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In S itu D etection of A dsorbates at S ilica/Solu tion Interfaces
by Fourier Transform Infrared A ttenuated Total R e¯ ection
Spectroscopy Using a S ilica-Coated Internal R e¯ ection
Elem ent

P ETE E . P O STO N ,* D IO N R IV ER A , R O RY UIBEL, and JO EL M . H A R RIS ²
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A silica -coated ZnS e internal re¯ ection elem en t (IR E) w as u sed to

acqu ire attenua ted total re¯ ection (A TR ) Fou rier transform in fra-

red (FT-IR ) spectra of ethy l a cetate at an n -heptane/silica su rface.

A thin silica ® lm w as dep osited onto th e IR E by w ithdraw ing the

substrate from a su sp ension of fum ed silica; u pon d ry ing, a du rable,

porou s SiO 2 layer is fo rm ed on the IR E th at is stab le in con tact

w ith aprotic so lven ts. The layer thick ness is targeted to be com p a-

rable to th e depth of p enetration of infrared radia tion b eyond th e

IR E/ ® lm in terface. These ® lm s w ere u sed to invest igate the ad sorp -

tion of eth yl a cetate onto silica from n -h ep tan e. A m u ltid im ensional

least-sq uares ® t of the spectroscop ic d ata reveals m ultip le su rface-

site energies on the silica su rface, as re¯ ected in bo th the so lution

concen tration depen dence of ethyl acetate accum u lation on the su r-

fa ce an d th e frequen cies o f vibrationa l m odes that sh ift up on ad-

sorption.

Index H eadings: A TR FT-IR ; A dsorption; L iqu id/so lid in terfaces.

IN TR O D U C TIO N

T he su rface chem istr y of silica im pacts m any areas o f

science and techno logy. 1±3 T he adso rption and /or b ind ing

of m olecules to silica su rfaces from liqu id so lu tion is

im portan t in chem ical separations and liqu id chrom atog -

raphy, chem ical m od i® cation and passivation o f ox ide

su rfaces, and im m obilization o f catalysts and reagen ts on

h igh -surface-area supports. To support investigation o f

these app lications, considerab le effor t has been directed

tow ard the developm en t o f in situ op tical spectroscop ies

that can be used to observe the behavio r of m olecu les at

the silica/so lu tion in ter face. F luorescence spectroscopy

has been successfully applied to detection o f adso rbed 4±6

or covalently bound 7±9 probes at silica/solu tion in ter faces;

the h igh sensitiv ity of th is techn ique allow s subm ono lay -

er su rface coverages to be easily detected . O ptical ab -

so rp tion (diffu se re¯ ectance) spectroscopy of so lvato -

ch rom ic p robes has also been applied to the character-

ization o f C -18 m od i ® ed silica/so lu tion in terfaces.10 T he

h igh su rface area and op tical transparency of silica m a-

terials have allow ed the use o f Ram an spectroscopy to

detect bo th adso rbates 11 ,12 and su rface-bound alkyl li-

gands 13 ,14 on silica. Su rface-enhanced R am an spectros-

copy has been successfu lly em ployed to observe C -18

ligands attached to a silica sol-gel coating bound to a

roughened-silver sur face.15,1 6

Received 29 M ay 1998; accepted 5 A ugust 1998.

* Current address: D ivision o f N atural Science and M athem atics, West-

ern O regon U niversity, 345 N . M onm outh A ve., M onm outh, O R

97361.

² A uthor to w hom corresp ondence should be sent.

In ternal re¯ ection in frared spectroscopy 17 can also be

used to obser ve in situ vib rational spectra o f adso rbed or

bound m olecu les at solid /liquid interfaces.18,1 9 F or inves-

tigating the chem istr y o f covalen tly b ind ing m olecu les to

silica su rfaces, elem en tal silicon in ternal re¯ ection ele-

m en ts (IR E s) w ere surface ox id ized in a fu rnace to create

a thin layer o f am orphous silica for stud ies o f silane b ind -

ing to S iO 2 su rfaces.20,21 W hile th is app roach allow s in

situ detection o f adso rbed and bound m olecu les at silica

su rfaces, there are several d raw backs that lim it its u tility.

F irst, the silicon IR E lim its the transm ission of long-

w avelength in frared rad iation and con ® nes m easurem en ts

to frequencies h igher than 1600 cm 2 1. In add ition, sen -

sitiv ity for detecting m olecu les on the su rface is reduced

by decay of the evanescen t w ave th rough the silica layer

to reach m olecu les at the silica/so lu tion interface.

In th is w ork , w e address bo th the lim ited spectral range

allow ed by a silicon IR E fo r these m easurem en ts and the

sensitiv ity o f detecting m olecu les at a ¯ at silica su rface.

