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The surface press ure-a rea isotherms at 25 °0 a rc rep orted for some lin ea l' sat urated 
poly es ters sp read as mo nolayers at air-aqu eous in t erfaces. M o nolay ers of poly (eLhylene 
succinate) , poly (pe ntamet hylene succin ate) , a nd poly (neopenty l s uccina te) were st udied 
on dist illed water a nd 0.0 1 N hy drochlori c ac id subphases . 

Poly (ethylene succina te) mo nolayers a rc in t he expa nd ed s tate a nd colla pse at low 
surface press ures. P oly (pen ta met hylene Sllccinate) mo nola ycrs a rc also expa nded , bu t s how 
no defini te colla pse, even a t t he highest s urface pressures s t ud ied . M on olayers of poly 
(neopentyl succinate) colla pse a t hig h surface press ures, and a re less expa nd ed , over t he 
entire surface pressure range s t ud ied , t ha n t he m onolayers of t he ot her poly mers s t udi ed . 
The specifi c a rea for each p oly mer a nd the effect of s t ructure on t he surface p ressure-area 
isotherms of poly (pe nta methylene s uccin a t e) a nd poly (neope nty l s uccin a te) a re discussed . 

1. Introduction 

In ~l'ecen t years Lh e monolayer properties of syn
t betic polypep tid es and synLhetic polymers have 
received considerable at tention . The ill terest in 
these syn th etic macromolecules derives from numer
ous structural variations (,hat may be realized by 
propel' choice of r eactan ts and polymerizaLion 
conditions. N umerous surfacc film sLudies have 
been made using both addit ion- and condensatioll
type polymers, such as th e polyalkylacl'ylates, 
polyamides, and polyvinyl compounds. Lit tle work, 
however , has been r eported on th e high surface
pressure proper ties of lineal' saturaLed polyes ter 
monolayers. Studie by H arkin s, Carmen, and Ries 
[1] 1 using the self ester of w-hydroxydecanoic acid 
and by Moss [2] on poly (e thylen esuccin a te) have 
been published. 

This paper considers t he surface film proper ties 
of t hree lineal' sa turated polye tel'S of succinie acid 
sprcad as mono layers at t ile air-liquid in terlace. 
The spreadin g characteristics of thcse films are dis
cussed to show the effect of solven 1, and solut ion 
concen tration on the spreadin g characteristics of one 
of the polyes ter films. 

2. Experimental Procedure 

The polyes ters, poly (ethylene succinate) , poly
(pentamethylene succinate), and poly(neopen tyl suc
cinate) , were supplied by J ames FaIT, Jr. of t he 
R esear cll Laboratory of the T hiokol Chemical Co. 
They were synthesized from the melt without cata
lyst, using succinic fi cid and the appropria te glycols, 
and were crystalline a t room temperature (X-ray 

I T his work was su pported , in part, under a project sponsored by the Bureau 
of Naval Wea pons, D epartment of t he Navy. 
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difl'racLion) . Tlleil' number-average molecular 
weigh ts, as determin ed by end group analysis were 
of the ord er of 4500 , wiLh average degrees of poly
merization of 24 to 31. These polymers were fur ther 
purified by l'eprecipiLation from chloroform solution 
wi th ethyl ethel' and dri ed in vacuum for 50 hI' a t 
50 DC. The materials were then stored under 
moisture-free conditions a.ncl exposed to th e a tmos
phere only while removin g samples . Some of the 
properti es of the e polymers are given in table 1. 

T AB r,E 1. Properties of the polyesters 

Polymer 

P oly(cth )' lene succina te). _______________ . 
Poly(pcnLamcthy lcne sllccinatc) ________ _ 
Pol y(neopelu yl succi nate) ______ _________ _ 

SofLcning lV[o!ccu lar 
pOin t. we igh t 

°C 

96 
38 
i6 

JVl "R 

4100 
4500 
>1400 

B ul k 
density b 
a t 2i °0 

gicm3 

1. 4 
1. 2 

a Mt,= num bcJ' average mo lecular weight determin ed from supplied end group 
analysis. 

b Determi ned by m ethod of bydrostatic weighings. 

