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The adsorption of polystyrene from ti}rr.‘.lu'hexane below the theta temperature onto chrome

ferrotype plate was atudied b}' Weand

ellipactnciry {polarization specirometry).

in Lhis

teehnigque changes in the state of polarigetion of polarized light Are messured Wpon Feflestion

from a lo-covered surfmec,

The mcacurenonts wers cacried ot in sily mnd permitted de-

termpination of the thicknesa and refractive index of the swollen polymer flin at Lthe =olid-
solution Interface. A soncentration range of 018 to 9.7 mg/ml was stidicd for pulgmer witl

& molecular weight of 76,000, The thickness of the adsor

d Blm intressed with |n:reaa'ic|;1:?

aolution concentration, reaching & plateau for most of the conechttation range stodi

The a!.-'emg]c thickness at thls plateau was approxlimataly

wollen, candiating of about 12 g/ 100 m! of polviner for moet of the concenbtration

The amounl adeorbed wan detorminead to be approximately 2,955 10~ mgieom?® ak
Comparizon of the radlus of gyratlon of pq:E

highly =
range.

the plateau.
realits abtained.

1. Iniroduction

One important sspect concerning the adsorption
ol polymers from dilute selution onto solid surfuces
that hns not yet been resolved is the conformation of
the polywer moleeule at the interface. Barly ex-
perimenta on the wdsorption of polyiners on =olid
zurfures indicated that the cntire pui}’nmr melecule
did not contact the sucface. It was proposed that
the pnlgmer is attached abt & oumber of locations
slong the chuin, joined by loops extending into the
golution [1].2  Thiz model has heen widely acceptad,
but the number and sizes of the attached portions of
the Eul;;mer chain and the sizes of the loops have
not heen determined,

The theoretical treatment developed by Simha,
Frisch, and Kiricls I2] for the adsorption of Hexible
macromolecnles predicts & molecular conformetion
characterized by attaclument of the inolecule at
relatively few locations and long chain loops ex-
tendhing ko the solution. The sizes of these loop=
incrense with the square root of the molecular
weicht., A different theoretical treatment hna re-
cetitly been published by Silbechers [3). A confor-
mation is predicted in whieh short stretches of sag-
mentz are sttached to the adsorbent sorface,
connected by short loops extending into the solution,
The lengihs of these loops nre independent of the
tolecular weight. The shapa of the molecule at the
interface according to this latter treatment i de-
pendent only on the adsorption energy and certon
steric factors.

Two rcather widely divergent thecries, therelore,
have bean advanced. One vesults 10 & description ol
polymer adsorption ¢harcterized by relatively few

l;'l_:n-tg‘éghd b puH b A eerlcan Chemipen] Sockaty Meoding, Los Angebes, Callf,
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210 A. The adworbed 8lm was

yetyrene in solvent is mado to Lhe

attachmenis per polymer inolecule and a rather thick
adserbed layer of what is probably a very lighly
solvated polymer, sttached to the surfuce. The
other leads o a film that would be of much Ligher
Uensity, relatively cloze to the swelace, with muny
attachments per polymer molecule, thus allowing the
molecule to uneoil on the surface from its confor-
nealion tn Lhe sohrbion.

The experituentsl evidence coneerning the ilick-
ness and conformation of the attached polymer layer
i also conficting. The apparent reduction in the
diameiers of fine capillary viscometer tubes has been
attributed to adsorption of polymers on the walis
snd the thickness of the adsorbed polymer film has
been celeulsted from such nessurements [4, 5, 4,
7, 8. These studies wll indicate a thick polymer
film, Adsorption studica of polymers such as lpuly-
fvinyl acetate) on metal oxide surfaces have shown
that mfficient polymer is adsorbed to indicate o
thick film |9]. it was cstimoted that enough poly-
mer was adsorbed to correspond to a filin 10 to £0
moleculey thiek if the molermles were to lie flaf
Appheation of the Simha, Friseh, ansd Eirich theory
to the adsorption of rubber ente earbon black
inthicated only a few attachments per molecule [10].

