectric constant E and ionic strength I ( E ~  
is the permittivity of free space and kT is 
the thermal energy). Because sinh x - x 
under typical chromatographic conditions, 
the electrostatic interaction increases near- 
ly linearly with surface charge density. 

The tactics used to reduce zone tailing 
can be understood from these equations. 
First, one can minimize the surface charge 
density by using silica gel that has minimal 
acidity. The presence of metal impurities 
within the silica increases surface acidity 
considerably (4); therefore, pure silica is the 
most desirable material. The acidity of the 
surface of pure silica has a complicated re- 
lation to the concentration of silanol 
groups, exhibiting a maximum in acidity at 
a silanol concentration of 3 p,mol/m2 (5). 
Increased hydrogen bonding occurs at high- 

Fig. 2. Chromatograms O) 

of an organic cation, A * 
Ru(bpy),'+, at (A) pH 2 
and (B) pH 8 using a 
dimethyloctadecylsilox- 
ane monolayer (Fig. 1). 
The chromatograms plot 
detector response as a 
function protonation of time. of the In sila- (A), 9 
nols keeps the surface 
nearly neutral, whereas 
for (B), the higher pH al- 
lows deprotonation of 
the silanols, giving a 
strongly charged sur- 
face, which slows the 
mobile phase. The arrival Tlme (min) 
times of the zones at the 
detector are (A) 0.549 and (B) 1.723 min. 
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er silanol concentrations. lowering the acid- ., 
ity of the surface, as shown by Fourier trans- 
form infrared spectroscopy (6). The least 
acidic silica is thus pure and fully hydroxy- 
lated, corresponding to a silanol concentra- 
tion of 8 ymol/m2 (7). A second tactic is 
simply to increase the ionic strength of the 
mobile phase, and a third is to operate at a 
sufficiently low pH that the silanols remain 
protonated. However, acid-catalyzed hydrol- 
ysis of the bond between the surface and 
.monolayer eventually dissolves the monolay- 
er. Fourth, in extreme cases, a sufficient con- 
centration of adsomtive cation. such as an 
organic amine, is included in the mobile 
phase; its adsorption to the surface reduces 
the magnitude of the surface charge. Taken 
together, chromatographic separations in the 
pharmaceutical and biotechnical industry (i) 
typically use fully hydroxylated, highly pure 
silica, (ii) often use buffers at high ionic 
strength and low pH, and (iii) sometimes use 
amine additives. 

The advent of self-assembled monolay- 
ers (SAMs) (8, 9) has inspired the idea that 
chromatographic surfaces might be de- 
signed from first principles to tailor the 
separation and eliminate unwanted electro- 
static interactions. The oreanosiloxane ., 
monolayer has a powerful influence on sur- 
face acidity. A monomeric C18 monolayer 
(Fig. 1) reduces the charge density on the 
silica surface by an amount inordinately 
greater than the number of silanol groups 
consumed by the bonding: the number of 
SiOH groups is cut in half, while the num- 
ber of SiO- groups is reduced by approxi- 
mately 80% (10). Experiments measuring 
the exchange of hydrogen and deuterium 
ions between the silica and the mobile 
phase show that at any one time, only 15% 
of the sites on the silica surface can ex- 
change protons with the water, but over a 
longer time, all sites exchange (1 1). Fur- 

Fig. 3. Illustration of mixed long and short SAMs 
using space-filling models. The density is high just 
over the substrate where a barrier over the silica 
surface is needed and is low a few angstroms 
away, where low density is needed for chromato- 
graphic adsorption. Color assignments are as in 
Fig. 1. 

thermore, the acid dissociation constant 
does not change upon attachment of the 
alkyl groups to the silica surface; instead, 
the concentration of acidic sites is reduced 
(1 2). The alkyl monolayer thus reduces the 
acidity by reducing the area of exposed 
silica. Alkvl monolavers as thin as one 
methyl @ohp are sufficient to block acid 
dissociation of silica. One methyl group 
must be sufficient to block acid dissociation 
because further reaction of the C,, surface 
with chlorotrimethylsilane reduces acidity. 
This post-reaction is called endcapping, and 
the smaller reagent groups are able to bond 
where steric hindrance prevents further C18 
attachment. Endcapping decreases tailing 
despite the fact that it lowers silanol con- 
centration because it reduces the area of 
exposed silica. Endcapping does not reduce 
surface charge sufficiently for demanding 
applications, and its benefits are only tem- 
porary because of hydrolytic degradation of 
the trimethylsiloxane bonds to the surface. 