A Langmuir-Adam horizon tal balan ce was used 
to study the film proper t ies. Th e horizontal balan ce, 
very similar to that described in detail by Langmuir 
[3] and Adam [4], consis ted of a bronze tray 65 cm 
long and 14 cm wide provided with leveling screv{s, 
a lin ear scale on one side, and a movable glass barrier 
! X t X 12 in. r esting on the edges of th e tray. The 
tray and barrier were coa ted with paruffin , th e tray 
fill ed 'wi th water , and the polymer spread on the 
water surface between the barrier neal' one end of the 
tra y and a detachable torsion balance device near 
the other end. This device consisted of a mica floa t 
res tin g on the surface of the water a t tached to th e 
edges by thin polyte trafluoro ethylen e strips which 
had been sliced with a clinical microtome. The float 
was attached to a wire, which was aL tached at one 



end to a pointer. The movemeJlt of the pointer was 
magnified optically and after calibration indicated 
th e torque caused by a force applied to the mica 
float. Compression of the film on the water or other 
subphase surface between the movable barrier and 
the mica float permitted m easurcment of differenccs 
between the surface tension of t.he subphnse and 
that of the film, for a known quantity of polymer 
and anla of film. 

The balance was enclosed in a case and the assem
bly housed in a room held at 24.5 ± 0.5 °C. The 
water used as a subphase was redistilled from an 
all-quartz system. The subphases were tested for 
surface active impurities by exposing· a large area of 
subphase surface for about 1 hI' and then compressing 
any impurity film to a small area. The lowering of 
th e subphase surface tension due to impurities was 
negligible. The spreading solvents, benzene and 
chloroform, were twiee distilled and tested for active 
impurities by spreading on clean subphases. 

The polymer solutions were spread from micro
pipets. Ten minu tes was usually allowed for solven t 
evaporation before compressing the polymer films. 
This time was considered ample as the surface 
pressure became constant within 5 min after spread
ing. In a few instances the film s were allowed to 
stand for 30 min to ch eck for pressure changes. No 
changes wer e observed. Concentrated solutions of 
poly(pentamethylene su ccinate), however , did not 
reach constant film pressures in the time interval 
of 10 min, but gave steadily increasing pressures for 
longer periods of time. Dilute solutions of this 
polymer, however , spread in the usual manner. 

The properties of the completely spread films were 
not sensitive to the film compression rate. The 
average time of an experimental run ,vas 1 hI". 

One experiment was run at a liquid-liquid interface 
with a verticle pull film balance, frequently known as 
a Wilhelmy type balance [5] . A plate is suspended 
vertically from one arm of an analytical balance and 
is partially immersed in a liquid. The force on the 
balance arm is determined first with the pure liquid 
and then with the liquid on which a film has been 
spread. In this manner differences in the surface 
tension and therefore the film pressure are deter
mined. The nature of this type of film balance also 
permits it to be used with a film at a liquid-liquid 
interface. The plate, a cleaned glass microscope 
slide, was held with a polytetrafiuoroethylene block 
that hung from the arm of an analytical balance by 
means of a platinum wire. The water phase was 
prepared as described above and th e other phase, 
cyclohexane, was of spectral grade. Both liquids 
were added after the plate was suspended in place, 
with approximately one-half of the plate suspended 
in each liquid. The plate was moved slightly from 
the aqueous phase into the organic phase to deter
mine the reference point . The polymer in benzene 
solution was then added with a micropipet in succes
sive increments at the interface. The pressure was 
determined after each increment. 
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3. Results 

Pressure-area isotherms were determined with the 
horizontal balance. They are g iven in figures ] to 5. 

