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occur under dilute growth conditions. Quasielastic light 

in time, as opposed to the critical growth observed close 
to the gel Point. This exponentid growth and the observed 
dimension of D = 2 indicate nonequilibrium cluster for- 
mation via reaction-limited aggregation. Thus different 
preparative pathways can be used to modify the strut- 
ture of silica gels. 
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ABSTRACT: Adsorption and desorption rates at high surface coverage are reported for poly(methy1 meth- 
acrylate) (PMMA) adsorbed from dilute carbon tetrachloride solution (1 mgmL-l) onto a single silicon 
oxide substrate a t  30.0 OC. The method of measurement was infrared spectroscopy in attenuated total 
reflection. The polymer fractions studied were deuterio (d-PMMA) and protio (h-PMMA) with matched 
degrees of polymerization N ,  = 570 and 640, respectively. No adsorption isotope effect was expected, nor 
noted experimentally. The rapid adsorption of d-PMMA onto the initially bare surface was followed for 1 
h, a t  which time the ambient solution was changed either to a solution of h-PMMA or to  pure CCld. De- 
sorption of d-PMMA after this time was linear in the elapsed time over 6 h, with rate on the order of l % 
h-1, and this rate was the same into a solution of h-PMMA as into pure CCl4 a t  30 and 4 0  OC. The infra- 
red bound fraction, Le., the fraction of segments in direct contact with the surface, was also measured. 
During adsorption onto initially bare surfaces, the average bound fraction took the constant level p = 0.25 
throughout the experiments. However, for h-PMMA penetrating the preadsorbed d-PMMA layer after 
this polymer was allowed to adsorb for 1 h, the average bound fraction was p = 0.1 a t  elapsed times of 
minutes but rose to p = 0.2 after 6 h. This indicates that  incoming chains underwent spreading a t  the 
surface. Control experiments with stearic acid in CCl4 showed that adsorption-desorption kinetics in this 
system were more rapid than the experimental time scale. This suggests that  despite slow rearrangements 
of the overall chains, rearrangements may have been rapid a t  the level of individual segments. The  surface 
excess adsorbed amount in this PMMA system was dominated by sluggish relaxation and, by inference, by 
metastable nonequilibrium states. 

Introduction 

What physical picture should one imagine of poly- 
mers a t  a surface? It  has long been known that the mass 
adsorbed usually amounts to more than a monolayer of 
repeat units; therefore presumably the segments of chains 
between adsorption sites loop into solution. Much the- 
oretical attention has been given to describing the spa- 
tial distribution of segments at  equilibrium. Tails a t  the 
ends of the macromolecules dangle dozens or hundreds 

of angstroms into solution; loops of various sizes also dan- 
gle into solution; and the entire structure is anchored to 
the surface by only a fraction of the potential adsorption 
sites. The resulting concentration profile decays roughly 
exponentially with distance from the surface, and its char- 
acteristic thickness is predicted to be of the same order 
as the correlation length. For polymers adsorbed from 
dilute solution, this distance is of the same order as the 
radius of gyration of an isolated chain in solution. On 
the experimental side, information of a definitive quan- 
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titative nature is difficult to obtain because of the extremely 
low mass of an adsorbed layer, typically only 1-10 mgm-2. 
There are a number of recent reviews of what occurs, or 
is predicted to occur, a t  static eq~ilibrium.l-~ 

Another experimental approach to exploring adsorbed 
polymer layers is to consider the underlying microscopic 
dynamics. Little is known yet quantitatively about the 
rates and the mechanisms of the mobility of polymers in 
thin interfacial regions. Most of the rate measurements 
one finds are qualitative, made to determine the contact 
time necessary to reach steady-state levels of adsorp- 
tion. However, there are a t  least two motives for seek- 
ing to understand dynamics. One is to understand sur- 
face motions and relaxations, in particular the dynamics 
that must underlie an overall adsorption equilibrium. This 
is important in both pure and applied science where the 
use of adsorbed polymers is ubiquitous. A second motive 
is to firmly assess the conditions for reversibility or irre- 
versibility in the adsorption process. The conditions are 
not yet known under which it is appropriate to make the 
common assumption of equilibrium configurations a t  
smooth featureless surfaces. By exploring the rate of relax- 
ation from one adsorption state to another, one may seek 
to gain understanding about the energy barriers that sep- 
arate various equilibrated or metastable states. 