The ideal monolayer would achieve 
close-packed alkyl density, eliminating con- 
tact between the silica and mobile phase, 
but would also not bond to surface silanols. 
minimizing the acidity of silica near inevi- 
table defects in the monolaver. This seem- 
ingly contradictory demand of high cover- 
age without attachment requires a new con- 
cept in the organization of monolayers. 

Mixed SAMs: The Role of 
Short Chains 

Self-assembly of trifunctional organosilanes 
(1 3) can potentially combine the high den- 
sity of alkyl chains with infrequent bonding 
to the silica surface because the reagent 
groups bond to one another, forming a poly- 
meric network. Monolavers made from oc- 
tadecyltrichlorosiloxane (CIS) have been 
formed on the thin SiO, laver on silicon 

L r 

wafers. Adsorbed water hydrolyzes the re- 
agents, which then form a polymeric net- 

work. Infrared spectra reveal the alkyl 
chains to be nearly all trans in conforma- 
tion, achieving a surface alkyl group con- 
centration of 8 p,mol/m2 (9, 14). The sim- 
ilaritv between the concentration of alkvl 
chains and the initial concentration of sil- 
anols is a coincidence. Octadecvltrichlo- 
rosilanes have been used extensively for 
chromatographic monolayers, comprising 
the "polymeric" stationary phases (15). 
These ~hases  had not been intended to 
organize with the close-packed densities of 
SAMs; instead, they have liquid-like densi- 
ties on the order of 5 ymol/m2, exposing 
the silica substrate. This lower density of 
alkyl chains is required for chromatography, 
but the high density of functional groups is 
needed to reduce the surface charge densitv. 
Both requirements are satisfied by the mix- 
ing of long and short alkyl chains (Fig. 3). 
The first chromatographic experiments en- 
tailed mixed C18 and C3 monolayers, which 
achieved the maximum density of organo- 
siloxane groups, 8 p,mol/m2, in a molar 
C3:Cl, ratio of 1.6: 1, as determined by 
microanalysis and 13C nuclear magnetic res- 
onance (NMR) (16). Phase separation of 
the long chains was discouraged with the use 
of an alkane solvent such as he~tane.  Infra- 
red spectra indicated random chain confor- 
mations. and 13C NMR relaxation measure- 
ments indicated fast motions of the chain 
segments, both arguing against phase sepa- 
ration of the C18 chains. Quantitative 29Si 
NMR revealed that onlv 30% of the reagent - 
groups were attached to the silica substrate 
(1 7). The mixed monolayers demonstrated 
high stability toward pH extremes (1 6). 

Despite the high alkylsiloxane density of 
the mixed CIS-C3 monolayers, they exhib- 
ited even higher electrostatic interactions 
with organic cations, in comparison with 
the conventional monomeric C1, stationary 
phase (1 7). This increase indicates the pres- 
ence of significant defects in the SAMs. 
Space-filling models (Fig. 4) lend structural 

Fig. 4. Space-filling mod- 
els (side and top views) of 
(A) two-carbon (ethyl) 
groups and (6) one-car- 
bon (methyl) groups illus- 
trate that any chain having 
more than one carbon is 
sterically hindered from 
cross-linking through si- 
loxane linkages in two di- 
mensions. Color assign- 
ments are as in Fig. 1. 
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~nsiqllt, sllon-inq that alkyl qroups can sreri- 
cally hinder t~vo-ciil-ilenslollal crois-link~ng. 
hlcrhyl groups arc capallle of denscl>- pack- 
lilg ill t\vo dilllci1~1011s (Fig. 4X), beinq 
stericall\- compatible ivith flat, hexagonal 
structure xvhere each rcaiicnr siloxanc 
group is attached to three other reagent 
nrouns. Such a structure noulcl maximire 
L ,  