We have been ab le to deposit a th in layer of co llo idal

silica particles on to a Z nSe IR E to prov ide a h igh-su r-

face-area substrate fo r attenuated to tal re¯ ection Fourier

transform infrared (AT R F T-IR ) detection o f m olecu les

at silica/solu tion in terfaces. In spiration for this approach

w as in itially derived from a study 22 in w hich the b inding

of T iO 2 collo id particles onto an IRE allow ed the detec-

tion o f adso rbed an ions (su lfate , acetate) at the TiO 2/w a-

ter in terface. T he m ethod w as also adap ted 23 to other ox -

ides (Z rO 2 and A l2O 3) and used to detect coord inating

ligands (catechol, 8 -hydroxyqu ino line, acetylacetonate) at

m etal ox ide su rfaces. In a m ore recent paper, the depo-

sition o f a so l-gel silica ® lm coating on to a silicon IRE

w as reported ;24 the silica su rface w as m odi ® ed w ith C -8

alky l ligands and used to detect benzon itrile at low con-

centrations in so lution by their accum ulation on to the

h igh -surface-area, hydrophob ic so l-gel coating. A s has

been show n by thin (nonporous) ® lm m odi ® cation o f

IRE s,25,26 sur face coatings shou ld allow a variety o f su r-

face chem istr ies to be investigated w ith in ternal re¯ ection

spectroscopy w hile using a broad -band IRE to open up

the spectral w indow for in frared abso rp tion m easu re-

m en ts th roughout the en tire m id -in frared range. T he po-

rous natu re of a particulate ® lm can add itionally p rov ide

an enhanced sur face area fo r detection o f subm ono layer

species.

In the p resen t study, w e have m od i® ed su rfaces o f a

b road -band Z nSe in ternal-re¯ ection elem en t w ith partic-

u late silica ® lm s. A th in ® lm of silica w as deposited on to

the IRE by w ithdraw ing the substrate from a suspension
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F IG . 1 . S ilica-coated internal re¯ ection elem ent. A cylindrical Z nS e

IRE is dip-coated in a fum ed-silica suspension to depo sit a ø 700 nm

porou s silica ® lm for interfacial absorption m easu rem ents. T he ® lm

thickness is chosen to be com parable to the sam pling depth of the ev -

anescent w ave.

of the so l; upon dr ying , a netw ork of siloxane and hy-

drogen bonds betw een silanol g roups ho lds the precipi-

tate in p lace. T h is approach has led to a porous S iO 2 layer

that is stab le in con tact w ith apro tic so lven ts. T he ® lm

th ickness is targeted to be com parable to the depth o f

penetration o f the in frared evanescent w ave beyond the

IR E /gel in ter face. We have em ployed these silica ® lm s to

investigate the adso rption o f ethy l acetate on to silica from

n-heptane; on the basis o f ch rom atog raph ic data, adso rp-

tion o f ethyl acetate on to silica w as reported by S cott and

K ucera 27 to exh ib it non linear iso therm behavio r. A pp li-

cation o f a silica-coated IR E has allow ed us to m easu re

in situ in frared spectra o f the adso rbate and its depen-

dence on the so lu tion concen tration . A m ultid im ensional

least-squares ® t o f the data to an approp riate iso therm

m odel reveals m ultiple su rface-site energ ies, as re¯ ected

in both the so lu tion±concen tration dependence o f sur face

accum ulation and correspond ing frequencies of vib ration -

al m odes that shif t upon adso rp tion .

EX P E R IM EN T A L

M aterials. S o lu tions of ethy l acetate in n-hep tane w ere

prepared w ith concentrations rang ing from 5 to 200 m M .

H P L C -grade 2 -p ropanol and reagent-grade n -hep tane

w ere obtained from F isher; ethyl acetate w as acqu ired

from O m niS o lv ; these so lvents w ere used as received .

F um ed silica (C abosil, H S-5 , 5 nm particle d iam eter,

250 m 2/g ) w as deposited on to a cy lind rical Z nS e IRE

(A xiom ) (see F ig . 1) by w ithdraw ing the substrate from

a 1% (w /v ) suspension of the particles in 2 -propano l. A t

a w ithd raw al rate o f 1 cm /s, the adherent suspension layer

shou ld be approx im ately 16 m m thick (prior to so lven t

evaporation ) on the basis o f the v iscosity, density, and

sur face tension of the suspension . 28 B etw een dips, the

solvent w as allow ed to evaporate, and then the IR E w as

im m ersed and w ithd raw n again fo r a to tal o f 10 to 15

dips. T he silica ® lm thickness w as determ ined from the

infrared abso rp tion and m ass o f a ® lm deposited under

iden tical conditions on to a ¯ at Z nS e w indow. T he ® lm s

appear to be un ifo rm by v isual in spection; they are scat-

ter ing at visib le w aveleng ths due to their po rosity.

T he fum ed silica used in the p resen t study d iffers from

the precip itated silica w hich S co tt and K ucera in itially

em ployed in their investigations o f adso rption m echa-

nism s;27 the latter m ater ial has ø 8 m M /m 2 of su rface O H

groups w ith strong ly hydrogen-bonded w ater associated

w ith the su rface.1 Fum ed silica d iffers from th is sur face

in that the sur face O H groups are at m uch low er density

( ø 1 m M /m 2) , and the m ater ial is less hydrophilic ( less

sur face w ater is p resen t). T hese d ifferences, how ever,

shou ld m ake a d ifference only in the relative am ount of

adso rbate obser ved in the detection vo lum e as both su r-

faces have the sam e sites that are thought to interact w ith

adso rbate, nam ely, silano ls and w ater. 29 ,30 In add ition ,

Sco tt and K ucera d id a second study on a silica that had

been heated to suf ® cien tly h igh tem peratu res to rem ove

w ater and vicinal silanols; 31 th is su rface is sim ilar to

fum ed silica, and it p roduced the sam e iso therm behav ior

as the m ore hydrated m aterial. T hus, w hile the silica su r-

faces are not iden tical, the fum ed-silica ® lm should be

suf ® cien tly sim ilar to a ch rom atog raph ic silica gel to en -

sure that the experim ental resu lts can be com pared.