If displacer molecules (initially in free solution) have 
the same chemistry and number of segments as do native 
molecules which previously were adsorbed to steady state, 
then the kinetics of exchange may reflect the rates that 
underlie overall adsorption equilibrium. Fascinating mea- 
surements in this vein have been made by Varoqui and 
co -worke r~ .~ -~  In their original  experiment^,^ tritium- 
labeled polyacrylamide ( M ,  = 1.2 x lo6, M,/M,, = 1.3) 
was adsorbed to steady state from water onto glass beads 
of unusually well-defined surface chemistry and particle 
morphology. The solution was then changed to a solu- 
tion of the same, but unlabeled polymer, and radiation 
counts in the supernatant were monitored with elapsed 
time. The first 15 min saw a rapid drop of 5-105 in the 
surface population of radioactive polymer; for the next 
8 h the rate of exchange slowed; and during the final 9 h 
the rate of exchange obeyed second-order kinetics. Sec- 
ond-order kinetics a t  long times were also consistent with 
the observed linear dependence of rate on the solution 
concentration of displacer, so that a simple bimolecular 
exchange of molecules between surface and solution was 
suggested. Such an exchange was modeled by de Gennes6s9 
in analogy to quantum-mechanical tunneling. 

More recently, these studies using tritium tracers were 
continued in a nonaqueous system, the adsorption of poly- 
styrene ( M ,  = 3.6 X lo5, M,/M, = 1.6) onto silica beads 
from carbon te t ra~hlor ide .~-~  Studies with rather dilute 
solutions showed that up to a well-defined solution con- 
centration on the order of 10 pg/mL, the rates of mass 
flux in to  solution from the adsorbed s t a t e  were consis- 
tent with a single relaxation time on the order of 25 h. 
A t  higher concentrations the exchange kinetics were an 
order of magnitude faster but no longer f i t  a single relax- 
ation time. Results were interpreted to reflect a change 
of the adsorbed layer structure with increasing solution 
concentration: from adsorption in a flat conformation 
to adsorption as a “hairy carpet”. All in all, these stud- 
ies confirmed the earlier conclusion4 of long-lived adsorbed 
states. Recent experiments involving aqueous poly(eth- 
ylene glycol) chains on colloidal silica particles are also 
consistent with this general conclusion.10 

We have been working with single solid surfaces rather 
than colloidal particles. In earlier work, we established 

Table I 
Characteristics of the Poly(methy1 methacrylates) Studied. 

code Mw MwIMn Nwb 
d-PMMA‘ 57 000 1.08 570 
h-PMMAd 64 000 <1.09 640 

Manufacturer’s data based on gel permeation chromato- 
graphy. Since protio standards were used for calibration, the molec- 
ular weight data of the deuterio sample refer to the protio equiva- 
lent. * Number-average degree of polymerization. Deuterio spe- 
cies. d Protio species. 

the feasibility of using Fourier transform infrared spec- 
troscopy (FTIR) in the mode of attenuated total reflec- 
tion (ATR) for studying adsorption of PMMA onto the 
single surface of an infrared prism. We showed that 
protio/deuterio labeling could be used to follow the self- 
exchange of PMMA between the adsorbed state and free 
so1ution.l’ The system, PMMA in CC14, was chosen for 
experimental convenience. The intense carbonyl peak 
of PMMA can be measured with good precision, and CCL 
is nearly transparent in the infrared spectrum. In addi- 
tion, since we wished the osmotic interactions between 
adsorbed chains and incoming chains to be weak, C c 4  
has the advantage of being a poor solvent for PMMA, 
with the 0 temperature for protio-PMMA reported to 
be ca. 27 0C.20 

In our first study,ll the polymer solutions were pumped 
gently through the measurement cell in order to limit 
diffusion as the rate-controlling process in adsorption. 
Later we examined the effects of shear flow on the kinet- 
ics and achievement of equilibration as PMMA adsorbed 
onto an initially bare surface.12 A rich kinetics turned 
out to be associated with the presence of low levels of 
shear flow (3 s-l macroscopic shear rate). Shear flow is 
a complication avoided in the present work. 

