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Comparative study of adsorption and heats of adsorption on planar and particulate 
polymer surfaces 
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Abstract: The adsorption and heats of adsorption of Lewis acidic-basic probes 
on planar and particulate surfaces of polyimide/siloxane, 6F photoimagable 
fluorinated polyimide and 6F polyimide have been studied by flow micro- 
calorimetric, ellipsometric, and contact angle techniques. The heats of adsorp- 
tion obtained by these techniques are in good agreement. It is noted that the 
ellipsometric method based on an analysis of adsorption kinetics has advant- 
ages over the contact angle technique and may be used for the study of the 
interface on planar polymer surfaces. The acidic-basic properties of polymers 
were approximately estimated by using the Drago E and C constants. 
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Introduction 

Most polymers have functional sites that are 
electron donors (base) or electron acceptors 
(acids). The acid-base interactions in adsorption 
onto the polymer surface involve both the acidic 
or basic sites of the adsorbate and the acidic or 
basic sites of the polymers. The heats of adsorp- 
tion are entirely predictable as Lewis acid-base 
interactions between electron donors (such as sul- 
fur, nitrogen, oxygen, etc.) and electron acceptors 
(such as iodine, phenol, etc.). Quantitative 
calorimetric studies of simple organic liquids by 
Drago and co-workers [1, 2] showed that en- 
thalpy (or heat of adsorption) may be used to 
correlate and predict the enthalpy for several 
Lewis acid-base systems. This empirical correla- 
tion is presented by 

--  A H  ab = EAEB + CAC B , (1) 

where E and C constants (termed Drago constant 
below) are related to the electrostatic and 
covalent contributions to the acid-base interac- 
tion, and the subscripts A and B refer to the acidic 
and basic components, respectively. 

Drago and co-workers determined the E and 
C constants for 40 acids and 40 bases. Therefore, 

Eq. (1) can be used, for any combination of acids 
and bases of known E and C constant, to predict 
the heats of adsorption. Thus, one very important 
use of E and C constants is the calculation of the 
heats of interaction for systems which have not 
been examined experimentally. 

The C/E ratio gives a quantitative order of 
relative hardness or softness for the various Lewis 
acid-base sites and agrees well with the qualitative 
classification of Pearson [3]. Hard acids and 
bases have low ratios of C/E, and soft acids and 
bases have high ratios of C/E. Thus C/E ratios for 
acids are:0.1 for hydrogen, 1.0 for iodine and for 
bases:2 for aromatics (re-electrons), 6-1I  for 
amines, and 20 for sulfur bases. Since the heats of 
adsorption from dilute solution are due to mo- 
lecular interactions at interfaces, they can be cor- 
related by the Drago constant according to 
Eq. (1). The heats of adsorption for systems which 
have not been examined experimentally can be 
predicted after the E and C constants are deter- 
mined for the acidic and basic adsorption sites of 
the polymer interfaces. 

This paper is concerned with the comparative 
analysis of surface properties of polymers where 
acid-base interactions determine, as a first ap- 
proximation, the energy of adsorption. The heats 
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of adsorption for the planar and particulate poly- 
mer surfaces were determined by calorimetric, el- 
lipsometric, and contact angle techniques. The 
techniques of ellipsometry and adsorption-con- 
tact angle are applicable only to quasi-flat, ex- 
tended surfaces, while that of calorimetry requires 
a solid material of high specific surface area. The 
acid and base properties of polymers were ap- 
proximately estimated by using the Drago E and 
C constants. 

Experimental methods and instrumentals 

concentration adsorbate. In our case the max- 
imum efficiency was found in the range of 
50-120 mg of absorbents. The concentration of 
species in cyclohexane solutions was determined 
by UV absorption with a Perkin-Elmer Lambda 
V spectrometer operating in the Beer's law region. 
Adsorption exotherms and UV absorption plots 
in this paper were measured at 23 ~ the molar 
heats of adsorption were determined form this 
data, according to the well-known method [4] of 
flow microcalorimetry. The standard deviations 
in the heats of adsorption in repeat runs were 
found to be about 5% in all cases. 

Calorimetry 

Flow microcalorimetry is usually applied to 
determine the heats of adsorption from solutions 
of finely-divided powders. This method, including 
the flow diagram and block for the micro- 
calorimetric experimental arrangement, was de- 
scribed in detail by Fowkes [4]. In our case, the 
flow microcalorimetry (Microscal Ltd., London, 
U.K.) has a 6-mm adsorption bed which is en- 
closed between inlet and outlet tubes, as shown in 
Fig. 1. The bed temperature is measured by two 
thermistors in the block which are in a Whetstone 
bridge circuit. The efficiency of the calorimeter 
depends on the degree of filling of the bed and the 

fluid inlet lines 

thermostat 

fixed~__be 

outlet 

--thermistors 

Fig. 1. Flow calorimetry cell for the microcalorimetric 
experimental measurement of the heat of adsorption 

Contact angles 

The method of contact angle titration makes it 
possible to directly determine [-5, 6] the surface 
concentrations and strengths of acidic and basic 
surface sites on a microscopically flat surface of 
the polymer film. To study the acid-base proper- 
ties of polymer films, dilute solutions of phenol 
and THF in methylene iodide were chosen respec- 
tively. Since methylene iodide (CHzI2)  is a van der 
Waals liquid having high surface tension, it forms 
finite contact angles on most polymer surfaces. 
The surface tension of the solutions was found by 
the drop volume technique [7]. The contact 
angles were measured using a Rame-Hart contact 
angle goniometer with a covered chamber for 
viewing the drops. The average diameters of drops 
on the plane of films was 2.5-3 ram. 