In frared A b sorption S pectroscopy . A ll spectra w ere

acqu ired w ith the use o f a B ruker M odel 66V F T-IR con-

® gu red w ith a m ercu ry -m anganese- tellu rium (M M T ) de-

tecto r and G low bar (M IR) source. E ach spectrum w as an

average o f 500 to 1000 scans, reco rded w ith a resolu tion

of 4 cm 2 1 and an aperture setting o f 12 m m . A M ertz

phase co rrection m ode w as used along w ith a trapezo idal

apod ization function . A single-beam spectrum of the un-

coated IRE w as taken as the reference spectrum .

A n A xiom M odel T N L -130A standard tunnel cell w as

used w ith a bare or silica-coated , ¼ in . 3 3¼ in ., cy lin -

dr ical, Z nS e IR E . A G ilson peristaltic pum p w as used to

¯ ow sam ple so lu tions through the cell at a rate of ø 1 .0

m L /m in . T he so lu tion w as ¯ ow ed fo r approxim ately 5

m in betw een changes in concen tration to allow equ ili-

bration o f adsorbate on the sur face.

D ata A nalysis. Spectra w ere background corrected by

acqu iring a spectrum of the silica-coated IR E w ith only

solvent ¯ ow ing th rough the cell. T h is unscaled spectrum

w as sub tracted from all spectra con tain ing adso rbate.

T h is p rocedure rem oved silica and so lven t bands from

the adso rbate spectra.

M odeling of spectroscop ic iso therm data w as per-

fo rm ed by using M atlab 4 .0 on a 486D X 2-66 P C . To

reso lve the adsorbate and so lu tion -phase in frared spectra,
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w e acqu ired a series o f AT R F T-IR spectra vs. ethy l ac-

etate concen tration in so lution. T he spectra are p laced in

co lum ns of a m atr ix D w ith d im ensions r row s by c col-

um ns. E ach colum n con tains a spectrum at a g iven so -

lution concentration , w here the row index i is fo r the

infrared frequency and the co lum n index j is fo r the sam -

p les prepared at differen t adso rbate concen tration. A s-

sum ing Beer ’ s law is obeyed and the infrared abso rp tion

o f the com ponen ts are independent and add itive, the ab-

so rp tion fo r w avenum ber i and sam ple com position j is

the sum of the com ponen ts, k 5 1 to n, at the in terface:

n

d 5 a c (1 )Oi , j i , k k , j
k 5 1

w here a i,k is the abso rp tivity o f the k th com ponen t at the

ith w avenum ber, and c k,j is the in terface concen tration of

the k th com ponen t at the jth so lu tion cond ition . E quation

1 can be expressed in m atrix form :

D 5 A C (2 )

w here A is an r 3 n m atrix con tain ing spectra o f the n

iso lated com ponen ts in the system , and C is an n 3 c
m atrix containing the in ter face concen tration variation o f

these com ponents.

R eso lution o f the spectra in D into reso lved com po-

nents A and C is accom plished by m odeling the concen -

tration dependence of C , w here one row is proportional

to the so lu tion -phase concen tration o f the adso rbate and

one or m ore row s are m odeled by an adso rp tion iso therm .

G iven a m odel fo r the in terface concen trations, CÃ, a least-

squares estim ate fo r the com ponent spectra, AÃ, can be

obtained by a righ t pseudo inverse o f CÃ:32 ,3 3

AÃ 5 D CÃT(CÃCÃT) 2 1 . (3 )

T he non linear param eters ( b ’ s) for the iso therm m odel

for CÃ are varied by using a N elder±M ead Sim plex al-

gorithm 34 to achieve a least-squares ® t of the data by

m in im izing the sum of the squares o f the residuals, R TR ,

w here R 5 D 2 AÃCÃ. T he op tim um w as checked by p lo t-

ting the squared residuals vs. bo th nonlinear param eters

to verify that it w as a g lobal m in im um .

R ES U LT S A N D D IS C U S SIO N

F ilm D eposit ion an d C h aracteriza tion . To obtain a

h igh sensitiv ity to adso rbates, the silica layer deposited

onto the IR E shou ld have a th ickness that is g reater than

or equal to the dep th penetration of the evanescen t w ave

into th is layer. T h is cond ition allow s the three-layer in-

terface (IR E /silica/so lution) to be sim pli ® ed to a tw o-lay -

er optical system . T hroughou t the m id-infrared region,

the refractive ind ices o f both alkane solvents 35 and am or-

phous silica 36 are w ell below that o f Z nS e, so that the

evanescen t w ave orig inates at the Z nS e/silica in terface.

A t a 45 8 inciden t ang le, the depth o f penetration o f the

evanescen t w ave is com parable to the average layer

thickness sam pled by unpo lar ized rad iation, 17 w hich is

relevant to th is case since a cy lind rical IR E has been

show n to scram ble any po lar ization o f the incident rad i-

ation from the interferom eter.37 T he dep th o f penetration

o f the evanescent w ave (w here its in tensity d rops by 1 /

e 2) is g iven by 17

l
d 5 (4 )p 2 2 1/ 24 p n (sin u 2 (n /n ) )1 2 1

w here n 1 and n 2 are the refractive indices of the Z nS e

IRE (2 .42) and the silica gel/heptane phase ( ø 1 .3), re-

spectively, and u 5 45 8 is the angle o f incidence. T he

expected dep th o f penetration varies w ith w aveleng th ,

from approxim ately 400 nm at 1800 cm 2 1 to 700 nm at

1000 cm 2 1.