Figure 1 gives the monolayer properti es of poly 
(eth?len e succinate) spread from chloroform on dis
tilled water and 0.01 N hydrochlori c acid subph ases. 
The isotherm shows the surface pressure, expressed 
as dyn es/em , as a function of the specific area of th e 
polymer. Increasing tile volume of solution spread 
at constant subphase area by a factor of 2 did Dot 
al ter the film properties. The isotherm also shows 
t he film properties to b e illdependent of subph ase 
pH for values between 2 for HCI solutions and 6. 5 
for water . Also of interest is the highly expanded 
state and compressibility of these films. N o lin earity 
in the isotherm was observed until pressures slightly 
b elow collapse were obtained. An extrapolation 
from a r egion of least curvature gives a limi t ing 
specific area of approximately 2.3 m 2 p er milligram. 
The absence of any change in specifi c area with ( 
volum e of solution suggests that these films were 
completely spread and probably existed as mono
layers. 
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FIG URE 1. Swjace pTessw·e-area isotherm of poly (ethylene 
succinate) on aqueous subphases at 24.5 ± 0.5 0 c. 

Subpbase - Disti lled water 
• 5.5I XIO-3 ru g 
o 11.02XlO-3 rug 

Subphase - 0.01 N H OI 
o 5.5IXIO-3 rug 

The spreading characteristics and specific areas 
of poly(pentamethylene succinate) films are given in 
figures 2 and 3. The isotherm showing the film 
properties of poly(pentamethylene succinate) spread 
from chloroform on distilled water is given in figure 
2. The curve is drawn through the points obtained 
with 9.56X 10- 3 mg of polymer and 50 A (0.050 ml) 
of solution. Films spread from dilute benzene solu
tions on 0.01 N hydrochloric acid subphases show 
curves that are identical with the curve drawn on 
this figure. The isotherm for this polymer spread 
on the hydrochloric acid subphase is given by curve 
C in figure 3. 
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FWU RE 2. SU1:face p1'eSSUre-a1'ea isother ms of poly (pentameth
ylene succinate) on distilled wate1' at 24.5 ± 0. 5 0 C. 

Spread frolll cbloroforlll 0 9.56XLO-3 mg, R un 1 
• Points obtained on ex pansion of fil m of \lunl 
D, 6. 19.12X lO-3 m g 

Spread fro m benzene X, ® 24.46XlO-3 mg 

I>ol.v(pen tamethylene succinate) was par t icularly 
sensit ive to the quan Lity of material spread. Solu
t ions of increasing concen tration were spread to 
produ ce films, some of wbich when completely 

i spread would approach or exceed th e available sur
face area on the balance. The ar ea required for com
plete spreading was determined from the specific 

.~ ar ea. The available surface area on the balance a t 
I th e time of spreading was approximately 700 cm 2. 

I Within experimental error the same curve was ob
tained up t o quantities of 11.18 X 10- 3 mg, corre
sponding to an area of approximately 325 cm 2, as 
shown by curve C of figure 3. Quantities of 19.12 
X l 0- 3 mg, corresponding to an ar ea of approximately 
555 cm 2, however , resulted in a slight shift in the 

r' isotherm. This is shown in figure 2 where the drawn 
I curve }s throu.gh the pojn~s obtain ed from 9.56 X 10- 3 

mg. rhe pomts determmed from the 19.12 X 10- 3 

l mg sample lie to the left of this drawn curve. AI
r t hough no t completely spread, duplicate runs with 

this quant ity resulted in a reproducible isotherm. 
Incomplete, bll t apparently reproducibl e spreading 

). 
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FW U RE 3. S1!rjace pressure-area i sotherm oj poly(pentameth-
ylene succinate) spread from ben zene at 24.5 ± 0.5 0 C. 

Olll' \' es A a ncl B- Distillecl water subphase . 24.96XIO-3 m g 
6. 48. 92XlO-3 mg 

Ourve 0 - 0.01 N TIOI subp hase D , • 5,59X JO-3 mg o 11.l8X lO-3 mg 

was also observed wh en 24.46 X 10- 3 mg were used . 
This quan tity of material would produce a film with 
an area of approximately 700 cm 2, t be limi ting area 
of the t ray, Although the spreading was no t com
plete, t here was again only a small shif t from t he 
t rue isotherm for complete spreading, which yi r-Ids 
the grea test area for a given pressure. 