Other measurements, however, lwve ndicated
that the polymer molecule may be much mare closaly
associated with the adsorbent surface, rvesulting in
much thinner films. Surface potential tneasure-
nients on the adsorption of pely{vinyl acctate) oo
chroine ferrotype surfuces have indicsted that the
Pﬂol}*mer unecils almost completely unlil & mono-

yer is Tormed, resulting in a rather thin film 11].
Once this luyer is formed it was postulated thet
additional poalymer is deposited to build s thicker
layer. This finding was sup}mﬂed by rate experi-
Imepts with the same type o polymer and suarface
[12]. The adsorption of polyesters on polar surinces
sl as zlase &n?siliﬂa shawed that relatively sinall
amountz were adsorbed for these systemns, rcorre-
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sponding to 2 to § layers on the glass, depending on
the solvent used, sand to one [ayer on the silica, if
the polymer molecule weore considered to lie Hat [13).
A siudy of the adsorption of butyl rubber and pely-
iscbut¥lene on carbon black led the investipators to
the coneclusion that both long snd short polymers
lis flat on the external aurlace of the carbon black
[14]. Infrared spectrophotometry was used in 5 mcre
direct a ai)mh to the measurement of the number
of |_::t::-l;t,"(]J kyl me late} wnita on siliea [15]. It
was reported that arelatively lm%e number of groups
were atlacbod to bhe silics, inferring s relatively
fattenad moleculs.

Thickness measurements earried out by the same
authors by a sedimentation velocity mctﬁad ZAYC 4
film thickness of about 25 A for one polymer and
210 A for another. Experimental data on the ad-
sOTphion uiﬁeﬂl}'stjrmne on carbon [16] appeared to
fit a simplified isotherm of Frisch wnd Simhba [17]
better if the number of anchor scgments per polymer
molecule was chosen te ba 50 rather than 1, again
inferring a flattened molecula.

The prezent paper reports the results of a study of
tha thicknesas and refractive index in situ of the layer
of Cj)olystjrrana adsorbed on chrome surfaces from
cyclohexane. The measurement ol the thickness
wnd ralractive index was earried ont by the technique
of ellipsometry (polarization spectrometry). From
the refractive index the concentration of polvymer in
the ewollen film can be calenlated, and from this and
the thicknesz, the amount of polymer adeorbed per
unit aren is obtained.

2. Measurement

2.1, Theory

In many ways ellipsometry 1= o very suitable tech-
nigug for the measurement of the thickness and re-
fractive index of ean adsorbed film. Under the
correct experimental conditions it is posable to
measure the thickness of a thin film to within a few
Angstrom units and at the same time determine tha
refractive index of that fim to the third decimal
place. It i3 also possible to carry ont these mens-
urements on the rbed film over & period of time
whila the film i in its swollen state in contact with
the solution. Unlortunately, as will be seen below,
when the refractive index of the film is close to that
of the solution, the experimental precision is lowerad.

The basic principles of ellipsometry are based om
the original aquations of Prude (18] and have been
reviewed by Winterbottorn [19). Although the
setyal measyrements with the ellipsometer are not
particularly difficult, tbe ealecuiations required for
an exact solution of the equotions are complex and
very lengthy. Most of the work reporied to date
on the ellipsometer has heen corried ont using sither
spme ppproximation to the solution of the equaiions
OT, INOTe fren‘::jluant.ly some empivical calibrations such
as step wedges of barium stearate—stearic acid.
Neithor of shese approsches was suitable to the
prehlem of polymer adsorption. Therefore, 5 com-
putational method that permitted the use of the

exact equations was developed and programmed for
an electronic computer [20]. The ease of the com-
putations permitted determination of the optical
constants of the specific adsorption surface immadi-
ately prior to adeorption of polymer, thus permitting
incrensed  acew in the determination of the
properties of the films.
he method of ellipsometry is based on the mens-

urement of changes in the state of polarization of
light npon raflection from a surface. Tha pertinent
equniions sre well known 18, 10] and the method
haa recently been reviewed [20], eo that onfy enough
detail will ga given here to make the method claar.

For the purposs of snalysis of reflection, the polari-
zation vector of the light 1s resolved into components
in the plane of incidence and in the normal to the
plane of incidence (the plana of the surface). Upon
reflection from the surface, the relative amplitudes
and phaszes of the two componants will be changed,
so that incident linearly polarized light will be re-
flected in general as elliptically polarized light. For
& bare surface, (Le., one with no film) the reflection
coefficient for the component in the plane of inci-
dence, »*, and for the component in the plane of the
surface, #, are piven by,

r#=ﬂ" COE 4m— T GOS8 @
My CO8 2 Ay G0 gy

{1
r;_fl] D08 ¢ Mz G5 g

T iy COB ¢+ o COS gy

where #; is the refractive index of the surface, n, ia
the refractive index of the surrounding medium, and
# i the angle of incidence. For a metal, »; is com-
plex. The ratio of the reflection coefficients, p, 18
the basic equation of ellipsometry,

