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The adsorption of polylethylene %é:hthala.t-e} from chloroform solution on glass powder

aod aluininum oxlde was atudied.

g adsorption of & number of fractions, varyiog io

number average molecular woight from 070 to 6250 ahowed o decroase in the moleg of polymer

sdsorhed with increase in molecular weight.
this polymer molacule Lies in a relatively dattened conformation on b

The results are interf:re‘gtlad to i;;-dicut.aﬁhﬂt-
e plass surfase. e

palymer waa adeorbed on glase powder at 50 °C than at 0 *C.  Adeorption on glaes powdsr

that had been ouigessed to remove adsorhed water was less than on untreated glass.

Initial

adeasrption at aoe temperature followed by exposure at the other totopecature resulted im

COIn

did et result in additional adsorption.

plete revergibility of sorption on the untreaced glass, Drecreafing the temperaturs from

&t to O *C resulted il;l degorption from tlﬁmt azaed glass, but increasing the temperature
Ly-1]
aoroEs gL adsorbed water layer on the untreated glase.

iferances are sacribod in pacl (o adorptlon
An explanntion for the “one-direction

reversibility” obeerved for the ouigasszed glam is presented.

1, Imtreduction

Mozt studies of polymer adsorption have been
concerned with relatively high molecular waiiht
Their behavier is, of course vaﬁ if-
ferent from that of smasll molecules. Molecules of
intermediate molecular weight are nleo of interest,
but have not been extensively investigated. In
pravious work in this area, adsorption of & series
of relatively low molecular weight poly(ethylene
glycols) on & porous -|‘:.n.1"|:'.u:||11IEE'_I3 and of =everal
polyesters with molecular weighis of the order of
4000 on glass, silics, and alumina [2] hes been studied.
. The adsorption isotherms for the polyesters werc
not nearly a= steep at low concentrations as were
those for higher molecular weight polymers; a pla-
teau weas not attained until relatively high solution
congentrations were reached.

The adsorption-desorption behavior of polymer
molecules has been of interest, in part, because of
the information implied rogarding the conformation
of the poljzmar moleculs and internctions with the
aurfare. Polymer molecules have been raported to
adsorb relatively rapidly [2, 3, 4, 5] on nonpoTOUs
eurfaces, althouph zome recent messurenents in-
sdicate that this 13 not necessarily so under all condi-
tions [4, 6], A recent theorstical treatment [7, 8]
has concluded that times to equilibrivm sre long,
caused in part by rearrangerncnts of the molecule
at the surface. The times required for desorption,
using the same sclvent, can ba of a different order of
magnitude from those required for adserption. For
some systems no desorption oceurs within practical
unite of time {(sea, ayg., ref. [2]), while for others
some desorption does occur [3, 5, 6). In one study,
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Soxhlet exiraction removed only negligible smeunts
of polystyrene that had been adsorbed on carbon
klack [9]. TIn systems in which no desorption oe-
curred with the same solvent used for adsorption, it
hes besn shown that it iz possible to remove the
adsorbod polymer by nsing a better solvent [2, 3].

The nﬁgmt. of temperature on the amount of
E-ol or adsorbed is, in general, not very large;

oth increases and decreases as a result of ineroasmg

the temperature have been reported. Tt also has
heen shown that it is possible to desorb some poly-
mer by means of changes in temperatyre. Poly-
{neopentyl succinate) is for all practical (E)urpﬂaaa
“irrevorsibly” adsorbed when glass in used as the
substrata and the same splvent ueed for desorption
[2]. Adsorbing the polyester at one temperature
and changing the temperature demonstrated that

iymer could be desorbed by & temperature increase,
Eﬁt that decreasing the temperature did not read-
sorh the tﬂoljrmer 5]. Similar messurements were
made with poly(methyl meihacrylate) and poly-
{vinyl acoiate) adaorbed on irom from several sol-
vents [10]. The hehnvior of thesa zystems was
gsinilar. The “reversibility* of the sdsorption was
dependent upon the direction from which the tem-
peratura changs was effected.