Let us consider the method calculating the 
heats of adsorption and parameters of adsorption 
isotherms by using measurements of contact 
angles on the flat surfaces. 

The number of sites per unit area of the poly- 
mer film can be determined by an analysis based 
on the combination of Gibbs adsorption (Eq. (2)) 
with Young's (Eq. (3)) and the Langmuir adsorp' 
tion isotherm (Eq. (4)): Gibbs adsorption equa- 
tion may be written 

F = -- (c/RT) 0(TSL)/Oc, (2) 

where c is the adsorbate concentration in solu- 
tion, R is the universal gas constant, T is the 
absolute temperature, 7SL is the surface tension 
onto the solid-liquid surface, Young's equation 
may be written 

7SL = 7St -- 7LV cosO, (3) 
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where 7sv is the surface tension onto the solid- 
vapor surface, ~)L is the surface tension of the 
liquid-vapor surface, and O is the contact angle. 

The Langmuir adsorption isotherm equation 
may be written 

F = FmKpC/(1 + KpC), (4) 

where F is the adsorbate concentration per unit 
surface area,/'m is the maximum adsorbate cover- 
age, Kp is the equilibrium constant. 

Inserting Eq. (3) into Eq. (2) gives 

F = (c/RT) O(TL cosO)/OC. (5) 

Assuming as a first approximation that the ad- 
sorption process is described by the Langmuir 
adsorption equation, Eq. (4) and Eq. (5) can be 
rearranged to give: 

~(])L COSO)/~C = RTFmKp/(1 + KpC). (6) 

After integration Eq. (6) takes the form: 

7L (COSO -- COSOo) = RTFmln(1 + Kpc). (7) 

For the relative small concentrations of adsor- 
bate [8], Eq. (7) can be reduced to: 

IlL COS{~ = ~)L COS~0 "~ RTFm [(Kpc) 
- (Kpc)2/22 + (Kpc)3/3] . (8) 

In this case the experimental dependence of 
[TL (COSO)] on concentration, c, can be treated by 
using a computer fit which can be described as 

~L COSO = ao + alc - a2 c2 -1- a3 c3 (9) 

ao = 7L COSO0, al = R T F m  Kt,, 

a2 ---- R T F m  K2/2, a 3 ---- R T F m  K 3 / 3 .  (10) 

The coefficients of the Langmuir adsorption iso- 
therm from Eqs. (9) and (10)is given by 

Kp = 2az/a~, Fm = a~/(2RTa2) . (11) 

If the dimension of 7L is dynes/cm and the 
concentration of c is mol/m 3 (or [mmol/L]), then 

Fm(T) [#mol/m 2 ] ~ 0.2(To~T) (a2/a2), 

To = 296 ~ Kp [mmol/L] = 2a2/al �9 (12) 

In the case of Eq. (9) the coefficient of a3 may be 
used as a criterion to apply the Langmuir adsorp- 
tion isotherm. As according to Eq. (10), it is rea- 
sonable to write 

6 ~ = [1 - 3alaa/(4a2)l . (13) 

The value of ~ ~ is equal to zero when the Lan- 
gmuir adsorption isotherms are valid. The estima- 
tions have shown that Eqs. (10) through (13) are 
reasonable to use for the calculation of values Kp 
and Fm from the experimental data when the 
value of 6 ~ is no more than 0.5. Otherwise, the 
error in calculating Kp and Fm increases when the 
value of ~ ~ increases. 

The Langmuir isotherm equation allows one to 
determine the equilibrium constant, Kp, by the 
heats of adsorption calculated from the van't Hoff 
[9] equation, if the values of Kp are determined at 
two temperatures 

A H  ab = [ R T 1 T 2 / ( T  1 - T2)]ln 

x [Kp(Ti ) /Kv(T2)  ] (14) 

Ellipsometry 

Ellipsometry is a sensitive and non-destructive 
method for measuring the thickness of thin films 
at the interface [10-12], since the film changes the 
state of polarization of an incident light beam 
upto reflection from the interface. Ellipsometric 
measurements are only feasible for microscopi- 
cally flat surfaces. The sensitivity of this method 
depends on the differences in refractive index be- 
tween the adsorption layer and solution. There- 
fore, reliable measurements can only be obtained 
if the refractive index of the adsorption layer is 
higher than that of the solution. 

We consider two groups of techniques for the 
measurement of adsorption isotherms and the 
heat of adsorption: static (equilibrium) and kinetic 
(non-equilibrium) methods. 

Several authors have used ellipsometry to 
measure the adsorption layer thickness at the 
interface [10] (adsorption equilibrium, i.e., static 
method). On the other hand, ellipsometry makes 
it possible to measure adsorption processes con- 
tinuously with time (non-equilibrium adsorption, 
i.e., kinetic method). This method was applied in 
this paper. Kinetic measurements are typically of 
a non-equilibrium nature, since the adsorbate 
thickness is inferred from the outward displace- 
ment of probe-molecules due to the adsorbate of 
the slipping layer between the solid and liquid 
phase. In fact, an adsorbed layer is clearly not 
homogeneous, but its concentration is a continu- 
ously decreasing function with increasing distance 
from the surface. Therefore, the thickness found 
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from the ellipsometric kinetic measurements, by 
considering the adsorption layer as a quasi-homo- 
geneous film of constant local concentration, is an 
average. 