1
p=%=tnn e (2)

in “which tan y is the relative amplitude reduetion
apd A is the relative phase difference of the two

eormponents.
The ellipsometer measurss A and y. From these

raeasyrements, the teal and imaginary parts of the
complex refractive index of the surface mediom may
be caleulated,

For a flm-covered surface, the total reflection
coefficients, K* and A*, are given hy

pr_thtthep D
T 14t exp I

R rie-bri; exp D
1+risry exp I2

(3)

where #; and ry are the reflection coefficicots at the
film-medium and film-substrate interfaces respec-
tively, and 1715 given by

D=—dxin, cos ¢, dofr {4)
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whers n, ia tho refractive index of the film, 4; its
thickness, #; the angle of incidence on the subsirate
aurface, and A is the wavelength of light. The ratio
of reflection coefficients is again represented by

o i
p=ray— tall fe'd. (5)
r  Ttis clear that y and A will be complex functions of
oy, Tz, Ra, oz, My, ¢y, 80d ¢y, In principle, if all these
paremeters are known except fy and s, these may ba
= caleulated from the observed values of y and 4,

when A, 1s roal.

The method in Hrinciple is as foilows. By
~ measurement of ¢ and A oo a bare surface under &
T liquid, n; {complex for a metal} ia determined. Ad-
gorption 18 earried out on the surface, and 4 and ¢
messured arain, By the use of eq (5), % and d; can
be obtuined as deacribed in the section, “Compuia-
tionel Method.” Tha allipsometer does not measure
# and A directly; they are, however, easily ebtained
froin instroimental readings 20).

2.4, Multiple Rellections

~  Thé sensitivity and accuracy of ellipsometry is

* depandent upon the refractive index differsoces

.., between the and the surroundiog mediom [20].

The closer the refractive index of the film to ithat of

7 the immersion medium, the larger the range of

thicknesses and refractive indexes that wll fit

" within experimental error. This is a very important

*  consideration and limitation to tha study of adsorbed

golf'me-r filme in situ, for the film can be sxpected to

& hiphly swollen with solvent and have a refractiva

index near that of the solvent. Howevar, multiple

raflections may be used in order to improve the

sensitivity of the measurements. Althongh ellip-

-+ sometry hess in general heen resiricied (o one

reflection, the use of § reflections for the measurement

~  of the adsorption of water wapor on metals in a
= gaseous environment bhas beon reported [21].

* The reflection ecefliciant for n reflections is

pp=p" ()]

" where p iz the reflection coefficient for s singls
reflection.  From eq (5)

= pu=(tan §)*e's (7

whera ¢ and A are the valoes used in eqg (5], and bence

) tan = {tan ¢,)"" (8}

and
a=Ar, )

The values of § and 4 are determined directly from
the measvred valuss of ¢, and A, by 2q= (8) and (9),
regpectively.

It iz sseunred that the error in measuring 4. snd
te 1= 2 constant independent of the number of
reflections, and ¢xperimentally this ﬂ,}a ears to be the
case for not too many reflections. fp the error in
A, i= 84, it is clear from eq (%) that tha error in the

4 umed in the cotnputations is % if measurements

are made with n reflections. .
From the error in ¢, it may readily be shown that

_1[(tan $)¥" £ 1](tan )1 ~*

7 tan® -1 (10)

LU

by

It might be mentioned that for total internsl reflee-
tion, tan ¥ is unity and thia expression reducas to

3
d— B {11)

Therefora, for this special case as much imprevement
in preeision is effected in ¢ as in A by multiple
reflections, For the more normal case of reflection
from a metallic surface, tan ¢ is approximately ¥,
ahd we obtain

1 1432

b= ST B {12)

For a large number of reflections it is apparent
that the error in ¥ increases, i.e., &y becomes less
then &, and multiple reflections become a hindrance
rather than s help. Howaver, for three reflections,
ffy == fyy, &nd noihing is lost. Moreover, the pre-
cision of & i3 improved by & factor of 3. For the
type of surfaces used hers, ¢ is fess sensitive to film

lckness than is A, so that the latter i3 the more
eritical guantity. For these reasons three reflections
was ihe optimum number for the type of measure-
ments carried out here. Al Lhe work reported in
this paper was carned out with three reflactions.