In this study, we examine rates of adsorption and de- 
sorption in the absence of externally driven flow. The 
infrared technique used gives information not just about 
the rates of change of the mass adsorbed in toto but also 
about the rates of change of the fraction of adsorbed seg- 
ments. By using a combination of h-PMMA and d-PMMA 
with matched degrees of polymerization, ca. 600, we quan- 
tify the adsorption-desorption exchange kinetics, a t  high 
surface coverage, between the adsorbed state and free 
solution. 

Experimental Section 
Infrared spectra were collected on an IBM IR-44 Fourier trans- 

form infrared spectrometer (FTIR) equipped with a mercury 
cadmium telluride detector. The attenuated total reflection optics 
(Circle Cell) were purchased from Spectra-Tech, Inc. The infra- 
red beam sustained roughly seven internal reflections as it trav- 
eled the length of a cylindrical prism with an  angle of incidence 
of 45’. The prism was mounted inside a thermostated steel 
jacket. 

Anionically polymerized poly(methy1 methacrylate) (PMMA), 
deuterio and protio standards of similar degree of polymeriza- 
tion, were purchased from Polymer Laboratories and were used 
as received. Their characteristics are listed in Table I. Tac- 
ticities were stated by the manufacturer to be ca. 53% syndio, 
40 r c  hetero, and 7 SO isotactic. 

Silicon ATR prisms were employed. As purchased, the sur- 
faces had been polished with 1/4-pm diamond paste. Energy 
transfer in the attenuated total reflection mode is more effi- 
cient for silicon than for the  germanium prism we used 
previously,lI thus enhancing the experimental sensitivity. Repro- 
ducibility of the experiments was better than with the Amtir 
alloy prism which we also used previously.’* Before each exper- 
iment the thermostat cell for the infrared prism was disassem- 
bled and cleaned (soaked in nitric acid, rinsed in water and 
acetone. and dried under dry nitrogen). 
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Figure 1. ATR infrared spectra of d-PMMA and h-PMMA 
adsorbed onto silicon from a solution of concentration 1 mg/mL. 
Note regions of carbonyl vibration (1729 cm-l), of carbon-hy- 
drogen vibration (2953 and 3018 cm-l), and of carbon- 
deuteron vibration (2079 cm-1) plotted in succeeding figures. 

The prism was prepared before each experiment with the 
following protocol: reflux for several hours in ethyl acetate, ultra- 
sound in ethyl acetate for 10 min, treat in oxygen-purged argon 
ion plasma for 1 min. After these ministrations, the experi- 
ment was begun immediately using freshly distilled solvents that 
had been dried over type-4A molecular sieves. First a spec- 
trum was collected of the dry cell, and then a spectrum was 
collected of the cell filled with carbon tetrachloride. Polymer 
solution was not added until 30-60 min after the cell had been 
filled with CC14; this improved the base-line stability. Under 
ambient conditions such as those we used, it is well-known that 
silicon is covered by a native oxide layer.13 

We briefly review the method of attenuated total reflection. 
When a beam of light strikes the interface between a medium 
of high refractive index nl and a medium of lower refractive 
index n2, light is totally reflected at the boundary if the angle 
of incidence 0 is larger than the critical angle, BC = sin-’ (n2/ 
nl). At the point of reflection, an evanescent wave of exponen- 
tially decreasing intensity penetrates the second medium for 
distances on the order of a wavelength. The depth of penetra- 
tion d,, defined as the distance normal to the surface at which 
intensity falls to l / e  of the value at the surface, is given by14 

x d, = 
2nnl[sin2 0 - n,,21’/~ 

where is the light wavelength in a vacuum and n12 = n2/n1. 
An ATR correction was applied arbitrarily to account for the 
differences in d, at various wavelengths. In our experiments 
the first medium was the Si prism and the second medium was 
the polymer solution. Some of the incident radiation was 
adsorbed at the vibrational bands of the adsorbed PMMA lay- 
ers, giving rise to the absorbance reported below. 