The equilibrium adsorption of phenol from cyc- 
lohexane on polyimide/siloxane and 6F photo- 
imagable fluorinated polyimide films and adsorp- 
tion kinetics at the interface have been investi- 
gated by ellipsometry. Details of ellipsometric 
method are discussed in the Appendix A. Com- 
plex samples consisting of three of the uniform 
parallel films are shown in Fig. 2. From the sys- 
tem of Eqs. (A10) the values of nj and kj or the 
values of dj and n 3 can be calculated successively. 
First, the SiOz-Si water thickness, d3, is deter- 
mined, then the SiOz-Si-(polymer film) wafer 
thickness of polymer film, d2, is calculated. 

Adsorption studies were performed in a custom 
glass cell, as is shown in Fig. 3. The values of d3 
and d2 are found in air without the cell. The 
thickness of the adsorption layer, d~, is deter- 
mined by using the Eq. (A10). Complications are 
encountered in calculating adsorption layers and 
film thickness. In fact, there exists a thickness of do 
in which the polarization change is 360 ~ . For 
example, the thickness of do is 281.5 nm for the 
SiO2 layer on silicon measured using a He/Ne 
laser, 2 = 632.8 rim, and an incident angle of 70 o 
The layers, having thicknesses of d -- (d o + nd0), 
n = 1,2,3,..., all have the same A and ~ values. 
Therefore, it is necessary to use the films having 
the thicknesses less then do, i.e., d < do. 

Now, we consider the adsorption layers. Strict- 
ly speaking, the concentration-adsorption profile 
(in the directional normal to the film surface) is 
variable, and we measure the apparent adsorption 
layer thickness average with respect to the normal 
concentration profile. As shown in the Appendix 
B, the Gibbs surface excess, F, is therefore given 
by 

F = dadsorbatePadsorbateXadsorbate/Madsorbate , (15) 

where F is the adsorbate concentration per unit 
surface area; dadsorbat e is an apparent thickness of 
the adsorption layer; Padsorbate is the adsorbate 
d e n s i t y ;  Sadsorbat e is the weight fraction of adsor- 
bate in the adsorption layer; Madsorbate is the ad- 
sorbate molecular weight. 

The value of the weight fraction Sadsorbat e may 
be found from the Lorentz-Lorenz equation writ- 
ten in the form of Eq. (B12). 

solution 
Re 

] II adsorption layer -o I 0; m 

polymer film 
n2 

l 
Si02 

-o n3-ik3 

. t Si 
, n4-ik4 

Fig. 2. Optical  model of a symmetrical three-layer film 

...•x. / ' ~  ~ o 0 

7 " /  

Fig. 3. Cell for the ellipsometric experimental arrangement 

The equilibrium adsorption data were analyzed 
by the Langmuir adsorption isotherm Eq. (4). In 
most cases adsorption equilibrium on polymer 
surfaces [14, 15] is described by Langmuir ad- 
sorption isotherms only for relative small concen- 
trations of adsorbate. Therefore, according to 
Eqs. (4) and (9), it is reasonable [8], for relative 
small adsorbate concentrations, to determine the 
experimental, Fexp, and calculated, Foal, values of 
adsorption isotherms as 

Fex p = blc - -  b2 c2 n t- b3 c3 

Fea  1 = C m [KpC - -  ( K p c )  2 -{- (KpC) 3 ]  . 

The coefficients in Eq. (16) are given by 

bl = FmKp, b2 = FINKS, b3 = F m  K3, 

Kp = b2/bl,  Fm = b~/b2 �9 (16) 
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If the dimension of F~.p is #mol/m 2 and the 
concentration of c is mmol/L, then 

Kp [L/mmol] = bE/bl, r~., [#mol/m 2 ] = b2/b2 

(17) 

In Eq. (16) the coefficients of b 3 may be used as 
a criterion to  apply the Langmuir adsorption iso- 
therms in Eq. (4). According to Eq. (17), it is rea- 
sonable to write 

6" = I1 - blb3/b21. (18) 

The value of 6" is equal to zero when the 
Langmuir adsorption isotherms are valid. 

Now, we consider the method based on an 
analysis of adsorption kinetics. The local adsorp- 
tion equilibrium at the interface is reached in 
a dynamic way, because the adsorption process 
on the polymer/solution interface is governed by 
diffusion [8, 16-19]. According to the analysis 
[8, 16-19], the adsorption process as t --) 0 can be 
described in the following form 

Gel = r/ro ~ a~ 1/2 , (19) 

where Fo is the maximum amount of adsorption 
(dependent on the adsorbate concentration in 
solution). 

For different temperatures, the time depend- 
ence of Fr~l v e r s u s  t 1/2 is linear for short time 
periods. According to Eq. (19), for the Langmuir 
adsorption isotherm the slope, So, is given as 

So = a0(1 + b)/b, b = K ' c ,  K * ( T )  

= K~ a0 = constant , (20) 

where ( -  A H  *"b) is the apparent activation en- 
ergy of the non-equilibrium adsorption process 
on the polymer/solution interface as t---, 0. 