2.3. Computational Mathod

Edquation & cannot be solved in a closed form for
the refractive index, #, and the thickness, 4. The
golution of this equation is deseribed in detail in
reference 20. Equation 5 mny be recast into the

form,
£ (exp D24 {exp D)+ (=0 (13}

where I i= siven by eq (4}, and &), &, and (h are
complex coefficients, contaihing as parsmeters all
the experimental quantities, including A and .

ATl these parametara are known, except for »s, the
refraciive index of the filin. Tf a value for », ia
agsumed, eq (13) may ba solved to yield two valueas
of exp 2. From thess two velues, eq (4), and the
assumed value of ng, two values of 4, the film thick-
ness arn chtained. 'If the assumed value of fig I8 NOG
the “correct” value, both these caleulated values of
d will ba complex. I the assumed value of n, i= the
“rorrect’” vulue, one of these thicknessea will have
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no imaginary part. This thickness and the cor-
responding refractive index are taken to be the
“true” values of the thickness and refractive index
of the film.

The procedure, then, is as follows., A valuc of #,
iz assumed, and using it & value for d is caleulated.
If this iz complex, another value of %, iz ssspmed
and the caleulation repested. This is continued
until a real value of 4 is obtained. Om an dectronic
computer the procedure is quite simple.

I?]fractice, errers In the measured values of A and
¢ will causa uncertainty in hoth #, and 2. This is
hendled in the following manner. When & complex
value of d i= ealeulnted sw above from an assumed
value of ny, the imaginary part is discarded and the
real part used to caleulate values of & and ¢ (4.,
and o), from ey (5}, These values of 4, and
¥ou are then compared to the experimentally oh-
served values of A and ¢, (A and $opp).  In geheral,
thera will be u difference between the caleulated and
experimental quantities since the imaginary part of
the complex thickness was discarded. This pro-
cedure ig continued until the differonce between the
experimentul and ealculated values of A and ¢ is
within Fraaasig,nad error limits, The corresponding
ranga of values of #; and d are taken to be the ihle
range of refructive index and thickness for the film.
The values of n: and d for which the difference
between the calculated and experimental values of
A pnd ¢ i zero will be called here the *best-fit"
values,

The error limits, as determined feom numerous
experiments, were found o be 30.02° for the meas-
urement of ¥ and +0.04° for A, The nse of triple
reflection lowers the error in A to 0.013° and does
not affect the arror in ¢. Howevar, even with those
reduced error limits, the range of uncertainty in
both #. and d, due to the small differences in re-
fractive index betwean that of the film: and that of
the polymer solution, is still significant for the prob-
lam studied here,

2. Experimental Procedure
3.1. Maisrials

The polystyrens used was kindl supplied by
Dr. H. W. McCormick of the Dow Cheanies! Com-
pany and had been prepared by the anionie polymer-
zation of styrene. (Dow’s sample No. 5102,
Mw/Mn=1.05). For most of the work reported
here the polymer described above was fractionated
by conventional preecipitation methods to remove
any possible high and low molecular weight “tails.”
The molecular waight of the fractignated polymer
determined by intrinsic viscosity was 76,000, using
the relation log [¢]=—4.021+0.744 logM [22].
Some of the work reported here was cnrrie?out. using
the unfractionated polymer as received.  The resylts
u=ing this unfractionated polymer will he =0 labeled
when discussed. The molecular weight of the polymer as
det]e-rmined by Dow was Mw=52,500, Mn=175,500
[23].

¥ Fractlonation sred molecular welght by Warrep 12, Brant, MRS,

The solvent, cyclobexane, was freshly distilled
prior to use. Mensurements were carried ont in &
temperatare-contrelled reom maintained at 24 °C,
which is 11 degrers lower than the Flory theta
temperatura for this system. The concentrations

=tudiad ranged from .15 to 9.7 mg/ml.

3.2, Surdace Preparafion

The adsorption experiments were carried out on
highly reflecting chrome surfaces. The samples
themselves were 1x2 em rectangles cut from com-
mercial ferrotype plate. These were cleaned by
immersion in warm sulfuric acid-chromic aeid clean-
ing solution, folloewed by thorough rinsing in hot
distilled water, then by dryving at 100 °C., Im-
mediately prior to use the slides were passed three
times through a gasoxygen flame, and immersed
while still warm in solvent in the adsorption cell.
The entire cleaning procedure was carried out
wsually within an hour of use. This procedurs
always resulted in hydrophilic surfaces; slides that
remained in the laboratory air for short paviods of
time soon became hydrophabic.