cox-cragc of methyl g r o ~ i p s t o  1L7 pmol/m'. 
T h e  sanle bonri~ilg cannot,  hon-ever, he 
achier-ed 111 a flat nlonolayer using ethyl 
groups (Fig. 4B) hecause o11c of the  h\-ciro- 
gcils on the second carbon sterlcallv me- , 

vents cross-l~nklng of one of the  f~inctional 
groups of the  SI atom. Any alkyl group 
longer than a methyl group is incapable of 
filllr cross-l~nklng \i-hile remalnlng planar. 
T h e  s~ace-ti l l ino models sho~ \ -  that one 
should not reabonablx- expect the  inlxed 
CIS-Cj monolayer to  torm the  dense w u c -  
turc needed for yrer-enting d~hsociarioll of 
silanols. A long chain can be acsommoiiat- 
ed ~f all three of its nci~hl3ors are merh\-1 
groups, pred~cting that success 1s teasil-le 
1171tl-i tn~xeil C13-CI monolayers ~t the C,, 
col~ceilti-atloll is limited to  3.3 l ~ m o l / m '  or 
less (Fig  3 ) .  

T h e  cross-link~ng of Cl ,-C, and C, *-C1 
lnollolayers predicted by the mociels can be 
tcsteii ex~~crimentall\-  bv '"Si NhIR spec- 
rroscopl- hecause the  chkmical shift o j r h e  
Si atoll1 challgcs measurably iiepeildlng o n  
13-herher the  rcacenr Si atom is linked to  
another reagent group or terrnlllated 111 a n  
-OH group (1 8). T h e  '"I NhfR spectra o t  

-A0 -50 -60 -70 -80 
, i i  

Chemical shift (ppm) Time (min) 

Fig. 5. Slllcor,-29 NM9 spectfa of ,A) C,& ar,a 
(8)  C,,-C, nior,ola!!ers o r  s,lica. The spectral 
peak at -66 p p t ~  IS expected fof a i u : ~  cr-oss- 
Ir,Ked reager,t soxar,e s f o 8 ~ p .  To the rght of each 
spectrum 1s the corresponc~r~g chfomatograni of 
atil~r~e at tieatfal ph. The elut'oti tmes are (A, 
i ,410 and (B! 1.758 min. 

the  t\\-il monola\-ers (Fig. 5), each having 
CIS conccnrratlons of 3.0 p,mol/m', are 111 

aqrecrnent xvlth the predictions of thc  moil- 
ela (19) .  For a C,  ;-C1 monola;-er, the signal 
1s primarily 111 the -66 parts per m~l l ion  
(ppln) I?and (Fig. 5X). \\-hich corresponils 
to  fi~lly cross-linkeii reagents. Only al?out 
lCnt ,  of the  intensirv 111 rhlh largest band is 
attrlhutable to col-alcnt boniis to the  sllica 
surface. T h e  spectral rlgnal 1s ilistrihuted 
over threc halldi in the  caie of C, , -C2 (Fig. 
SB), n-it11 the  largest hand correspnnci~ng to 
reagent groups terminating 111 a11 -OH 
group rather than bein? cross-l~nkecl. Mi- 
croanalvsi> re~-eals h ~ g h e r  denb~ty for the  
C,,-C, monolayer, to ta l~ng 19 pmol/m'. 
also in apreemenr ivith the  space-tilllni! 
moilels. Further, rlie chromatograms tor an- 
lllne (Fig. j), a n  organic cation at neutral 
pH,  cilffer markedly for the  two monolayers. 
T h e  Cl,-C, mono1a)~er etfects a sharper 
peak ancl a shorter e l u t ~ o n  tlme than does 
the C,,-Cj monolayer, coilfirllling the es-  
pectation that C1,-Cl reduces the  surface 
charge Inore effectivelv. 