It has not been clear whether the polymer displaces
a molecule guch as water from the surface of a 20lid
befors it 13 adeorbed itself, is adsorbed on top of the
water molecule, or perhaps i& prevented fromn b-em.%‘
adeorbed by the adeorbed water, In the casa o
polystyrene adsorbed on carbon, it was found that
predrying tends to decresss the amount of polymer
&daorher:lg[g, 11].

This paper reporte the results of & study of the
melecular weight dependence, the revarsibility of
adsorption as s function of temperature, and the effect
of adaorbed waier on the adsorption of polyethylens
s-phthalate} on glasa surfaces.
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2, Experimental Procedure

2.1 Materiale

The polymer used in this studr wsas the linenr
aaturated polvester, poly(ethvlene ophthalate}. It
was EL{-_1'913«?4,1'.961 by refluxing ethylene plyesi and
phthalic anhydride in a molar atio of 1: 1 for various
times to obtain the desired nverage molecular
weights. Four such preparatione were mada,' cover-
ing & range of mclecular weights,  After E)uriﬁc&tion,
each of these preparations was individually fraction-
atad from 0.5 pereent solutions of polymer in Acetons
with water ae the nensolvent.

The number average molecular wieghta (A} of
the {ractions wers obtained by end-group analysis.
Preparation 1 was fractionated into 10 fractisns,

from which s fraction with M, =970 wae selected.
Preparation 3 was fractionated inte 9 fractions, from
which those with M.=2300, 3100, and 4300 were
palected, Portion 4 was fractionated into § fractions,

two of which with M, =5450 and G250 werc used.
After fractionation the polymers wora ipitated
from chloroform solution with ether and dried in =
vacuum oven at 80 *C lor approamately 18 hr.

K-ray annlysis did not show any evidence of
crystallinity. The fraction with the molecular
woight of 6250 waa used to study the sffect of drying
and of temperature chanpas,

Chloroform was the sclvent for sll adsorption
measurements. It was distilled from caleium chlo-
ride prior to use. For those experiments in which
moisture was to be rigerously excluded, the chloro-
form was vacuum distilled after drying over caleium

bhydride.
The principal sdsorhent was ax glige power,
325 mesh, s entire quantity of glass powder was

mixed to obiain & hom anus mixture, avacuated
for several days in individual tubes, and ssaled under
vacuum [or storage. In this manner the surface of
the glass was protected from attack by the atmos-
here during storage. Each tube contained approx-
imately enough glass Elgwdar to obtain a complete
adsorption imotherm. The surface area © of the glass
a8 determioned by BET nitrogen adsorption waa
1.8 m*g. The other adscrbent used was alumninum
oxide * with a surface area (see note 5) of 55 m¥/g.

2.2 Procedure

The amount of polymer adsorbed was determined
by measuring the change in the concentration of the
Eulj'mer solution, using the carbonyl ebsorption

and at approximately 5.8 p.  Measaremenis wers
mede o g doyble-beam infrared instrument in a cell
approximately 0.4 mont in length.
he axperinents in which rizarous drying of the
material was not a factor were carried out by pipet-
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ting 20 ml of polymer solution that had been main-
taived at a constunt temperature into & tube con-
taining 10 g of glass powder or 0.3 g of ALD; that
had also been maintained at the same temperature.
After filling, the tubee wers maintained at the same
termperature and sealed with & pas torch. The
acaled tube was then rotated end over end 1 & con-
stant temperature bath for » length of time that
depended on the speecifie eriment but was at
least 20 hr in all cazes. e solution and plass

wder, therefora, were at the same temperature

oth before and during the initial portion of an
sdsorption experiment. After the elapsed adsorp-
tion time, the rotation was stopped, the glass allowed
to sattle at the same constont temperatura, and in
tha exg:;’imant.s in which drying was not involved,
the tubes wrre opened and a portion of the solation
removed for analyzia, If the adsorption mixture
wae to be Teexamined or retreated, 1 ml of the solu-
tion was removed for analysis and the tube resealed.
Tha small amount of gluss powder that remained
suspended in the =olutions to be analyzed was
removed by eentrifugation.