Larger quantities of polymer resul ted in progres
sively larger shifts in the isotherm, as shown by 
curves A and B in figure 3. In the case of isotherm 
B t he availabl e surface area on the balance was ap
proximately one-half of that r equired by th e film. In 
all cases any incomplete spreading resulted in appar
ent low specific areas. 

When monolayer in ves tigations are conducted with 
polymers, adequ:;tte attention must be given to assure 
complete spreadll1g of th e polymer films. The use 
of a single concen tration may give reproducible films 
with reasonable area values, even though the film s 
may still be incompletely spread. 

The isotherm drawn in figure 2 and isotherm C 
in figure 3 were selec ted as those representing th e 
film characteristics of full y spread poly(pen tamethyl-



ene succinate) films on distilled water and acidic 
subphases. The usual inflection was exhibi ted , but 
on further compression collapse did not occur. In
stead, the film assumed a more compressible state 
and eventually passed into a state resistant to com
pression. The extrapolated specific area for the 
completely spread polymer film was 2.9m 2 per milli
gram. The reversibility of the area occupiad by th e 
film of this polymer is shown in figure 2 by the 
closed circles. They were obtained by compressing 
the film through the inflection poin t (open circles), 
followed by expansion (closed circles). 

The isotherm of poly (neopentyl succinate), an 
isomer of poly(pentamethylene succinate), is given in 
figure 4. This polymer differs from its isomer in the 
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FIGURE 4. Surface pressure-m'ea isotherm of poly (neopentyl 
succinate) on distilled water s1,bphases at 24.S ± O.S °C. 

Spread from chloroform 0 1O.40XlO- 3 m g 
Spread from benzene • • D. 5.0XlO-3 rug 

D • • 30.i6XJO-3 m g 

arrangement of the atoms in the glycol group. The 
lower portion of this isotherm was obtained using a 
sensitive torsion wire and the dilute benzene-polymer '" 
solutions. These are shown by the closed circles 
and open triangles . The highest recorded surface 
pressure for this ntnge was about 0.4 dynes per 
centimeter. vVhen the solution concentration was 
increased threefold (to 0.3 mg/ml) and the volume of 
solution spread twofold (to 100 i\), the isotherms 
produced were reproducible and gave the curve Q: 

drawn thTough the open and closed squa.res. The 
lower portion of this isotherm is higher than that 
obtained for the low pressure studies. 

To ascertain the intermediate portion of the iso
therm, as well as to determine the effect of spreading
s~lvent Ol~ the film s~ate, films were spread with 100 i\ I 
of chloroform solutlOns of O.l-mg/ml polymer coh- d 
centration. This resulted in a quantity of polymer 
on the film balance interm ediate between the two 
other quantities studied. The experimental points 
obtained are shown by the open circles, and these 
points overlapped both regions previously studi ed. 
The experimen tal agreement was very good. The 
isotherm derived from these studies indicates that j 

the spreading properties of poly (neopentyl succinate) 
films were independent of these two spreading 
solvents. The spreading was not very sensitive to 
the qu antity of polymer deposited as the 30.76 X 10- 3 

mg corresponded to an area of approximately 615 
cm2, based on the extrapolated specific area, approach
ing the available film balance area of 700 cm2 • 

Therefore, the isotherm shown is that for the com- < 
pletely spread films of this polymer on distilled water 
subphases. 

Approximate surface film thicknesses were calcu
lated from the extrapolated specific areas and the 
respective bulk densities of the polymers. These 
film thicknesses are given in table 2. The thickness 
values ranging from 3 to 4 A indicate that the com
pletely spread films are monomolecular. It appears 
that molecules of these linear succinate polymers lie 
flat on the subphase surface in the same manner as 
the molecules of the self ester of w-hydroxydecanoic 
acid reported by Harkins and coworkers [1]. The 
bulk densities of the polymers are given in table 1 
and the extrapolated areas of the isotherms to zero 
surface pressure in table 2. Also listed in table 2 are 
the calculated and observed unit areas , collapse ~ 
pressures, energies to compress the films to collapse, 
and fUm compressibilities. 
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The compressibilities of the flims were calculated 
using the following equation : 

where K is the compressibility; Ao the extrapolated 
specific area of closely packed molecules at zero 
surface pressure; and Al the specific area at surface 
pressure 7rl . 