A cruc~al  factor for preparation o t  these 
moilolayers is the amount of 11-ater adsorbeil 
to the  sllica ucl heforc self-asscmhlv. Self- 
assembled organosilosanes o n  s111con wafer, 
require >uffic~ent \vatel- for 1-eact~on (29 
21 ) ,  and different silica gels have slgnifi- 
canrly d~fterenr adsorpt~vmes rorvard \xlatci- 
(22) ,  presumably because the  illtfei-lng con- 
centration of surface sllanol y o u p  (23). 
For f~illy h\-clroxylatcd sillca, cili~il~I?ration 
~ v i t h  j C o ,  hum~di ty  pro\-lded opt~inal  pcr- 
formance. and the  xveight gal11 re\-ealed that 
75 l~ rno l  of water was adsorbed per square 
meter. T h ~ s  approache> the  stoichlometrlc 
amount of \yarer needed for ~ni t ia l  l ~ v ~ i r o l n ~ h  
of the reagent rrlchlorosilanes. For an  inex- 
penilve sil~ca gel presumed to ha\-e lon-er 
silanol concentration, a humiditv of g?"o 
was reiiu1reJ to ohtam comparable coverage 
and cross-linking (22) .  In hot11 cases, roo 
l ~ t t l c  \yarer leaves 1111reacreii 31-C1 group,  
e v ~ d e ~ ~ t  in  "C NLIR spectra as SIOCH, 

Time (min) Time (min) 

Fig. 8. Chfomatogfani at pH 2 of the thfee cyto- 
c h f o r e  c cer,et~c \!af1ar,ts, \vi!-ich emefge ti the 
order of bo\!r,e, equr,e, and car,lr,e, shojv~r for ~ A I  
the mxea C.,-C, rior,olayer and iB; a coti\ier,- 
tlonal nionola!!er of the type ustratec ti C~~ 2, 
Peprr,ted ironi (791. 

groups that form after a rinsinq with metha- 
nol. Too much adsorlxd lvater causes excess 
polyi~lcn:ation, e\~ldeilr in the form of mi- 
croscopic polyorganosiloxane balls, which 
prevent  uniform packing of the chromato- 
graphic column. 

T h e  cll~esttlon arises as to whether the  
methyl groups arc truly aclf-assemhleii. Self- 
assembly occurs when attractive intei-ac- 
tions anlong the  alkyl groups contribute 
s i y n ~ f i c a n t l ~  to  their organiration: conse- 
ili~enrly, there exists a critical temperature 
Tc  that cannot I?e exceeded during the  
preparation of SAhls (24,  25).  T h e  value of 
Tc 1.ar1ed from 9°C for Ci, monolayers to  
40°C for CZ2 monolayers 011 slllca (25) .  
Llcthyl monolayers woulii thus llecessltate 
very lo\\, temperature for selt-assembly. 
However, pure mcthylslloxane monolayer 
prepared at rooin temperature o n  flat silica 
surfaces sllo\\r ev~dence  that the methyl 
groups are d~rected o~~twar i i :  water beads up 
to a contact angle of 80" (1 9. 22) .  This is 
the same collract angle observed tor meth- 
\-lthlol o n  gold (26).  \\.here the  orlentatioil 
is intrinsic. T h e  lncthylsiloxa~lc monolayer is 
also rezlstant to attack by bases (22),  cons~s- 
tent with the sterlc ~ ~ r o t e c t ~ o n  of the sllox- 
aile boilds through orienrarioll of the  merhrl 
Eroups. T h e  orlelltatloll of the methyl grouys 
could on-e to the reaction occurring at a 
chemical interface. Tricllloroorganos~laile 
~nlrially hydrolh-:es to form RSi(OH)3,  
n-hich 1s amphiyhillc for R=methyl, anii the 
\uhseiluenr polymeri:ar~on is known to be 
the slow step (27). T h e  amphlphiles are 
11kely to be \\ell oriented at the llltcrface n 
they L~olymcr~ze. T h e  expcrllncllts ~nvesti-  
yating TL for self-assembly lnailc use of a 
>olvent mixture ot  alkane and CC14, where 
the latter was added clel~herarely to improve 
sol~.arion of hrdro1y:ed reagent (24. 25). 
perhapscerplaininp the lllore d~sordcrctl 
monolayers prepareci above Tc. In summary. 
hlgh dens~ty and strong orientation, normal- 
ly liallmarks of self-asscml~l\-, are apparentl\ 
achlcvahle throuyh intertacial orleiitatloli of 
the  lhydrolyzcil reagents ciurmg polrmer~:a- 
tion. T h e  term "self-assembly" luighr only 
apply to methrls~loxane mono1ayel.s tor his- 
tor~cal  reasons. 