For thoss experiments desipned to study the effect
of temperature change on amount of polymer
adrorbed, tubes were filled a= described above and
rotated at a constant temperature of 0405 °C
and G+0.5 *C for approximately 20 hr. The
powder was then allowed to settla at constant
temperature, the tube opened, 1 ml of roluiion
removed for analysis, and the tube resealed. The
adsorption tubes were then placed in a bath at the
other tempersture and totatad for approximatialy
44 hr. The class waa again sllowad to settle at the
constant tempersture, the tube reopenad and 1 ml
of sclution again removed for analysis. In spine
casea the tubes were resealed and rotated ai the
originel temperaturs for an additional 44 hr, and the
solution analyzed syein after this time.

Some of tha adsorption runs were carried out on
glass powder that had been pretreated to remove
water and other gases from the surface.  The powder

was outgassed under a vaeuum of about 107% mm of -

Hg st a temperature of 250 °C for 48 hr and polymer
solution added withou exﬁaaing either ndsorbent
or solution to the atmosphere. This wae acecom-
plished by connecting, by mesns of braak-off seals,
& tube containing pui:.rmar golubion to each tube
containing glass powder. During the time that the
sdeorbent wee ocutgassed, the tubes containivg the
polymer solution were evacuated, the solvent dis-
tillad from the polymer, dried over caleium hydride
snd redistilled beck into the calibrated :iymar
tube. In this manner water waa remaved frem the
glass, zolyent, and polymer. The assembly was
removed from the vacyum system and brought to
oongtant temperature {50 or ¢ °C) prier to mixing,
The adsorption was carried out as deseribed above.
In order to remove solution for snelyisis without
exposura of tha glasseclution system to the atmos-
phere, smeall calibrated tubes were preattached to
each adsorption tube. Tt was poasible, therefore,
after one phase of the adsorption experiment, to poue
1 ml of aolution into such a tube for ana)ys=iz, and




seal it from the system. In this mannar the re-
majning solulion wis not exposed to the atmos-
phere prior o retation et another tempersture.

3. Resulis

The adsorption isotherms at &) °C! of six feactions
of poly(ethylene o-phthalata) in chloroform solution,
ranging in molecular weight from 970 to 6250, are
given o figura 1. The largest difference among the
curves is betwean that of the low molacular weight
of 470, whieh representa about 5 repeating units,
and that of the melecular weight of 2300, The
curveas for molecular weights ranging form 2300 to
6250 are wrouped relafively closs together; there is
a definite although sms]l dependence on molecular
waight for this range. It 1z reslized, of course,
that the surface ares determined from nitrogen
ad=orption is %rohahly not the actual surface area
available to the polymer. The molecular weight
of the polymer fractions used was not wvery larga,
and the actual aree awailable, although probably
smaller than that determined by nitrogen adsorption,
may not be too different. It is al=o remsonable to
expect that the fraction of surface nrea available
does not chanpe =ignificantly for Lhe range of molec-
uler waights studied.

The adsorption isotherms of poly(ethylene o-
phthalata) from chloroform eolution on the glase
powder at 0 and 50 °C and on Al;O, a1 50 and 15 °C
are shown in figure 2. The adsorbent powders were
exposzed to air before the sadsorption.  More polymer
15 adszorbad as the tamparature is inersased.
the temperature is changed after adserpitinn has
talen place, ag deseribed in the experimental por-
tion, the resulis shown in figure 3 are cohtained.
The glass had been e to the atmosphets
priot to the initial sdsorption, and the tubes opanad
to the atmosphers for sampling prier to being placed
in & bath at another temperature. Essentially
complete reversibility occurs when the temperatyre
is ﬂg’cled. When the adeorption is carried out ab
B0 ! initi and then changed to § °C, the wo-
therm shifts from that of 50 °C, to thet of 0 °C
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Ficune 1. Adserpion ssothermms of ¢ moleculor weight froe
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When the temperature is again changed back to
50 °C, the isotherm again shifts back to the original
isotherm of 50 ®C. The sama reversibility cceura
when ¢ *C is the initial adsorption temperature,
The results of heating wnd outgassing the glass
powder prior to adsorption are shown in fipure 4.
A decrease in the adsorbance at both 50 and 0 °C was
observaed a3 a result of the pretrestment of the glass
powder. Tha effect of the temperature cyeling was
also alternd as & result of the heating and outgassing.
Changing the temparature from 50 to O "(% aEhin
resulted in & shilt in the isotherm to o lower adsorh-
ance. Changing the temperature back to 50 °C,
however, did not result in an inerease in the amount
adasorbed. When the adsorption was initielly ear-
ried out at 0 " and tho temperature then changed
to 50 °C, the {sotharm remsined at the same loca-
tion; no sdditional polymer was ndsorbed to in-
erease the adsorbance to that obisined when the
adsorption was initially carried out at 50 *C.
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Fravre 5, Flot of log A verews dog Mp o determine the effect of
medecular weight on the anteunt of polymer adszorbed.