According to the van't Hoff equation [9] and 
Eq. (20), the apparent activation energy of the 
adsorption process, ( -AH*ab) ,  may be cal- 
culated by using Eq. (24) if the value of b(T1) is 
found from the equilibrium measurement at tem- 
perature T1 and the values of slope, so(T1) and 
so(T2), obtained from the kinetic measurements at 
temperatures Tt and T2, respectively, 

A H  *"b = R [ T t T z / ( T 2 -  T~)]ln{1 + [1 + b(T1)] 

x (a 0 -- 1)},~ o = so ( r l ) / so ( r2 ) .  (21) 

The adsorption process as t---r 0o can be de- 
scribed in the following form [8, 16-19] 

Fr~l ~ 1 - a ~ [dC(co)/dc]t-  1/2, 

d(1 - Fr~l)/dt- 1/2 ~ a o [dr(co)~&]. (22) 

For different temperatures, the time dependence 
of (1 - Gel) versus t-1/2 is linear for long time 
period. According to Eq. (22), for the Langmuir 
adsorption isotherm the slope, s~, is given by 

soo = aoob/(1 + b) 2, b = K 'c ,  K * ( T )  

= Kp ~ exp (AH*"b/RT),  ao~ = constant ,  (23) 

where ( -  AH *ab) is the apparent activation en- 
ergy of the non-equilibrium adsorption process 
on the polymer/solution interface as t ~ ~ .  

According to the van't Hoff equation [9] and 
Eq. (23), the apparent activation energy of the 
adsorption process, ( -AH*ab) ,  may be cal- 
culated by using Eq. (24) if the value of b(T1) is 
found from the equilibrium measurement at tem- 
perature 7"1 and the values of slope, sodT1) and 
s~(T1), obtained from the kinetic measurements 
at temperatures 7"1 and T2, respectively, 

A H  *ab = - R [ T t  Tz/(T2 - T1)] 

• in [B - -  (B  2 - -  b 1 2 ) U 2 ] ,  

B = [a~(1 + b~) 2 - 2b~]/(2b~) 

bl = b(T1), o~ = s~(T1)/so~(T2) (24) 

Thus, the apparent activation energy of the 
adsorption process can be calculated from 
Eqs. (21) and (24) by using the experimental kin- 
etic data. 

Ellipsometry measurements were performed 
with a Rudolph Auto E1 ellipsometer, using 
a He/Ne laser, 2 = 632.8 nm, and an incident 
angle of 70 ~ A stress-free cell with faces set at 
70.0 ~ (Precision Cells, Inc.) was utilized for the 
adsorption measurements, as shown in Fig. 3. Sol- 
vent was placed over the sample in the cell and 
stable base values of A and ~ were established for 
a period of 1-2 min. Phenol solution was then 
introduced into the cell, and the ellipsometric 
parameters A and ~k were then monitored every 
15-20 s. 
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Experimental materials 

The polyimide/siloxane [poly(imide/siloxane) 
block copolymers (siloxane 35%) with a molecu- 
lar weight of 960], 6F photoimagable fluorinated 
polyimide (with a molecular weight of 720) and 6F 
polyimide (with a molecular weight of 690) were 
investigated. Cyclohexane was dried with 10 mesh 
Davison 3-A molecular sieves. Solutions were 
made fresh daily. The organic bases used for titra- 
tion of surface activity included pyridine (99 + % 
mole pure, Aldrich chemical), ethyl acetate (certifi- 
ed ACS grade from Fisher Scientific), chloroform 
(99.9 + %, A.C.S. HPLC grade), iodine and 
dimethyl sulfide (99 + %, Aldrich Chemical). The 
phenol was purchased from Aldrich and sublimed 
before use. The methylene iodine 99%, was pur- 
chased from Aldrich and purified before use by 
passing through a column of basic alumina; the 
resulting liquid was a pale straw color; all solu- 
tions for titrations by contact angels were stabil- 
ized with copper turnings and stored in the dark. 
The thicknesses of polymer films (spin-coated 
onto 10-cm polished silicon wafers) used in these 
studied were 80,100,120nm for polyimide/ 
siloxane, 6F photoimagable fluorinated polyim- 
ide, 6F polyimide, respectively. Most measure- 
ment were made at 23 ~ and in a 10~ cold- 
room in which the solutions and apparatus were 
stored overnight before measurements were made. 

Discussion 

The heats of adsorption for the various types of 
polymer powders were measured by flow micro- 
calorimetry [4]. The values are listed in Table 1. 
The statistical analysis of the flow micro- 

2.0 

calorimetric measurements shows that the Stand- 
ard deviations in the heats of adsorption in 

1.5 
Table 1 in repeat runs were found to be about 5% _-2- 
in all cases. 

Three Lewis acids (phenol, chloroform, and ~ 1.0 
iodine) and three Lewis bases (pyridine, ethyl ace- -~ 
tate, and dimethyl sulfide) were used as probe ~ o.~ 

C) 

molecules with the known Drago constant 
[1, 2, 4] for the estimation of acidity-basicity 0.0 
properties of sites on the substrate and poly- 
meric solids. According to references [1, 2, 4], the 
values of the Drago constants may be found 
graphically. 

T h e  EA, EB and CA, CA constants for the surface 
sites of polymer films have been determined 
calorimetrieally from the heats of adsorption of 
acidic or basic test probe molecules of known EA, 
E~ and CA, CA constants, as illustrated in 
Figs. 4-6. These figures is a graphical method of 
solving two and three equations for two un- 
knowns (EA and CA or EB and CB). In these 
figures, each straight line represents the average 
heat of adsorption of a test base or acid with the 
surface sites of a fine polymer powder, using the 
Drago Eq. (1) in the following forms 

E A  = ( - d Z - l " b ) / e B  - -  C A ( C B / E B ) ,  

EB = ( - -  A H a b ) / E A  --  C B ( C A / E A )  . 