A.3. Technique

The surfeces wera prf{pumd a3 deueribed in the
experimental seclion wnd placed, while still warm,
into & cell eontaining the solvent, cyclohexane.
Two slides were prepared and sct in a eell us shown
in figure 1. The li%ht entered and left nermal to
the cell windows. The angle of incidanes was 707,
the wavelength of light, 5461 A. The upper slida
was 86t on two gage blocks thus providing a level
constant height from the lower reflecting surface.
The assombly was placed on the ellipsoinater stage
and & and ¢ detormined for the triple reflection
situntion shown. As will be discussed later, the
optical constants waried somewhat over a slide and
to an even larger extent between slides, The optical
constantz caleulated from the & and ¢ determined
for triple reflectiona were therefore an averaga af the
upticaf constants for the three locations nt which
reflection sctually tock place.

Alter these measuretnents were carried ont on Lhe

bare surface, the solvent was removed by hypodermic -

S}rrin%e and a polymer solution sdded, The A and
¥ values for the film-covered surfnee were then
determined e a funckion of time at the same loca-
tions. The determanation of the properties of the
adsorbed filin was therefore netually a difference
measyrement.  In the case of desorption, the sole-

Ficune | Bchematie drawing of atsorplion call showing fuo
chrome slider arranged for iriple reflection of the polarized
Fight beam.
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tion was remeved from the cell after nn adsorption
gtudy by meana of & ypodermic syringe, and aolvent
added. This procedure was repeated Lhree times
and then messyrements started,

4. Rezultz

The thickness and refractivae index of the adsorbed
filin are determined directly from the experinental
meaayrements Az deseribed wbove. The refractive
index incremant, fryde, was ohtained experimentally
for a ratge of concentrations up to polymer concen-
trations of approximately 9 percent polystyrene in
ayclohexana, The rclationship between percens of
polymer and refractive index was found to be linear
and a valpe of 0.168 mlfz was obtained. Ulsing the
molur refraction relationships of Lorentz and Lorenz,
snd assuming ndditivity of spocific volumes, o linear
relation waa also obtained for the range of ewellen
filmn concentrations studied here, resoliing in & value
of 0,163 mlfg. DBoth values were slso very rlose to
that detarminad experimentally [24] for a more diluta
concentration range, Thus, from the refractive index
of the filim, the concentration of the polymer in the
film1 ean be determined. The product of thiz concan-
tration and the thickness of the filmm zives the smount
ol polyreer adsorbed per unit aven. The experimental
valye 01408 ml/z was psed.

The calculations used here assume a uniform film
with ne refractive index gradients. This i3 equiva-
lent 10 asswiming that the polymer regment density
s uniform throughout the ilie, This 15 slmoat cer-
tainly not the case and, in fact, Foraman and Hughes
[25] have indicated that to a first approximation the
gegrient density in the direction nortmal 1o the surface
iz 1 sum of two Gapssian eurves. While it i3 difficylt
to assass the exact type of averupe that the assump-
tion of & unilorm: filtn aseuimes, it ey be seen lrom
eq (4) that the averars quontities sre prohably
given by

Tied COS ‘f.q==J: fal2) 008 guds (143

where #n. and o are the averame quentitiez, and
ne(z) wnd cos g are both functions of 2, the distanee
Irom the surface,

Measurements on the ndsorpiion ol polystyrens
from eyelohexane golution onto the chrome surfnces
were carried ogt [or 2 concentration range of (.15 to
9.7 majml. There was, obviously, only negligible
changa in solution coneentration as a reault of this
adeorption. Somwe typiesl indivnduyal messureinenis
ol Lhe thiclkness of the awollen adsorbed layer in
contact with the soletion taken nver a period of titue
are shown in fizures 2 to 5. The aymbols on these
figuras represeut the “best-fit” values, while the
wertical lines represent the range of thicknesses
consistent with the experimentsl error of each
individual mepsurement, ns deseribed in the seciion
ou Mensurement.

The peints shown in figure 2, ochtained at a solution
eoncentration of 0.15 me/ml, were obtained in tires
rund, on three different setz of slides, Two sela
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Fiovae 2. Thickness of sl M&orbezﬂﬂm of poiysiprene
tergus fme of erposure fo o zofyfion for soluiion concentralion
of (.18 sngfmd.
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Ficuee 3. Thickneos of swollen adsorbed faper of polysfprene
verruy fime of enposure o a sofudion for soluifon poncentralion
of approrimalely 8.5 mgimi.
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Frzuas 4. Thickness of swollen odserbed loger of plypstyrens
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af S mgiml.
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Ficure 5. Thickness of swollen adsorbed lagyer of patwetyrene
rerriss live of ecpoavre do o aolulion far aaindion concendration
of 878 mgimi.