In cxder to determine the effect of water added
after adsorption hsad talen }pl&ca on & “nonre-
versible syatem,” tubes in which ndsorption had
initislly oconrred at O °0 and which had then been
changed to 50 °C ware opened, 1 ml of water added,
and the tube sealed and rotated at 50 °C for an
additional 44 hr. The addition of this water did
not cause additional pn::-lgl'-mur t¢ bo ndsorbed to
aqual the sbsorbance of the 50 °C isotherm, sa can
ba seen from figure 4.

4, Discussion
4.1. Conformation on Adsorbent

The adsorption of polydimethylsiloxanes [12] and
poly{mathyl mathacrylate) [10] hes besn found o
fit the em{piricnl equaiion A=KW" whore A is the
amount of polymer adsorbed at the plateau of the
imotherm, AL 1B the molecular wai%ﬁt. in relative
units, and K and ¢ are constanta. If the of A
iz plotted ngainst the log of Af, & straight line is
obtained for the fractions of polylathylene
o-phthalate), as shown in fizeure 5. The values of

and & obtained from & least squares caleulation are

EK=1.358310"" molaa/m?
g=—1{81.

Theas valoes can he compered with those ob-
tained using the other polymer systems. The size
of & is an indication of the conformation of the
polymer on the surface. In the case of poly{methyl
methacrglata) [10], the velues of & ware very close
to mero for two solvents and two adsorbenta, For
the egol}rdlmeth;ﬂ.sﬂuxaneu (121, the wvaluer of a
varied from 0.23 to 0.40, depending on the eclvent
and sdsorbent. Both of thesa sets of values of o
were obtained for A expressad in the weighi of the
pofymer. If A wern axpressed in moles per unit
aren, the valuss for poly (mathyl methacrylate’ would
become ¢lose to —1 and those for the polydimethyl-
siloxanes weuld vary from —0.77 to —0.60.

Ag seen in fizure 1, the number of moles of polymer
adsorbed decreases with increasing molecular weight
giving rizz to negafive values of . The range of
possible values of &, when A is expressed in smofes
per wnit ored 13 —1Za=0 en o=0, the
empirical equation shows that the nember of mole-
cules adsorbed is independent of molecular weight.
This can be interpretad [12] to mean that the polymer
molecules would be attached at one location only.
When ¢=—1, they would be flat on the surface,
agsuming “monolayer” adsorption.

The valties of ¢ for PaI {ethylene o-phihalaie) is
between these two limits, but is much closer to the
limit —1. The number of moles adsorbed per unit
ares would be expected, thersfore, to¢ ba much
more sensitive to changes in molecular weight ot
relatively low molecular weightz, and much less
sensitive at higher molecular weights, This can be
geen from figurs 1 to be the case.

Thesa results would indicate, then, that the poly-
{pthylene o-phthelate} molecule liez in a mlatively
flattened conformation on the glass surface, but
nevartheless etill has some extension into the sclution.