The intercept at CA = 0 is ( - A H a b ) / E B ,  and 
the slope is CB/EB. The intercept at CB = 0 is 
(--AHab)/EA, and the slope is CA/EA. In 
Figs. 4-6 it can be seen that the test bases were 

Table 1. Heat of Adsorption by Microcalorimetry (k J/tool) 

Powder Polymer 

polyimide/ 6F photo- 6F polyimide 
siloxane imagable 

fluorinated 
polyimide 

Phenol 50.78 58.88 42.6 
Chloroform 26.1 29.38 13.44 
Iodine 14.0 21.6 13.1 
Dimethyl sulfide 25.2 25.97 10.22 
Ethyl acetate 12.5 22.44 9.68 
Pyridine 25.66 41.18 17.65 

FA=1.80• 
- .  C^=0.73• 

. . . . . . . .  ~, ,  D INETHYL 5ULFIDE 
" "  . . . . . . . .  " ~  . . . .  ETHYL ACETATE 

" ' -~ -  ~ . . . . . .  - . . . . . . .  PYRIDINE 

x 
I l b l l l l l [ l l l l [ l l l l  [ l [ l ~ l l l l ~ l l l l l l l l l l ~ l l l l l l l l l [ l l l l l l l l l  

0 1 2 3 4 5 6 

EA,(kca!/mol) 1/2 

Fig. 4. Graphical determination of the E and C parameters 
for polyimide/siloxane powder using the heat of adsorption 
by microcalorimetry as listed in Table 1 
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x EA=4.61 • 
--,,,,, -, CA=0.69.0.12 

. .  x 

" ' , - .  x DINETHYL SULFIDE 
""-..~., . . . .  ETHYL ACETATE 

" ~ . . . .  . . . . . . . .  PYRIDINE 
\ 
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2 4 6 8 10 

EA,(kcGl/mol) Vz 

Fig. 5. Graphical determination of the E and C parameters 
for 6F photoimagible fluorinated polyimide powder using 
the heat of adsorption by microcalorimetry as listed in 
Table 1 

Table 2. Drago E and C Constants for Powder Polymer 
[units of (kcal/mol) l/2 ] 

Powder Polymer 

polyimide/ 6F photoimagable 6F polyimide 
siloxane fluorinated 

polyimide 

CB 1.03 2.75 1.5 
E B 2.34 2.63 1.6 
C~/E. 0.44 1.04 0.93 
CA 0.73 0.69 0.27 
E g 1.8 4.61 2.1 
CA/E A 0.4 0.15 0.13 

1.00 

0 ,75  
e. 

o E 0.50 
-5 
o 

& 0.25 
f J  

0.00  

, EA=2.10:~0.30 
\, CA=0.27• 

\ 

Xx 

" ' " ' - .  x - -  DINETHYL SULFIDE 
" ' - . .  ' . . . .  ETHYL ACETATE 

- . .  \ . . . . . . . .  PYRIDINE 

i i ] 1 1 1 1 1 1 1  , 1 1 1 1 1  i l l  i 1 1  , J  ) I ] I ] I L J , I ' ~ ' , I ,  , L  , , i  * , , J i L ~ L J J I L I J ,  

0 1 2 3 4 5 

EA,(kcal/mol) ~/z 

Fig. 6. Graphical determination of the E and C parameters 
for 6F polyimide powder using the heat of adsorption by 
microcalorimetry as listed in Table 1. 

2 8  

cccco 23 ~ 
4 ,,,,, 10~ 

o E 2 7 ~  
~ . .  

c- 26 >, 
"1o' 

0~" 25  

"d~ ~ (_&HOb)=44.6kd/mol 
24 i i i i i i i  J l i l l l l I , J I I ] ] l l l l l j j l l J tLL i i i i  I 

0 2 4 6 

PHENOL CONCENTRATION,mM 

Fig. 7. Gibbs plot of the decrease in interracial free energy at 
the solution-polyimide/siloxane interface (TLCosO) versus 
phenol concentration in CH212 

chosen to have different CB/EB slopes so as to 
have statistically significant intersections because 
the EA and CA constants for polymer films are 
determined from the intersection. 

The data are plotted in the form of graphical 
solutions of the Drago Eq. (1) for the three sub- 
strate materials and the various polymers (poly- 
imide/siloxane, 6F photoimagible fluorinated 
polyimide and 6F polyimide), as shown in 
Figs. 4-6, respectively. The resulting Drago con- 
stants for the various polymers are summarized in 
Table 2. 

From Table 2 it follows that the basic constants 
show that the polyimide/siloxane is of intermedi- 
ate strength and is significantly harder than 6F 
photoimagible fluorinated polyimide and 6F 
polyimide. The acidic constants show that the 
polyimide/siloxane is significantly softer than 6F 

photoimagible fluorinated polyimide and 6F 
polyimide. 

Calorimetric techniques used for powder and 
fiber analysis are not sensitive enough for such 
a flat surface as polymer films. 

A contact angle technique allows one direct 
determination of the surface tension, 7LCOSO, on 
the solution-solid interface if the surface is micro- 
scopically flat. 

In this study methylene iodine (CH212) has 
been used as the solvent, since this liquid has 
a high surface tension and large contact angles for 
most polymers. 