T he th ickness o f the silica layer deposited onto the

internal re¯ ection elem en t w as estim ated by coating a

circu lar Z nS e w indow, dipped 10 tim es in the 1% w eigh t/

volum e suspension of fum ed silica in 2 -p ropano l, u sing

the substrate-w ithd raw al coating m ethod descr ibed in the

E xperim en tal section . T he ou tside edge of the w indow

w as w iped free o f silica, and the coated w indow w as then

heated in a d r ying oven at 120 8 C for 1 h to d rive o ff

excess so lven t, coo led in a desiccato r, and w eighed . With

10 dips, the up take o f silica by the Z nS e substrate per

unit area w as found to be 8 .8 3 10 2 5 g /cm 2 , co rrespond-

ing to a silica (on ly ) thickness of 240 nm based on the

density of fum ed silica (2 .2 g /cm 3) . T he infrared abso rp -

tion o f tw o 5-dip coated ® lm s on bo th sides o f the Z nS e

substrate w as also m easu red , and the transm ittance w as

found to be T 5 0 .9602 and 0.9700 at 840 and 850 cm 2 1,

respectively, w here the ex tinction coef ® c ien t of am or-

phous S iO 2 has been m easured by th in - ® lm transm it-

tance 36 to be k abs 5 0 .17 and 0 .12 , respectively. T he to tal

silica th ickness fo r the tw o ® lm s w as determ ined from

these resu lts by using the relation 38 t 5 2 ln (T ) l /4 p k abs 5
230 nm , w hich is com parab le to the silica m ass thickness

for a sing le 10 -d ip ® lm .

T hese resu lts w ou ld appear to ind icate that evanescen t

w ave w ou ld penetrate beyond the silica ® lm ; how ever,

both the m ass- and absorbance-thickness estim ates are

based on the density and ex tinction coef ® c ien t o f a non-

porous, fu sed-silica ® lm and thus report the thickness of

the so lid S iO 2 fraction o f the porous ® lm . T he actual ® lm

density and ex tinction coef ® c ien t are reduced by ® lm po-

rosity, w h ich depends on how the 5 nm fum ed-silica par-

ticles pack . If the aggregation is a m axim um , hexagonal

closed -packed structu re w ith coord ination num ber o f 12 ,

the ® lm density w ou ld be reduced by 26% ;1 m ore likely

structures w ou ld exhib it low er coordination num bersÐ 6

for cub ic o r 4 fo r tetragonalÐ w hich w ou ld decrease the

density by 48% and 67% , respectively.1 T he actual ® lm ,

therefore, shou ld exh ib it about half the density of fused

silica and tw ice the S iO 2 m ass th ickness. O n the basis of

these resu lts and as an assurance that the evanescent w ave

does no t sam ple w ell beyond the boundar y o f the porous

® lm , 15-d ip coats o f the 1% silica suspension w ere de-

posited on to the in ternal re¯ ection elem ent fo r adso rption

studies, w h ich prov ides a to tal ® lm thickness estim ated

to be ø 700 nm , w hich is com parab le to the m axim um

depth of penetration of the evanescen t w ave at 1000

cm 2 1 .

T he enhancem ent o f su rface area p rov ide by a silica

particle layer over that of a th in , ¯ at nonporous ® lm on

the IR E is considerab le. T he 5 nm fum ed silica has a

speci® c su rface area of 250 m 2/g ; from the m ass of the

deposited layer ( ø 0 .132 m g/cm 2 fo r a 15-d ip ® lm ), the

silica sur face area in the porous ® lm shou ld be 0 .033 m 2

per cm 2 of the IRE sur face. T he silica ® lm signi ® can tly
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F IG . 2 . ATR FT-IR sp ectra of ethyl acetate in n -heptane. (A ) S ilica-

coated IRE in contact w ith n -heptane so lution s containing 5 .1 to 77

m M ethyl acetate. (B ) D ifference spectra derived from (A ) w here a

spectrum of n -heptane in contact w ith the silica-coated IRE has been

subtracted. (C ) U ncoated ZnSe IRE in contact w ith n -heptane so lutions

containing 10.2 to 51 m M ethyl acetate.

enhances the in ter facial area, by as m uch as a facto r of

330 tim es relative to the IRE surface.

A dsorption of Ethy l A ceta te to S ilica S urfaces. T he

silica-coated IR E w as m oun ted in a ¯ ow -through tunnel

cell and exposed to a ser ies o f n-heptane so lutions con-

tain ing ethy l acetate in the range of 5 .1 to 77 m M . T he

resu lting AT R spectra (referenced to a background spec-

trum of the uncoated IR E ) are p lo tted in F ig . 2A . T he

raw spectra are dom inated by n -hep tane bands at 1380

and 1460 cm 2 1 and by the shou lder of a large silica peak

below 1300 cm 2 1. Weak abso rp tion by ethy l acetate is

obser ved around 1250 cm 2 1 and 1750 cm 2 1 , w hich in-

creases w ith increasing so lu tion concen tration.

T he abso rp tion spectra o f the ethyl acetate , both in

solu tion and adso rbed to the silica su rface, are m ore ap -

parent in d ifference spectra (F ig . 2B ) that are generated

by sub tracting an unscaled spectrum of the silica-coated

IR E in con tact w ith n -hep tane so lven t. T he silica and

solvent bands are elim inated in the d ifference spectrum ,

w ith the excep tion of the stronger n -hep tane band at 1460

cm 2 1, w h ich produces a sm all, negative-go ing peak in the

difference spectrum , w ith an am plitude that is p ropor-

tional to the concen tration of ethyl acetate in so lution.