" 
I 



i, 
T ABLE 2 . JJ![onolayer properties of some succinate polyesters on aqu eou s subphases 

I' E xtrap- Area per scg. E nergy 
olated ----- Collapsc to com- Com· rrhick-

Polymer speci fi c pressure press prcss- ness at 
area Calc. Obs. film to ibili ty ". = 0 

collapse 
---- -------------

cal. 
mole- l 

m'/mg A' 
sey- cm/ 

..12 dynes/em ment-1 dyne A 
Po Iy (eth ylene/suc-cina te) ___________ __ 2. 3 55 60 to 4. 0 349 O. ll 3. 1 

70 
Poly (pentametb-

ylene succina tc) ____ 2. 9 74 90 Platea u 568" . 056 2.9 
(11. 7) 

Poly (ncopcntyl suc-cinatc) _____________ 2. 0 60 63 17.7 734 .028 3. 9 

a Energy to co mpress film to midpoin t of first inDcction in isotberm . 

The stability of the polymer films depends on both 
the lateral cohesion between the chains and th e 
energy required to pull hydrophilic groups from th e 
aq neous su bphase. The energy required to compress 
the film t o the point of collapse or to the inflection 
point in the case or poly(pentamethylene s Ll ccinate) 

I is obtained by integrating the area under th e isotherm 
:::; up to t he point of" collapse or inflection . The energy 
I required to compress the film is given by: 

I 

where 6E is the energy necessary to compress the 
film; Ao, a very large segment area at which tb e 
surface pressure is very small; and A i, the segment 
area at the point at which film instability occurs. 
The en ergies obtained from tb e isotherms by graphi
cal integration are given in table 2_ 

4. Discussion 

Nlonolayers of linear polymers having carboxyl 
) groups have been studied by H arkins, Carmen, and 

Ries [1 ), Crisp [6), and others. The r esults of these 
investigations show the surJace pressure-area iso
therms of the films to be essentially independent of 
the number of repeating units per molecule and, 
thercJore, the molecular weight of the polymer. 
This independence of molecular weight permits a 

• more m.eaningful analysis of monolayer properties in 
I t erms of the fundamental repeating structural unit. 

The polymer films, therefore , were assumed to be 
comple tely spread and the isotherms independent of 
molecular weight. The experimental data are re
plotted in figure 5 to express the surface pressure as a 
function of the area in A2 occupied by a single 
polyest er unit . This figure shows the monolayer 
proper ties of the thl"ee polyes ters on these aqueous 
ubphases . Some experimental points of differ ent 

runs are included to indicate reproducibility. 
Assumed interfacial conformations of the three 

polymers can be represented by means of molecular 
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models. The plane of the zigzag of tb e molecules is 
parallel to the surface of the substrate. The 
neopentyl group is a rigid, bulky m ass that probably 
lies more above the other portions of the molecule 
than do the ethylene or pentamethylcne groups in 
the other polymers. In t he latter the methylene 
groups or the glycol can lie in the same plane and in 
contact with the surface. 