Epth curves were ohtained noibg Mraotjonsled polymer aod sach cepreents o
diftoeznt wat of skides,

, Carve A
Cucvg B

were abtained using unfractionated polymer, and one
using tha ractionated sample. As cun be observed
(rern this figure, at this concentration there is no
significant difference in the ealculated thickness of
the adsorbed swollen film obtained using aither
different =zets of slidea or Iractionatad or unfraction-
ated polymer., The c¢urve drawn Tepresentz an
averaga for all the individual ‘best-fit* points
obtained from all three runs. This average thickness
13 seent fo be approximetely 80 A, and almost cer-
tainly less than 120 & ‘The thiclmess did not
sppesr to chapge with time over the time ranpe
studied.

The thiclmesses shown in figure 3, obtuined for a
conceniration of approximately 3.4 mg/ml (the exact
concentration for each run is given in the caption for
the figura} indicate & dependence of the thiclkness on
the specifie charscteristies of the surface. Curves
A and B were gbtained using fractionated polymer,
curve (! using unfractionated material. Each curve
for the Iractionated polymers represents the average
of the “best-fit” walues for that particulsr run.
Curves B-1, B-2, and B—3 are tha results of measyre-
ments made st three different locations on the same
sct of alidese. Thickness curves thut differed from
each other were obtained at the different locations on
the sarme set of slides as well n=s on the different slides.
This is taken as an indication that the individual
locations studied differed from each other, perhups
in the number of adsorption =itcs available.

Tt can be observed from figure 3 that the curve
abtained with the unlractionatad polymer fell within
the limits of the fractionated materiai, although the
thickness of the unfractionated material appeared to
increase somewhat with time, while the other eurves
appasr to be flat, Howewver, o comparison with the
adsorbance ® in fipwe 7 shows that more polymar
was actually deLmE.it.ed from the wunfractionated
Eﬂ]mm—’ a3 seen by curve O, Although the swollen

Irn thickoesses =een in figure 3 arc about the sama
for fractionatad and unfractionated polymer, the
concentration of polymer in the unfractionated
swollen polymer film was appreciably higher, result-
ing in the curve C shown in fisure 7. Hxainination
of figure 6 shows that there was no significant differ-

E.f e’I.I.'Iq tha tarm adrrbamce Lo adenote the amount adsorbod per unlt res, in
gt

ence between the adsorbances for the [ractionatad
and unfractionated samples thnt were measured at
the lower concentration of 0,178 mg/fiml.

The thickness results obtained for the concentra-
tion of 5.00 mg/ml are shown in figure 4. 1n this
case curves A-1 and A-2 were obtained from different
}Jﬂrtiona of one set of slides, and curves B-1 and B-2
rom another set of slides. Al four of theer detor-
minations were carried out with fractionated polymer.
The averages of the “hest-fit” wvalues ranga from
ahont 160 to 240 &, In the examples shown In thia
figure, the differences in thicknesses mensured from
one locatien on one set of slides to another location

on the same set of slides was preater than the differ- -

ences from one set of slides to another. Curves C,
I} and E were obtained using unfracticnated pol-
ymer. Curves I} and E vepresant thicknesses ihat
are mueh greater than those obtained with the frae
lionsted polymer and that continue to increase with
time. It ehould he noted thai the range of uncer-
tainty is much less for the thicker films than for the
thinner. Curve C Iz geen not to differ appreciably
Itom those sbiained with the fmtinnntaf material.
The amounts adsorbed for this solution concenlrs-
tion (shown in fig. 8), again indicate that much more
polymer is deposited from the unfractionated mate-
ria]{ although the swollen film may have approxi-
mately the same thickness as the fractionated
polyimer.
igure 5 shows the results of the thickness measure-
ments obtained with a solution concentration of 8.7
mg/ml. In this cese, both of the runs using frac-
tionated polymer resulted in thickness messurements
that were quite similar to each other. The thick-
neszes obtained wernsomewhat emaller than had been
obtained with the lower concentrntions. The range
of uncertninty was decreased hacausa of Lhe increased
ﬁg]j'mﬂl' concaniration in the adsorbed Inyer. The
havior of the unfractionated polymer nt this con-
canirafton i= not shown in the firure, but it was
sitilar to that shown for the 5 mg/ml concentration
in figure 4,

Figures 6 to 9 represent the individual ealeulated
adsorbances for the same solution concentrations
used for figures 2 to 5. The symbols used for the
individugl points and the lettering of the curves are
identical on both scts of curves for the same solution
concentiration. The amount adsorbed iz a [unction
of the refractive index and thickness of the swollen
film.  As the valeylated thickness of the swollen film
varies with the assumed refractive indexes, the value
of the adsorbance is relatively independent of the
uncertainties that are inherent in the determination
of the swollen film thicknesses, Differences in the
amounts adsorbad for swollen fibms of approximately
the same thickness repressnt, of course, different
densities of the polymer films.