T h is negative-go ing n -hep tane peak is also p resent in the

solu tion spectrum even w hen no silica is p resent on the

IR E (F ig . 2C ). T herefo re, th is negative-going band likely

arises from a sim ple d isp lacem en t o f n -hep tane from the

solu tion in the evanescen t w ave vo lum e by the increasing

ethy l acetate concentration .

To iden tify the v ibrational featu res of ethyl acetate ad-

sorbed to the silica su rface, w e acqu ired com parison

spectra o f the solu te in n -hep tane w ith an uncoated Z nS e

IR E , and the resu lts are p lotted in F ig . 2C . C om parison

of F igs. 2B and 2C reveals the presence o f adso rbate

bands g row ing in adjacent to free-so lution bands. O n the

basis of p rev ious assignm en ts from the literature,39,4 0 a

qualitative in terp retation o f the spectra fo llow s. T he

prom inen t peak at 1750 cm 2 1 is due to the carbony l

stretch o f solu tion -phase ethyl acetate (F ig . 2C ). T he

shou lder at 1710 cm 2 1 arises from the adso rbate C 5 O

stretch, since this peak d isappeared w hen 2-p ropano l, a

m ore po lar m olecu le that in teracts w ith silica m ore

strong ly than ethy l acetate ,41 is in troduced in to the so lu-

tion that d isplaces adsorbed ethy l acetate from the su r-

face. T he fact that the 1710 cm 2 1 adso rbate peak is found

at a low er frequency indicates that electron density is

being w ithd raw n from the bond due to hydrogen bond ing

in teractions w ith su rface silano ls and/o r su rface w ater.

T he band that peaks at 1240 cm 2 1 is due to the C ±C ±

O stretch of so lu tion -phase ethy l acetate. S peci ® cally, the

1240 cm 2 1 band is assigned to the strong H 3C ±C±O

stretch 39 ,40 w here the second carbon is part o f the carbony l

group ; the adso rbate C ±C ±O stretching frequency fo r this

sam e v ibrational m ode occurs at 1270 cm 2 1 . T he obser-

vation that the C ±C ±O vibration is sh ifted to higher fre-

quency ind icates that the bond is streng thened, w h ich is

consisten t w ith the w eaken ing of the carbony l bond .

W hile electron density is being rem oved from the car-

bonyl bond and directed tow ard the sur face, electron den-

sity is sh if ting into the C±C ±O bonds ad jacent to the

carbony l. O verall, these band sh ifts ind icate a strong d i-

po lar in teraction betw een the carbonyl group of ethy l ac-

etate w ith the ±O H groups on the su rface.

T he in frared absorbance from solu tion -phase ethy l ac-

etate at a silica-coated vs. an uncoated IR E can be com -

pared in F igs. 2B and 2C . T he m axim um absorbances o f

the 1750 and 1240 cm 2 1 so lu tion -phase bands in the spec-

tra are com parab le: A m ax ø 0 .06±0 .07 , fo r the h ighest

ethy l acetate concen trations in each experim en t, 77 m M

for the coated IR E and 51 m M for the uncoated IR E . T he

34% low er sensitiv ity for solu tion -phase species w hen

the coating is present on the IR E show s that the silica

coating excludes so lven t from a sign i ® can t fraction o f the

evanescent w ave vo lum e.

Interfacial AT R spectra w ere also co llected over a 20-

fo ld h igher concen tration range than reported in F ig . 2 in

order to investigate the satu ration behav io r of the iso-

therm . A t these h igher concen trations, sh ifting o f the so -

lu tion band frequencies w as obser ved ; the peak frequen-

cy of the C 5 O band at 1750 cm 2 1 sh ifted approxim ately

2 cm 2 1 tow ard low er frequency, and a sm aller sh ift w as

obser ved for the C ±C ±O band at 1240 cm 2 1 . To test

w hether this sh ifting arises from an adso rbed b ilayer ex -

hib iting so lu tion -like band frequencies, w e collected the

spectra at the h igher ethy l acetate concen trations w ithou t

any silica gel coating on the IR E , and sim ilar band sh ift-

ing w as obser ved . W hen the series of so lu tion spectra

w ere acqu ired in a conventional, thin -pathlength (50 m m )

transm ission ¯ ow cell, no peak sh ifting cou ld be detected .

We ascribe the sh ifting o f these bands, therefo re, to ef-
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F IG . 3 . Infrared absorption of ethyl acetate at a silica in terface vs.

so lution concentration. (A ) A bsorbance at 1240 cm 2 1 from solution-

phase ethyl acetate var ies linearly w ith the concentration. (B ) A bsor-

bance at 1274 cm 2 1 from silica-adsorbed ethyl acetate follow s the form

of an adsorption iso therm (so lid line) .

fects o f anom alous d ispersion on the sam pling dep th o f

the evanescen t w ave. 37 ,4 2 W hen the ethyl acetate so lu tion

concen tration is large ( . 500 m M ), its refractive index

contr ibu tes sign i ® can tly to the index of the solu tion ; in

the v icinity of strong abso rption bands, the resu lting

anom alous d ispersion can g ive rise to changes in sam -

p ling dep th w ith w aveleng th that lead to apparen t shif ts

in the band shape. T hus, to in terp ret the absorp tion spec-

tra , w ithout reso rting to a K ram ers±K ronig analysis, re-

quires that changes in the in terfacial abso rbance be kep t

sm all so that the w aveleng th-dependen t dep th of penetra-

tion does no t change w ith the so lu tion com position.

E thy l A ceta te A d sorp tion Iso therm s. T he absorbance

o f ethy l acetate at several infrared frequencies w as plo t-

ted vs. the so lu tion concentration to investigate the ac-

cum ulation o f adsorbate at the silica/so lu tion interface.