The experimental dependencies (~L COSO) ver- 
sus phenol concentration, e, for two temperatures 
are shown in Fig. 7 for the series of phenol- 
methylene iodine solutions onto polyimide/silo- 
xane. Since contact angles decrease with time, all 
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measurements were made after waiting lh, when 
changes of contact angles were negligible. The 
data points between 0 (pure solution) and 6.4 mM 
at 23 ~ and the data between 0 and 4 mM at 
10~ data were fit to third-order polynomial 
functions. By use of a computer with these experi- 
mental data, Eq. (9) can be found in the following 
form 

7L(COSO) = 24.28 + 0.73C -- 0.11C 2 

+ 0.0065C a (at 23 ~ 

yc(COSO) = 25.71 + t.16c -- 0.403c 2 

+ 0.0485c 3 (at 10 ~ 

From the preceding equations and by using 
Eqs.(12) and (13), we find the constants 
Kp = 0.301L/mmol, 6 o = 0.7 (at 23 ~ 
Kp = 0.695L/retool, 6 ~ = 0.74 (at 10 ~ and heat 
of adsorption 

( - A H  "b) = 53.55 l n [ K p ( T 1 ) / K p ( T 2 ) ]  

= 44.6 k J/tool.  

For the preceding case, the accuracy of the 
calculation of the heat of adsorption is relatively 
slow, since, according to Eqs. (9)-(13), the accu- 
racy of calculations decreases when the value of 
6 ~ is more than 0.5. 

It should be noted that in some cases the values 
of contact angles change minimally when adsor- 
bate concentrations increase significantly. For 
example, the contact angles scarcely changed 
when phenol concentrations were more than 
4 mM at 10 ~ and more than 7 mM at 23 ~ for 
polyimide/siloxane films. For 6F photoimagable 
fluorinated polyimide and 6F polyimide films, the 
change of contact angles, depending on phenol 
concentrations, was negligible; therefore, in these 
cases the contact angle technique is ineffective. 
This difficulty may be surmounted by using ellip- 
sometry. 

An ellipsometric technique allows one to di- 
rectly determine the adsorption layers on polymer 
films when solutions have arbitrary values of both 
surface tensions and contact angles. 

The equilibrium adsorption of phenol in cyc- 
lohexane on polyimide/siloxane, 6F photo- 
imagible fluorinated polyimide and 6F polyimide 
films has been investigated by ellipsometry. 

Gibbs adsorption isotherms for phenol in cyc- 
lohexane on the various polymer films at 23 ~ 

and 10 ~ are presented in Figs. 8-10, respective- 
ly. From the experimental data in Figs. 8-10 and 
Eqs. (16), adsorption parameters and heat of ad- 
sorption are equal to: 

for polyimide/siloxane 

F m = 1.91 #mol/m z, Kp 

= 0.031L/mmol(23 ~ 

6* = 0.23(23 ~ 

Kp = 0.0715L/mmol(10 ~ 3* = 0.16 (10 ~ 

( - A H  ab) = 44.7 kJ/mol 

for 6F photoimagible fluorinated polyimide 

F m = 4.05 #mol/m 2, 

Kp = 0.044L/retool(23 ~ 

6" = 0.13(23 ~ 

Kp = 0.111L/mmol(10 ~ 6" = 0.15 (10 ~ 

( - A H  ab) = 49.5 kJ/mol 

for 6F polyimide 

/ ~ m  = 1.24 #mol/m 2, Kp 

= 0.0297L/mmo1(23 ~ 

6" = 0.3(23 ~ 

Kp = 0.0598L/mmol(10 ~ 3" = 0.24 (10 ~ 

( - -  A H  ab) = 37.5 kJ/mol.  

For the preceding cases the accuracy of the 
calculations of the heats of adsorption is relatively 
high, since, according to Eqs. (16) and (18), the 
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Fig. 8. Adsorption isotherms for phenol from cyclohexane 
on polyimide/siloxane film for different temperatures 
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different temperatures 

accuracy of calculations decreases when the value 
of 5* is more than 0.5. 

It should be noted that the foregoing values of 
the heat of adsorption are averaged values with 
respect to the phenol concentrations. 

The non-equilibrium adsorption of phenol in 
cyclohexane on polyimide/siloxane, 6F photo- 
imagible fluorinated polyimide and 6F polyimide 
films has been investigated by ellipsometry. 

The kinetics curves for adsorption of 2 mM 
phenol in cyclohexane on the various films at 
23~ and 10~ are presented in Figs. 11-14. As 
shown in Figs. 11 and 12, for the two tempera- 
tures, Frel versus t u 2  are the straight lines as t ~ 0. 
Inserting the values of the slopes, So, at tempera- 
tures 7"1 and T2 into Eq. (21), the apparent activa- 
tion energy of the adsorption process is 
( I A H ~  ab) = 50.2  kJ/mol for polyimide/siloxane 
and ( - A H ~ a b ) = 4 8 . 8 k J / m o l  for 6F photo- 

imagine fluorinated polyimide. Similarly, as 
shown in Figs. 13 and 14, - In (1  - F,ol) versus 
t-  1/2 are the straight lines as t ~ oo. Inserting the 
values of the slopes, s~,  at temperatures T1 and T2 
into Eq. (24), the apparent activation energy of the 
adsorption process are ( - AH *"b) = 52.7 kJ/mol 
for polyimide/siloxane and ( - AH~ ab) = 46.7 k J/ 
mol for 6F photoimagible fluorinated polyimide. 

The values of effective heat of adsorption ob- 
tained from the asymptotic analysis is kinetic 
curves as t--. 0 and t-~ oo are almost identical. 
The standard deviations in the heats of adsorp- 
tion in repeat runs obtained from the ellipsomet- 
ric data were found to be about 7% in all cases. 