The molecules of poly(ethylene succinate) m ay be 
considered as long chain normal paraffins into which 
es ter linkages have been periodically plftced. These 
polar ester groups arc most likely primarily re
sponsible Jor the binding and spreading character
istics or this polymer . Presumably the carbonyl 
groups of the ester linkages are oriented towards the 
aqueous phase. 
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The monolayer of poly(ethylene succinate), as 
shown by isotherm A in figure 5, is highly expanded 
and exhibits no linearity in the region approaching 
collapse pressure. Extrapolating from an ambiguous 
linear portion of the isotherm, a limiting unit area of 
£0 to 70 A2 is obtained. This observed area is larger 
than that expected from the fiber diagram of this 
polymer as determined by Fuller and Erickson [7] 
using X-ray methods. The observed area, however, 
agrees quite well with that reported by Moss [2] for 
the same polymer of 3200 number average molecular 
weight. Moleculn,r models show that the unit 
length can vary little when completely spread and 
oriented. The large areas observed must then be 
caused by a loose packing of the film molecule. 
Another striking feature is the high compressibility 
of this monolayer, 0.11 cm/dyne (table 2). The 
low collapse pressure observed, 4 dynes per centi
meter, is reproducible and much higher than the 
value of 2.5 dynes per centimeter reported by Moss 
[2] for monofilms of this polymer. 

The marked effect on the monolayer properties 
produced by the addition of three methylene groups 
is seen by comparing isotherms A and B in figure 5. 
As in the case of the poly(ethylene succinate) mono
layer, the monolayer of poly(pentamethylene suc
cinate) is expanded and compressible, having a com
pressibility of 0.056 cm/dyne (table 2). The mono
layer of poly(pentamethylene succinate) does no t 
collapse when compressed to small areas. Instead, a t 
areas where collapse is expected to occur the film 
becomes qnite compressible, presumably passing into 
a multilayer or crumpled structure. Further com
pression of the film produces another inflection in 
the isotherm. At this specific area the film is prob
ably passing into a multimolecular structure resistant 
to compression, as shown by an upswing of isotherm 
B, figure 5. Similar monolayer and film characteristics 
have been observed for other polymers such as some 
poly(alkyl methacrylates) as described by Crisp [8] 
and some polyorganosiloxanes as reported by Fox, 
Taylor and Zisman [9]. The extrapola ted repeating 
unit area of poly (pentamethylene succinate), 90 A2, 
is abou t 20 percent larger than that expected for the 
un it in the crystalline state . 

The monolayer properties of poly(neopentyl suc
cinate) on distilled water are given by isotherm C in 
figure 5. The curve is less expanded over the entire 
surface pressure range than those of the other poly
mers. It is also less compressible, having a com
pressibility of 0.028 cm/dyne (tabJe 2), and collapses 
at 17.7 dynes per centimeter. This collapse occurs at 
a segment area of about 25 A2. It is interesting to 
note t hat the extrapolated repeating unit area, 63 A2, 
is very close to that expected for a unit of the poly
mer in an oriented crystalline state. 

The low expansion and compressibility of the 
poly(neopentyl succinate) monolayer is attributable 
to the inflexibility of the unit produced by the 
presence of the rotationally highly hindered neo
pentyl group. The surface pressure-area isotherm 
of this polymer at the cyclohexane-water interface, 
determin ed with a Wilhelmy balance, is given 111 

figure 6. It shows that the high surface pressure 
region of the isotherm is essentially the same as that 
for the air-water interface. At low pressures, how- '7 

ever, there is evidence of a more expanded film at the 
oil-water in terface as compared to that at the air
water interface. At high surface pressures the 
absence of film expansion at the oil-water interface 
suggests that the expansion of the monolayer at low 
pressures is not caused by changes in intermolecular 
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forces but by chain rigidity. ~.; 
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FIGURE 6. Surface pressure-aTea isotherms of poly (neo pentyl 
s1lccinate) at air-water and liquid-liquid interfaces. 
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I 
5. Summary 

The monolayer properties of the succinate poly
esters were found to be closely related to structural 
features of the glycols used. This was shown in a j 
marked manner by the differences in the interfacial . 
properties of poly (pentamethylene succinate) and 
poly (neopentyl succinate). The repeating units of 
these two polymers are isomeric. The extrapolated 
unit area was larger for the poly (ethylene succinate) 
and poly (pentamethylene succinate) than that calcu
lated for a unit of the polymer in the crystalline state. 
For the semirigid poly(neopentyl succinate) unit the ( 
observed and calculated areas were about the same. 
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