E xam ple resu lts are show n fo r data from C±C ±O bands

in the 1240 ±1280 cm 2 1 reg ion in F ig . 2B. T he abso rbance

at 1240 cm 2 1 (F ig. 3A ) g row s linearly w ith the concen -

tration in so lu tion ; th is obser vation agrees w ith the as-

signm ent o f this band to a so lution-phase species based

on com parison w ith spectra co llected at an uncoated IR E

as w ell as a thin -path transm ission cell. A linear response

w as also observed fo r abso rbance at 1750 cm 2 1 assigned

to the C 5 O stretch ing m ode of so lu tion±phase ethy l ac-

etate.

T he am plitudes o f so lu tion -like ethy l acetate bands

w ere analyzed quan titatively in order to test fo r the ac-

cum ulation o f any su rface excess in th is in terface popu-

lation . In the analysis o f the non linear ch rom atog raph ic

reten tion of ethy l acetate on silica,27 S co tt and K ucera

p roposed the fo rm ation of a w eak ly retained b ilayer at

the in ter face betw een the solu tion and silica-adsorbed

ethy l acetate .27 ,3 1 T he infrared spectrum of ethyl acetate

in such a b ilayer, w here m olecu les w ou ld reside at the

interface betw een ethyl acetate and n-heptane, should be

ind istingu ishab le from ethy l acetate in free solu tion since

frequencies of ethy l acetate C±C ±O and C 5 O m odes are

the sam e in the neat liqu id and in d ilu te n -hep tane solu -

tion . To identify any su rface excess in the so lution-like

ethy l acetate absorp tion , w e m ade a quan titative com par-

ison to free-solu tion spectra acquired by using an IR E

w ithout the silica gel coating . To correct for loss o f the

so lution vo lum e d isplaced by the silica w ithin the eva-

nescen t w ave, w e ratioed the m easu red ethy l acetate ab -

so rp tion to a nearby solven t peak at 1460 cm 2 1 , w h ich

also co rrects for any changes in sensitiv ity (num ber o f

re¯ ections) in the AT R m easu rem ent. T he resu lts show ed

no ev idence for a su rface excess of solu tion -like ethy l

acetate at the in terface; fo r exam ple, abso rbance at 1750

cm 2 1 ratioed to the so lven t peak increased linear ly w ith

so lution concentration of ethyl acetate w ith a slope fo r

the silica-coated IR E that w as ind istingu ishab le from the

slope w ith the bare IR E . For abso rbance m easu red at

1240 cm 2 1 , a som ew hat g reater slope w as obser ved w ith

the bare IRE , bu t again no evidence o f add itional so lu -

tion -like ethy l acetate in the interfacial abso rbance dataÐ

w hich runs counter to the b ilayer hypothesis o f S cott and

K ucera.27,3 1 T his result leaves open the question of how

to account for the nonlinear iso therm behav io r observed

in ch rom atog raph ic data on this system .

In frared abso rp tion by the silica-adso rbed ethy l acetate ,

in w avenum ber regions w here the so lu tion -phase absorp -

tion is w eak, follow s the expected form of an adso rp tion

iso therm as show n in F ig . 3B for abso rbance m on itored

at 1274 cm 2 1. T hese data are ® t to a sim p le L angm uir

iso therm :43

b C
u 5 (5 )

1 1 b C

w here u is the fractional sur face coverage o f the adso r-

bate, C is its concen tration in so lu tion , and b is the equ i-

libr ium constan t fo r adsorp tion . A least-squares ® t o f the

data in F ig . 3B to E q . 5 does a reasonable job in describ -

ing the accum ulation o f adso rbate at the silica su rface,

w here the best- ® t equ ilib rium constant is 76 M 2 1 . Som e

nonrandom ness is apparen t in the residuals, how ever, es-

pecially at h igher concentrations; the residuals fail a run

test44 at 85% con ® dence. M ore im portantly, the best- ® t

equilibr ium constan t depends on the infrared frequency

at w h ich absorbance is m on ito red . Indeed , there is a sys-

tem atic trend in the apparen t equ ilib rium constan t w ith

w avenum ber for bo th adso rbate bands; for the C ±C ±O

band at 1274 cm 2 1 , b is 76 M 2 1 (F ig. 3B ), w h ile at 1287

cm 2 1 , b is 100 M 2 1 and at 1300 cm 2 1 , b is 133 M 2 1. F or

the C 5 O band , at 1688 cm 2 1 , b is 399 M 2 1, w h ile at

1720 cm 2 1, b is 65 M 2 1. T hese spectroscop ic results,

therefore, ind icate a d ispersion in adso rption interactions

o f ethy l acetate w ith the in terface sur face, w here m ore

strong ly adso rbed m olecules exhib it h igher frequency
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F IG . 4 . Com ponent spectra resolved by ® t ting AT R FT-IR spectra of

ethyl acetate to a two-L angm uir adsorption m odel. (Top) S trongly ad-

sorbed com ponent spectrum , b 1 5 830 M 2 1; (m iddle) w eakly adso rbed

com ponent spectrum , b 2 5 57 M 2 1; (bo ttom ) so lu tion-phase com ponent,

linear w ith concentration. Spectra are norm alized to the sam e area; the

top two spectra are offset by 0.3 and 0.5 units for p lotting.

C±C ±O stretch ing and low er frequency C 5 O stretch ing .