Thus, the method based on the asymptotic ana- 
lysis of kinetics curves allows one to measure on 
planar polymer surfaces the apparent activation 
energy over a wide range of adsorbate concentra- 
tions. Therefore, the ellipsometric kinetic method 
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cess and heats of adsorption on polyimide/siloxane film ver- 
sus for phenol concentrations 

can be used to directly study the non-equilibrium 
adsorption processes on planar polymer surfaces. 

Now let us compare the heats of adsorption 
( - AHab), obtained by ellipsometry for the equi- 

librium case, with the apparent activation energy 
of the adsorption processes ( - AH*ab), obtained 
by ellipsometry for the non-equilibrium (kinetic) 
case. The apparent activation energies of the ad- 
sorption process ( -AH*ab) ,  on polyimide/ 
siloxane film from cyclohexane over a wide range 
of phenol concentrations in cyclohexane, mea- 
sured by ellipsometry in the non-equilibrium (kin- 
etic) case, and the heats of adsorption ( - AH"b), 
obtained by ellipsometry for the equilibrium case, 
are represented in Fig. 15. The values of both 
( - AH *ab) and ( - AH "b) decrease with occupa- 
tion of the active sites of the polymer films. 

The heats of adsorption phenol from cyc- 
lohexane on polyimide/siloxane film calculated 
from the adsorption isotherms for the tempera- 
tures are presented in Figs. 8-10. From the ana- 
lysis of these results shown in Figs. 8, 9 and 15, it 
follows that the values of the heats of adsorption, 
obtained from Figs. 8 and 9 (in fact, averaged over 
the adsorbate concentrations), are nearly coinci- 
dent with the values of apparent activation ener- 
gies of the adsorption process determined from 
Fig. 15 after averaging with respect to phenol con- 
centrations, From the preceding results it follows 
that values of the heats of adsorption on polymer 
powders and polymer films obtained by flow 
microcalorimetric, contact angle, and ellipsomet- 
tic techniques have given good congruent 
results. 

Conclusions 

The heats of adsorption on a planar surface 
(polymer films) and a particular surface (polymer 
powders) and polyimide/siloxane, 6F photoima- 
gible fluorinated polyimide and 6F polyimide ob- 
tained by using various techniques (flow micro- 
calorimetry, contact angle and ellipsometry) are 
found to be approximately the same. The Drago 
acid and base constants calculated for various 
polymers allow us to estimate the softness and 
hardness of acid-base sites of polyimide/siloxane, 
6F photoimagible fluorinated polyimide and 6F 
polyimide by using the values of ratios of C/E 
represented in Table 2. 

The method of analysis of acidic-basic proper- 
ties, based on the use of adsorption kinetic curves 
obtained by ellipsometry, have essential advant- 
ages over the contact angle technique. Therefore, 
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this method may be used for the investigation of 
the interface of polymer films. 

Appendix A 

The optical system used, as shown in Fig. 2, 
consists of the following layers: bulk silicon (Si) 
with a complex refractive index, n * =  n4- ik4 ,  
a layer of silica (SiO2) with a refractive index n 3 
with a thickness d3, the polymer film with the 
refractive index n2 and a thickness d2, the adsor- 
bed layer with a refractive index nl = nan.layer and 
a thickness dl  = nad.layer, and a surrounding solu- 
tion with the refractive index no. 

The state of polarization of polarized light is 
changed upon reflection at a surface. The total 
electric vector E may be resolved normal to the 
plane of incident and both normal to the direction 
propagation, i.e., E~ ), E~ r) and E~ i), E~ i), where the 
superscripts (i) and (r) correspond to the incident 
and reflected waves, respectively. 

The overall reflection coefficients for the nor- 
mal (R (p)) and perpendicular (R (~)) polarized light 
for the multilayer film are given by [13] 

R (~) = [r(oXt + R~)2exp( -- 2i61)3/[1 + r(oXl R~2 ) 

x exp( - 2i6a)], i = ( - 1) 1/2 (A1) 

= r.(x)  l~(x) 2 i 6 j ) ] /  R}~+ 1) IJ j ( j  + 1)-t-  --(j + 1)(j + 2) e x p ( - -  

• [,1 + r~j)+l)RJ~j)+l)(j+2) 

x exp( - 2i6 f l ] , j  = 1, 2 (A2) 

6k = (27r/2)dk COS0k, k = 1, 2, 3, (A3) 

where (x) denotes the normal (p) and perpendicu- 
lar (s) directions of the polarized light; 6k is the 
phase shift in radians of the polarized light; The 
Fresnel reflection coefficients are given by 

F]~J)+ 1) = (n( ~] + 1)COS0j - -  F/] ~ COS0(j + 1)) /n~ + 1) 

x cos0j + n* cos0(j+l)), 0 < j  <3 (A4) 

r~]  + 1) ~- (hi  ~ COS0j - -  H~ + 1)COS0(j + 1)) / (n~ COS0j 

+ n~+l)cos00+l)), n* = nj - i k j ,  

(A5) 

where j and j + 1 are the subscripts of media 
n* and n*+ 1, respectively; n* is a complex refrac- 
tive index; nj and kj are real and imaginary com- 
ponents of the refractive index; 0j and 0j + 1 are the 
incident and reflection angles, respectively; nj is 
the refractive index of layer j and 0j is the inci- 
dence angle at layer j. 