A comparison of the  surtace charges of 
the  conventional monomeric C1, and Cl , -  
C, S k i l l s  have be maile from chromato- 
grams of R ~ ~ ( b p y ) ~ ~ - ,  where the  surface 
c h a r c  dens~ ty  n-as be calculated through 
appl icat~on of Gouy-Chapman theory (28).  
T h e  result is that the mixed Cj ,-C, mono- 
layer has a surface charge density at high 
p H  one-third of that founil 011 the  conven- 
tional inonolayer (29).  Furthermore, a C i s -  
C, SAM o n  a highly acidic sillca gel con- 
talnlng lnetal im~uri r ies  r educe  the  acidlty 
to a level below that of the  convent~onal  
Ci, monolayer o n  pure, fully hyilrosylated 



silica gel (29). These results indicate that 
the  densely orga11i:ed SALls \\ill play an  
important role in chemical separations of 
charged species such as biomolecules. T h e  
ability of the  surface silanols to  d~ssociare at 
all suggests the presence of defects, and 
further research 1s lneeded to  understand 
defect f o r m a t ~ o ~ ~ .  

Applications 

In  chromatographic appl~cations of SAMs, 
one of the  most diff~culr samnles to senarate 
is a mixture of closely related proteins. Cy- 
rochrome c is a protein having a molecular 
weight of 12 kD and a net charge of + 2C a t  
p H  2 (30) .  T h e  genetic variants bovine, 
canine, and equine differ from one allother 
by only 106 in  molecular weight. W e  oh- 
tained chromatoerams for these three ee- - u 

netic variants of cytochrome c at p H  2 for 
the  mixed C18-C, ruonolayer (Fig. 6 A )  and 
for a conventional monolayer of the  type 
illustrated in Fig. 2 (19) (Fig. 6B). Separa- 
tion conditio~ls-such as flow rate. lnohile 
phase c o m p o s ~ t ~ o n ,  pH,  and  tempera- 
ture-mere the  same, and the  sillca was 
the  same. Baseline separation was oh- 
rained only for the  mixed C i s - C ,  mono- 
laver, and tailine was ev ide~ l t  for the  con-  
ventiollal mon$ayer. T h e  improved reso- 
lution in  this separation with the  mixed 
C , s -CI  polyorganosiloxane monolayer can 
ultimately translate to  greater purity and 
greater recovery of biomolecules and  ex- 

11mired to hydrophobic monolayers because 
orientation of the  functional groups relies 
o n  amphiphilic character. I t  is straightfor- 
ward to add chemical versatility to these 
monolayers by using a reactlve functional 
group 111 place of the  C,, group. Replace- 
ment of CIS with a n  ally1 group 
[H,C=CHCH2Si(C1),] allows subsequent 
reactlon of the  double bond to form any of 
a variety of functional groups, imparting 
polar, ~ o n l c ,  oi c h ~ r a l  character. Blocompat- 
ible oolvmer films can alao be attached to or 
deposited on the  monolayer, agaln Improv- 
Ing separations of proteins that strongly ad- 
sorb to negatively charged surfaces. T h e  
latter idea was deinonstrated experimental- 
ly: a polyacryla~nide film was grafted to a 
SAL4 in a silica capillary (31 ). A mixture of 
three proteins-cytochrome c,  lysozyme, 
and ribonuclease A-was separated in  this 
capillary by electrophoresis, a technique 
where a n  electric field draws the  chareed u 

proteins along the  axis of the  capillary. A 
separation of high efficiency was demon- 
strated a t  p H  4.7, where the  product of 
protein charge and surface charge Lvere 
maximized, thus maxiinirine the  electro- 
static interaction. Combining research in  
SAbls  with recent advances in  the  synthe- 
sis of well-defined polymers (32) promises 
to  create biocompatible surfaces that have a 
substa~ltial imnact o n  the  sewaration of 
highlv charged hiomolecules. 
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