T hese sh if ts are in the sam e d irection as the changes in

frequency of these tw o m odes fo r the adsorbate com pared

to so lu tion -phase ethy l acetate , as d iscussed above.

A d ispersion in adso rption free energy (equ ilib r ium

constant) and the co rrespond ing spectra o f the adso rbate

can be challeng ing to m odel.12 W hen ions are adso rbed

or w hen adsorp tion leads to form al charge o r pro ton

transfer betw een the su rface and the adso rbate, d ispersion

in adso rption energy w ith coverage can be descr ibed by

a F rum kin iso therm 45 ,12 that accoun ts fo r the electro static

in teractions betw een adso rbates on the surface. E thyl ac-

etate adso rp tion to silica shou ld no t exhib it strong acid±

base in teractions so that a Frum kin m odel w ou ld no t be

approp riate; indeed , the data in F ig. 2B w ere ® t to a

Frum kin isotherm , bu t the resolved spectra show ed neg-

ative in tensity reg ions and w ere no t realistic. A n alter-

native explanation o f the non linear isotherm behav ior o f

ethy l acetate adsorp tion has been proposed by Synder and

Poppe 29 on the basis of rearrangem en t (delocalization ) of

the adsorbate layer at h igh coverages; the resu lting re-

sponse is sim ilar in form to a F rum kin iso therm and w as

no t successful in ® tting these results.

S ince there are distinct popu lations o f hydrogen-bond-

ing groups on the silica su rface including silanols (iso -

lated , gem inal, v icinal1,2 that exh ibit d ifferences in hy-

drogen bond ing streng th) and adso rbed w ater, w here

ethy l acetate could act to low er the interfacial tension

w ith the n-heptane so lven t, one w ou ld expect to observe

a d ispersion in adsorp tion free energ ies. T he appropriate

m odel fo r adso rp tion to d iscrete , nonin teracting sites is a

m ultip le L angm uir isotherm , the sim p lest fo rm of w hich

w ou ld hypo thesize tw o d iscrete su rface sites fo r adso rp -

tion . T he to tal sur face coverage, u total, is the sum of tw o

independent L angm uir equ ilib r ia:

u 5 u 1 uto tal 1 2

m ax m axu b C u b C1 1 2 2
5 1 (6)

1 1 b C 1 1 b C1 2

w here u 1
m ax and u 2

m ax are the fraction o f the su rface sites

of type 1 and 2 hav ing exh ib iting equ ilib rium constants,

b 1 and b 2 , respectively.

T he ethy l acetate concentration -dependent in frared re-

¯ ection /abso rption spectra in F ig . 2B w ere ® t to a sim p le

tw o-L angm uir m odel for the adso rbed popu lation, to -

gether w ith a com ponen t that is linear w ith concen tration

to cap ture the so lu tion -phase ethy l acetate response. T he

entire spectral range of F ig . 2 w as ® t sim u ltaneously by

using nonlinear least-squares to op tim ize the tw o param -

eters, b 1 and b 2 , and linear least-squares (E q . 3) to resolve

spectra o f the th ree com ponen ts. T he tw o-site m odel im -

proved the quality of ® t o f the data com pared to a sing le

L angm uir isotherm ; the residual error w as reduced by

20% , and the im provem ent in ® t w as signi ® can t at . 95%

con ® dence acco rding to an F -test. T he best ® t v alues of

the tw o adso rption equilibr ium constan ts found by ® tting

the en tire 1200 to 1800 cm 2 1 spectral range w ere b 1 5
830 M 2 1 fo r the stronger adsorp tion site , and b 2 5 57

M 2 1 for the w eaker site . To determ ine w hether both v i-

brational m odes report com parab le adso rp tion behav ior,

w e separately ® t the C 5 O spectral reg ion from 1650 to

1800 cm 2 1 w ith good agreem ent, w here b 1 5 840 M 2 1

and b 2 5 68 M 2 1; w hen the C ±C ±O reg ion from 1200 to

1350 cm 2 1 w as separately analyzed , the equ ilib r ium con-

stan ts w ere o f sim ilar m agn itude bu t som ew hat sm aller,

b 1 5 580 M 2 1 and b 2 5 38 M 2 1 . T he C 5 O spectral region

appears to have greater in¯ uence on the ® t o f the en tire

spectral range, p robab ly because o f the better reso lution

of the com ponen t spectra in th is region (see F ig . 4 ) .

A signi ® cant d ifference in adso rp tion energy is re¯ ect-

ed in the tw o equilibr ium constan ts, w h ich d iffer by m ore

than an order o f m agnitude; the difference in adsorp tion

free energy fo r these tw o sites is g iven by D ( D G ads) 5
2 R T ln ( b 2/ b 1) 5 2 6.7 kJ/m o l. O ne w ou ld expect the v i-

brational spectra o f ethy l acetate adsorbed to sites at such

different free energies to be d istingu ishab le. To test th is

expectation, w e show the spectra reso lved by least-

squares ® tting (E q. 3) o f the in frared absorp tion data to

a tw o-L angm uir p lus linear m odel in F ig. 4. T he spectra

of the com ponents are un ique, w ith no sign i ® can t nega-

tive abso rbance; the solu tion -phase spectrum resolved

from these data is ind istingu ishab le from that m easu red

at a bare Z nS e IR E (F ig . 2C ). T he C ±C ±O and C 5 O band

frequencies fo r the spectra of the tw o adso rbed com po-

nen ts fo llow the expected variation w ith adso rption free

energy. T he m ore strong ly adso rbed com ponen t exh ib its

a C ±C ±O stretching v ibration at a h igher frequency and

a C 5 O stretch at a low er frequency, in com parison to the

w eak ly adso rbed com ponen t. B o th adso rbate spectra are

shif ted in these d irections in com parison to so lu tion -

phase ethyl acetate , as d iscussed in the p revious section.