Figure 6 obtained for the eoncenteation of 0,178
mg/ml, showsz that for this relatively dilute concen-
tration the adsorbance [or fractignatod and unfrac-
tionated polymer was virtually the same. Thiz is
probahly due to the fact that there was no precipita-
tion of unfractionated polymer, Figure 7 shows the
anwmnts adsorbed for the solution concentration of
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3.5 mg/inl. The srrangement of the eurves ia ob-
served to be different {romn that shown in fipgure 3,
with the quuantities ranging from about 2.8 107" {0
4.2> 107" mpfem® for the fractionated polymer. As
mentioned earher, the quaniity depozited for the
volractiomated matenal, curve 6, does not Tail witly
the group of curves ohtained for the fractionatad
polymer,

The adsorbances obtained [or the § mgfml concen-
tration are piven in figare & and range from ahout
181071 to 233107 mgiem®  The arcangemen:
of the curves with veapect to eacli other ia again seen
to be somewhat different than that for the solveted
films represented in figure 4. A more definite in-
crease in quantity with time iz observed during the
early qorticn ol the adsorption than was evident from
the solvated film thicknesses. As the soluiion con-
centration inereases, tha difference hetween the frac-
tionated and unfractionsted polymer solotions be-
comes increasingly more apparent. Curve () 12 seen
to be very different from tl?e ollier samples, although
the swollen film thicknesses wera sitnilar. The other
unfractionated curves shown i figure 4 are not given
but would be rmuch greater in nmouni= deposited.
Although the thicknesses of the swollen films for the
solution concentration 2.7 mg/mtl shown in fipure 5
are relatively stoull, the quantities given in figure 9
are quite hizh, ranging from about 4957107 to
56107 mpfem?,

The desorption of polystyrene was studied by the
same technique and resulted in swollen film thick-
nessas that were not appreciably different from thosa
obtained durityr adsorption. Tygical results are
shown in fguores 10, 11, and 12. urves B-1, B2,
and B-3 in figure 10 are approximately the same
thickness or only slight;}‘v lese than that shown by
the curves in figure 3. he desorption corves shown
in figure 11 show a slightly increased thicknesa over
those shown in the adsorption isotherms in figure 4.
In the case of the most concentrated solution
gtudied, the desorption curves shown in figure 12 are
almost identical with the adsorption corvaes shown
in figure 5.

8. Discussion

It waz observed that there wne considerable
varintion in the thickness of the adsorbed polymer
film. It appears that for most of the range of con-
centrations studied tmore sariation was caused for the
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fractionsted polymer by the differences in the partic-
ular surface studied than by changes in solution
concentration, Further, it was observed that there
wera no large changes in the thickness of the adsorbed
filin with tirne, seversl minutea being required before
the initial megsurements were made.  If the average
thicknesses for each run at a specific conreniration
ure then wversged for thet concentration, the points
reprosented by the open circles in Agure 13 are
obtained. The curve deawn through these points,
therefore, represents the average of the individual
“best-fit"” point averages for the concentralion range
studied. It is observed that the average thickness
of the swollen Iuljﬂtralla film on the chirome surface
i3 sbout 200 A for most of the concentration range
given. The valus of thickness obtained at the lowest
coneentration appears to be gignificantly lower than
the remgminder. The desorption thickness wvalues,
obtained from fewer runs, are also given, and are
seen not to differ appreciably from the wdsorption
curve,

This work was carried out st a temperature be-
low the theta femperature. The increaged thick-
nesscs and amounts of unlractionsted polymer
deposited probably are caused by procipitation of a
portion of polymer with & molar:u[;r weight higher
than 76,000, This is especially indicated by the
increasing differencez between fructionated and
unfractionated polymer as the concentration in-
Credses.