The refractive indices and the incidence angles 
at layers j and (j + 1) are related to each other 
according to Snell's law 

n~+ 1)sin0(j+x) = n*sin0j, 0 < j  < 3 .  (A6) 

The angles ~ and A measured by ellipsometry 
are related to the reflection coefficients of the 
normal (R (p)) and perpendicular (R (s)) polarized 
light components by 

p - R(P)/(R (S) = tan(U)exp(iA) (A7) 

Let 

r /=  exp( - 2i61) .  (A8) 

Then, Eqs. (A1) through (A8) can be rewritten 
in a form suitable for the numerical calculations 
as 

At/2 -k- Br/--k C = 0, 

I /=  [- - B ___ (B E - 4 A C ) I / z ] / 2 A  

A = R~)2R~S)2 ( p r ~  - r~S)l) 

B r~), r ~  (pR~)2 is) = -- R12) + pRt,  S)2 -- R~)2 

C = " " ( s )  - r~ '~  F ' 0 1  

(A9) 

From Eq. (A9), we find 

dl - d a d . l a y e r  = (2/4n) [,ilnrl/(n .2 nZsin 2 00) 1/2], 

Im(ilnq) = 0, nl =/lad.layer (A10) 

The thickness of the adsorbed layer and the re- 
fractive index of the adsorbed layer may be found 
simultaneously from Eqs. (A10). 

Appendix B 

The adsorbate density in the adsorbed layer 
decreases with increasing distance from interface 
[-20-22]. Therefore, the adsorbed layer is not 
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homogeneous and the refractive index g/ad.layer and 
thickness dad.layer of the adsorbed layer represent 
optical average values, i.e., nad.layer and dad.layer , 
which the ellipsometr_ic technique may find. The 
physical meaning of had.layer and dadaayer for vari- 
ous adsorbate and polymer mixtures with various 
segment distribution has been discussed by 
McCrackin and Colson [23]. 

The molar refraction of the adsorbed layer 
Rad.layer , consisting of a mixture of solvent and 
adsorbate, can be found by using the Lorentz- 
Lorenz equation 1-13] 

* = 0~solRs*ol + * (B1) Rad. layer  (~absorbateRadsorbate 

R *  = ViRi ,  R i ---- (n  2 - -  1)/(n~ + 2), (B2) 

where ~i and V~ are the mole fraction and the 
volume of the solvent and adsorbate, respectively; 
ni is the refractive index of component i. The 
volume of the adsorbed layer is given by 

Vad.layer = O~so I Vso I "3 I- O~adsorbate~Vadsorbate , (B3) 

where ~ is the ratio of the adsorbate volume in the 
adsorbed layer and in the bulk. 

The parameter ~ characterizes the change (or 
compression) of the adsorbate density in the ad- 
sorbed layer. The weight fraction Xi of the sub- 
stance i is given by 

X i = ci/Pi , (B4) 

where Cl is the weight concentration of the sub- 
stance i in gram per volume (9/cm 3) and Pi is 
a density of the substance i (9/cm3). 

From Eqs, (B1) through (B4), we find 

Rad.layer0~ 0 = X s o l R s o  I -'1- Xadsorba teRadsorba te ,  

~0  = X s o l  .31_ ~Xadsorba t  e , (B5) 

where Xadsorba t  e is the weight fraction of the adsor- 
bate in the adsorbed layer. If a density of adsor- 
bate is the same in the adsorbed layer and in the 
bulk, then r = 1 and ~0 = 1. 

From Eqs. (B1) through (B5) it follows that the 
refractive index in the adsorbed layer nad.tayer de- 
pends on the polymer concentration in the adsor- 
bed layer in the complex manner. In fact, from 
Eqs. (5) the derivative fl is equal to 

fl = dtlad.layer/dXadsorbate "~ (Radsorbate 

2 
- -  R s o l ) ( n a d . l a y e r  + 2)2/ (6GtOnad. layer)  - (B6) 

However, as first approximation for low adsor- 
bate concentration, we may assume that fl is con- 
stant and the refractive index of the adsorbed 
layer had.layer depends on the adsorbate concentra- 
tion in the linear form, i.e., 

/'lad.layer = /%ol + flACadsorbate/Padsorbate, ACadsorbate 

= Cadsorbat e - -  C0.adsorbat e , (B7) 

where C0.adsorbate is the adsorbate concentration in 
the bulk. 

According to McCrackin and Colson _[23], the 
average thickness of the adsorbed layer dad.layer is 
given as 

O0 

L d . l a y e r  = ~ [g /ad . l aye r (S)  - -  nsol]dx/  
o 

• (had.layer -- nsol) , (B8) 

where rtad.layer(X ) is the refractive index in the 
adsorbed layer which is a function of the distance 
x from the surface (x = 0). From Eq. (B8), we find 

[ / ' / ad . layer (X)  - -  g/soil  d X  = dad.layer(/~ad.layer - -  /'/sol) 
0 

(B9) 

The adsorbed amount per unit of surface, F, is 
given by 

F = ~ ACadsorbate(X)dx , ACadsorbat e 
0 

= Cad.layer -- C0.adsorbate �9 (B10) 

If the dimension of F is mole per unit of surface, 
then from Eqs. (B7) through (B10), we find 

F =dad . l aye r (nad . l aye r  - -  l'lsol)Padsorbate/(flMadsorbate) 

dad.layerPadsorbateXadsorbate/madsorbate (B 11) 

Xabsorba t  e ~ 6F/ad.layer(F/ad.layer - -  nsol) / 

• [ (Rabsorbate  - -  g s o l )  
2 X (had.layer + 2) 2] , ( B 1 2 )  

where Xabsorbat e is the weight fraction of adsorbate 
in the adsorbed layer; Mabsorbate is the molecular 
weight of the adsorb~/te. 
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