O ne ® nal spectral featu re shou ld be noted : the ethyl ac-

etate band at 1375 cm 2 1 arises from sym m etric defo r-

m ation of the m ethy l g roup adjacent to the carbony l

group . N o d irect sur face in teraction w ould be expected

betw een a m ethyl g roup and su rface sites, bu t apparen tly

th is band is sensitive to adsorp tion because of its elec-

tronic coup ling to the carbony l g roup . T his peak fo llow s

the sam e frequency trend as the C ±C ±O vibration, sh if t-

ing tow ard h igher frequency upon adso rption by an
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F IG . 5 . S urface coverages of ethy l acetate onto two surface sites on

silica. The total surface coverage is also plotted, together w ith a best

® t to a bilayer isotherm m odel.

am ount that increases w ith streng th of the adso rption

equilibr ium .

T he in terp retation o f the adso rp tion resu lts is sum m a-

rized as fo llow s: E thyl acetate encounters tw o d istin -

guishab le adsorp tion sites on the silica su rface that ex-

h ib it signi ® can t d ifferences in hydrogen-bond ing activ ity.

T he stronger adsorp tion site produces a g reater per tu r-

bation of the C±C ±O and C 5 O stretch ing frequencies

upon adso rption, w h ich is also re¯ ected in a 15-fo ld

g reater adso rp tion equ ilib r ium constan t. T he relative pop-

u lations of these tw o su rface sites can be estim ated from

the am plitude of the in frared abso rption of the tw o ad-

so rbed com ponen t spectra, assum ing that the oscillato r

streng ths of the bands are no t sign i® cantly d ifferen t for

m olecules adsorbed to these tw o sites. F rom the tw o fac-

tors used to norm alize the spectra in F ig . 4 , the relative

popu lations o f stronger and w eaker sites are u 1
m ax 5 0.36

and u 2
m ax 5 0 .64 , respectively.

T hese resu lts can be used to explain the non linear ad -

so rp tion iso therm reported from chrom atog raph ic reten -

tion of ethy l acetate on silica surfaces 27 and dem onstrate

how the accum ulation o f th is adso rbate at the su rface

could have easily been m istaken fo r a b ilayer iso therm ;

recall that there w as no spectroscop ic evidence (see

above) fo r an ethy l acetate bilayer p reviously proposed

to m odel the ch rom atog raph ic results.27 O n the basis of

the values o f b 1 , b 2 , u 1
m ax , and u 2

m ax determ ined from the

spectroscop ic resu lts, accum ulations o f ethyl acetate at

both su rface sites, u 1 and u 2 , are estim ated by E q . 6 and

are p lotted in F ig . 5 along w ith the to tal sur face coverage,

u to tal. A lso p lo tted in F ig. 5 is the best ® t o f the to tal

coverage to the b ilayer iso therm m odel. A s can be seen

in these resu lts, the b ilayer iso therm provides an equally

good ® t o f the to tal accum ulation o f adso rbate vs. so lu-

tion concentration . In the absence o f any spectroscop ic

ev idence abou t the chem ical fo rm of the adsorbate at the

interface, there is no ind ication from the dependence of

su rface coverage on solu tion concentration that a b ilayer

iso therm is no t an approp riate m odel fo r this system . T h is

result po in ts ou t the pow er o f in situ m onitor ing of ad-

so rbate spectra w here the chem ical fo rm s of an adso rbate,

as w ell as their relative coverage, can be determ ined .

T he one issue that is no t reso lved by these data is the

natu re o f the tw o su rface sites on silica that are respon-

sib le fo r the dispersion in adsorp tion energ ies. P relim i-

nary results ob tained by m on itor ing the adsorp tion in the

O ±H stretch ing reg ion suggest discernib le ro les by bo th

silano l g roups and surface-adso rbed w ater in retain ing

ethy l acetate at the silica su rface. F um ed silicas, like

those used in the presen t study, have a m eager surface

density of silano l g roups w hen com pared to precipitated

silicas, 1 w hich m akes the p roduction of high signal-to -

noise (S /N ) silanol spectra challeng ing in fum ed-silica

® lm s. We have recen tly adapted the d ip-coating m ethod

to deposit precip itated so l-gel silica layers on to germ a-

n ium IR E s. We are p resen tly using these precip itated

® lm s (w hich are also stab le in p rotic so lven ts) to inves-

tigate the O ±H stretch ing response to adso rption of m ol-

ecules at the silica/so lu tion interface to ascer tain the

chem ical o r ig ins of the adso rption site energetics.

C O N C L U S IO N

We have used a particu late silica ® lm deposited on the

su rface o f a b road -band Z nSe in ternal-re¯ ection elem en t

to investigate the adso rp tion o f ethy l acetate on to silica

from n-heptane. T he nonlinear isotherm exh ibited by

ethy l acetate adsorp tion onto silica w as found to be due

to a dispersion in su rface-site energies and no t due to the

form ation of an adsorbed b ilayer. A pp lication o f the sil-

ica-coated IR E allow s sensitive m easu rem ent of in situ

adsorbate in frared spectra and their dependence on so -

lution concen tration . A m ultid im ensional least-squares ® t

to an approp riate iso therm m odel can be used to reso lve

concen tration -dependen t data into com ponent spectra o f

each interfacial species.
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