It appears that the conformation of the molecule at
the surface is very dependent on the specific system
gtudied if the walue of # can Le used as & criterion.
For poly(methyl methacrylate) [10] the value of &
wag very close bo zero, indicating such a Hat arrey
for the systams studied. On the other hand, the
polydimethylsiloxanea [12] gave values between .23
ang 0.43.
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In table 1 are lisied the degree of polymerization
for the different molecular weights studied hers and
the area availsble per molecule and per segment,
ie., repesting ester nnit. At the lower moleculsr
welghts, each repeating umit haz available to itself

an ares of approximately 55 to 60 A% ‘This is only
ah%h' tly lora than the areas determined for a series of
polyestars on agueous surfaces }13, 14]. Tt would
appear then, that at the low molecular weights, the
polymer molscule iz able 1o spread on the surface
relatively freely, and to lia relatively flat, similar
to its eonformation on & water surface where u large
amount of freedom of motion iz possible.

Tapre 1. Glaes urfoce crea evoiladis for cdrorplion of
poiy (ethylane o-phithuldie)
— Degres af | Adso
j ooz ol t-1onrp- ATea hrea
zation
1 | dspmatecrie| Atagmment
¥ B & b0t 3 [}
R0 3 4 =] w
1 %] AQ 2] H
130 CIRE o7 it
G = iz 1240 i5
H2D 2| iz 1430 45

In the case of the larger molecular weighta studied
hera, it appesrs that a limiting surface arca of the
order of 45 &? is available segment. This ares
in still relatively larpe, implying that the moleculs
lies relutively fiat on the surface with only small
loops extending inte the selution. It should be
notad that thesa conclusions ragnrdmg the flatness of
the adeorbed molecule sre based on a uniform surface
avalabla to the molecule. If the entive surface is
not availabla {0 the molecula for adsorption, then the
leope extending into the solution must be iarger, of
COULRE.

4.2 Revarsibility o Sorption

It waz shown in figure 2 that the adsorbanees of
pol¥(ethylene - ht.]uﬂ:t-a} from chloroform solution
was greater at ﬁjﬁiﬂ temperatures than at lower
temperatures. Jt had been reported earlier [2] that
lesa polyester was adsorbed from tolusne solulion st
higher temperatures. It is probable that this ob-
served deerense in the sdeorbanee from toluene, a
pour solvent, was causzed by a larpe increase in the
Eo er-zolvent interaction brought about by the

irher tempersture. Therelore, what was masi
ﬁrﬂhably meastirad was not eimply the effect of two

ifferent temperatures, but essentially adsorption
ﬁ'cm what waa ul;nost {;qu dlft'lm'e:ntlsulvents, ni I'EDIT:

ow-temperature) and & ralatively ﬁtxxi -
tempernturs} solvent. This afect would be negli-
gible for chloroform. Therefora, the larger adsorp-
tion at the higher temperature is probably the
normal eondition to bs expscted for polyestar ad-
sorption on these oxide surfaces. It & realized, of
course, that differences mn adsorbent-zolvent intarge-
tion may also be involved.

Work previously reported has shown that cyeling
the tempersture resulted in sdsorption that was
dependent upon the temperaturs path followad. It
is realized that given sufficient time, equilibrium con-
ditione would be established and the aystems dis-
cusaed below wonld all be raveraible. The dependence
upon path, thercfore, refere to the observed results
and what appears to ba “noureversible’ actually
means an extremely slow rate of desorpiion, Fora
polyester syatem in which toluena was the solvent,
there was a decresse in adsorbance when the tem-
temperature was riaised, but the polymer did not
e tb when the temperature was lowered [5]. A
similar bahavier was obeerved for poly{vi%ﬂammta}
and poly(methyl methacrylate) [10]. three