Figure 14 shows the concentration of polymer in
the adsorbed film for the fractionated sample. The
points are the n,veraﬁes of several runs, obtained in
the same munnet ax those in fgure 13, Tt {s observed
that the film contains about 12 g of polymer per 106G
ml of eolution for most of the concentration range.
The film adsorhed from the 8.7 imgy/ml concentration
contained approximately 30 percent polymer. It is
possihle that as the solution coneontration increases, a
multilayer adsorption oceurs. This was not evi-
dencad by the flm thickiness measureinents, but an
intertwining of polymer chains may occur at high
solution concentrations, retaining the same film
thicknese, but greatly incressing the amount of
polymer n ihe layer. There is also vn indication
that the percentage of polymer in the film is greater
at low eolotion concentrations. In this cuse, the
film thickness wea lower thun the remainder of the
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concentration range and it is ible that a thinner,
more tightly bound film is first formed, stmilar to
the situation dpmpnsed by Gottlieb [11].

From the dute obtuined here, the amount of !J-:}ly-
mer adsorbed can be caleulated and an sotherm
constructed. Thiaisshown in fisure 15, INot shown
on thiz figure is the smnount of materin] adaorbed at
the solution concentration of 9.7 mg/ml.  Theoamnouni
ealeulated for thiz concentration was ahaut 523104
mgfem®.  As disenssed above, this larpe amount may
be caused by multidlayer adsorption, The remsinder
of the isotherm shows a plateau, extending for the
entire range of concentrations studied, with the ex-
ception of the 9.7 mg/nl concentration, at about
2.25 mpfm®.

Although a different melecular weight polystyrene
wag used, the results reported here are considerably
lower thun the 1500 & caleulated by Ohrn [4] for

liss, or similar large valoea obtained by Fendler,
iuhlcder, and Stuart [7]. Our rezuliz are also much
lowar than the effective thickness of approximately
5000 A obtained by Tuijnman and Hermaus (8] for
l}ﬂl{(vin};l acetats) on glasa, or that ecalculated by
pkedn snd Ende [8] for poly{vinyl chloride) on
gla=s. All of these messurements were earried out
by viscosity measuramants and the effective thick-
ness average obtained hy such a technigue is un-
doubtedly quite different frem that obisined by the
method deseribed here, 1t 35 not expocted that the
differences betwean the ehromium-chromiom oxide
and glass surfuces nre sufhiciently t to weeount for
the lnrge differencos in the thicknesses aseribed to
the film.

The possibility of a twostage adsorplion as wd-
vanend by Gottlish [11] could not be verified or
disproved. ,The thicknesses found here are similar
to the 210 A reported by Foutana end Thomas [15]
for the adsorpiion of & copolymer of stearvl methuery-
late and N-winyl-2-pyreolidene on siliea, although
they also reported o 25 A thickness for an alkyl
methacrylate on silica.

It i of interest to compare the values obtained
irein these messurements with the root-tmean-square
distanca of an clement from the center of gravity.
The radius of gyration for polystyrena in u poor
olvent is appromimately 53 A for the malecular
weight wsed here [26]. If the amount sdsorbed is
taken from figure 15 to be appracimately 2.25 mg/m?,

then, assuming hexagonal packing of & “monolayer”,
the conters of the molecules are caleuluted to be 88 &
apart. A model consistent with this dimension
would be one with almost complete interpenetration
of the random coils. It would he of great interest

of course, to relate the measvrement of & thickness o

200 A, as measured by the eilipsometer, to these
congiderations. However, until more is known about
the type of average determined by the ellipsometer,
and a realistic model for the adsorbed polymner mole-
cule developed, this cannot be done.

Al first glunce it appears that our results are some-
what more consgistent with the theoreticel treatments
of Simha, Frisch, and Eirich [2] than with thet of
Silberbers [3] who predicts s rather flat adsorbed
imolecule with only short Jeops extending into the
golution for situations where there is a multitude of
available gites. Tt seems apparent that in the systom
stodied here, the loops are extending very far into
the solution, unless thera is firat adserbed & tightly
bound layer and what i being observed here is sowns
multilayer adsorption on top of this layer. How-
ever, if one considers that the adsorbent surface is a
highiy’ polar oxide surfaca and that polystyrene is not
a very polar molecule, there would be, therefere, only
relatively few sites avatlable for ndsorption, yielding
snather situgtion described by Silberberg.

The suthors expreza their appraciation to Frank
MeCruckin of the National Duresu of Standserds for
hia helpful suggestions regarding the triple reflection
teclmique, and to Hurold Steinberg of NBS for some
of the early experiinental work,
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