tems were gimilar in that polymer could be
egsorbed, but additional f:'oljrmer could not hbe
readsorbed. The system poly{ethylene o-phthalate)-
chloroform-glass deseribed 1n this paper exhibited
somewhat different behsvior. When the glass pow-
der had been exposed to the atmosphere, the sys-
tem was completely reversible. However, when the
luss was preirested by dr:,riuf, the syatem, was no
onger completaly reversible. In this casa alsc poly-
THET Wis ouﬁr desorbed, although the desorption was
brought about by decreasing, rather than increas-
mg, the temperaturs.
he surfacez of amorphous silica and silica gel
have been studied by meansz of infraved spectropho-
tomatty, especially In relation to the nature of the
adsorbed water aod bound water, and tha effact of
temperature on this water [15, 16, 17]. Water vapor
waz found to adsorb phjlmcaily pa the sllancl sites
only and not on the remainder of the surface [151]+
Rehydration of the surface was completely reversible
up to 400 °C and s change in the nature of the
dehydrated surface was indicated above this {fem-
perafurs, It was alzo reported (17] that “bound
water” in silica gel consisiz entirely of 3i0H groups
located on the surface and that the spectrumm of
physically adsorbed water resembled that of liguid
wabar. iurther, cutgrssing below 304 °C did not
change the number of purface silanol gm?a [16].
Therefore, our outgassing of glass at 250 °C should
hava removed only the physically adsorbed water
layer and should not have appreciahly changed the
character of the glass surface. ]

It would appesr, then, that the adzorption of the
paly{ethylene o-phthalate) onto the unireated gleas,
ami{ the eomplete reversibility of adsorbance &s =
result of temperature cycling, a= shown in figure 3,
eculd result from sdsorption of the polymer, not
onto the plesa surface direetly, but rather onto the
preadsorbed water lnyer, As mentioned earlier, the

loss surface arsa availnblfegar segment s hot too

ifferent irom thst expec on & wabter surface.
The polymer could be expected to adsorb and desorb
relatively readily from such a “water” surface.

As described ahove, dehydration should remove
the adeorbed water layer, leaving a surface econ-
sizting, to a large extent, of silano! groups. Adsorbed
water ioteracts with these aurface silanol groups
through hydrogen bonds [168]. Tt iz ressonable to
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suppose that the polyester would alo be bound to
this dehydrated surface hy hydrogen bonds. A
different surface, therefore, is available to the oiﬁ'-
mer after outgrasing of the gluss pewder, and tha
nature of the adsorptive bond mey ba somewhat
different. As was observed In figures 3 and 4, the
outgassing results in & decrease in the adszorbance.
This may be & result of fewer adsorption sites avail-
able on the glass surface,

In the case of the pretreated glass, it is possible
that the total number of sitez on the glasz ocenpied
by polyester at both temperatures is npproximately
the same. The differences in the adsorbence are
related to the difarent number of sites oreupiad per
polymer molecule, i.0., the conformation of the poly-
mer molecule. This an oversimplification, of courss,
and &ll factors such as diferencee in solvent-ad=orh-
cot interaction, etc., should be considered. When
the temperature is lowered, desorption does take
place, a8 required for equilibrium. The reiraining
polymer molecules rearrange so as to ococupy the
vacated mites.

When the temperature iz arain raised, the equi-
libriom situation ealls for a somewhat different
polymer conformation. As each polymer moleculs
now occupies more ares thah allowed at equilibrium,
polymer muost be desorbed before additionsl polymer
cin be readsorbed. It seems apparent that under
these cireumstances, the desorption required to
arhieve the new polymer conformation proceeds at
an extremely slow rate, rosulting in what appears to
be an irrevergible condition. Addition of water te
}.he ayetern, Brurs £, did not dislodee the adsorbed
AFEL.

It is agparent from the discuesion and possibilities
presentad here that tnuch more knowledge is nanes-
sary about the conformation of the pelymer molecule.
The thickness of adsorhed polymer filme in sity has
boen recently investizated using ellipsometry [18].
The system studied was polystyrene of molecular
weaight 76,000 adsorbed on a chrome-chrome oxida

ace from cyclohexans near the theta temperature.
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For solution concentrations of the order of 1 to &
ngfiml, it was determinad that the polymer wasz ad-
sorbed us A highly swollen film containing abo
12 /100 ml of polymer and extending about 200
into the solution. 1t is apparent that studies of
this nature must be exiended to the systems des-
cribed here, in which both the adecrbent surface and
the polymer moleculs have more nearly the same
polar character.
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