The refractive index of Si is 3.42 and that of cc14 is 1.41. In 
these experiments with dilute cc14 solution, the penetration 
depth was d, = 0.48 pm at the carbonyl stretch of 1729 cm-1. 
At every wavelength, the penetration depth was far larger than 
the characteristic thickness of the adsorbed polymer layer (ca. 
the radius of gyration). Therefore the measured polymer peak 
intensities did not contain information about segment distribu- 
tion as a function of depth but represented the surface excess 
of adsorbed polymer in toto. 

The spectra were examined at each stage of the experiments 
for infrared adsorption bands indicating the presence of con- 
taminating surface species, and the experiment was aborted if 
contamination was encountered. Measurements reported here 
employed the Happ-Genzel apodization. They are based on 
the collection of 800 interferograms with a spectral resolution 
of 8 cm-1 and represent a time average of 3 min. 

The solution concentration of PMMA in the experiments 
reported below was 1 mg/mL. However, in repeated runs using 
solutions of concentration between 0.1 and 1 mg/mL, no con- 
centration dependence was detected. 

Results 
Representative Spectra. Figure 1 shows ATR spec- 

tra recorded for d-PMMA and h-PMMA in carbon tet- 
rachloride, ratioed to the spectrum of the sample cell con- 
taining pure CC14. Absorbance is plotted against wave- 

1 s 10 15 0.0 
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Figure 2. Integrated peak intensities for h-PMMA plotted 
against solution concentration as described in the text: (O), 
1729-cm-l carbonyl peak; (A) C-H stretches. 

numbers. The carbonyl peak of PMMA, centered at  1729 
cm-1, dominates. In addition, d-PMMA shows a series 
of carbon-deuteron vibrations in the region 2000-2300 
cm-l, and h-PMMA shows a series of carbon-hydrogen 
vibrations in the region 2800-3100 cm-l. 

The infrared absorption peaks were integrated for pur- 
poses of tracking the surface excess. By Beer’s law, both 
peak height and integrated peak intensity would be pro- 
portional to polymer concentration. However, the latter 
measure is more reliable in the context of the present 
experiment, where oscillator line shapes might be broad- 
ened by local changes in environment during the course 
of adsorption. 

Quantification of the Surface Signal. The useful- 
ness of ATR for quantitative work generally depends on 
using films much thinner than the penetration depth of 
the radiation and on having low energy loss as a result 
of the adsorbed layer. The conditions for Beer’s law to 
hold to a good approximation have been discussed by 
Harrick14 and others.l”17 When they are not satisfied, 
the ATR signal is not necessarily linear in concentration 
because the reflectivity of the interface is not linear in 
solution concentration. The absorption bands in ATR 
may be shifted or distorted in frequency or line shape 
because the reflectivity, which depends on the refractive 
index of the sample, changes abruptly a t  frequencies near 
the sample’s absorption peak. However, adsorption losses 
were low for the present adsorbed PMMA layers, as is 
illustrated in Figure 1. 

Owing to the large penetration depth of the evanes- 
cent wave, the measurements included contributions from 
oscillators in the isotropic polymer solutions in addition 
to those within the adsorbed polymer layers. Account- 
ing for this solution contribution was straightforward. First 
PMMA was adsorbed until the mass adsorbed had reached 
a plateau; then PMMA solutions of a range of concen- 
trations were added in rapid succession. Since the mass 
adsorbed is insensitive to solution concentration over this 
range of dilute solution  concentration^,'-^ the intercept 
a t  c = 0 represented signal from the adsorbed layer. The 
additional signal at finite concentrations was the contri- 
bution from PMMA in solution. 

In Figure 2 the integrated intensities of both the car- 
bonyl peak and C-H vibrations measured by ATR are 
plotted for h-PMMA as a function of solution concentra- 
tion. The relationship is remarkably linear up to the high- 
est concentration investigated, 14 mg/mL. With this slope, 
it was straightforward to calculate the solution contribu- 
tion that corresponded to a given solution concentra- 
tion. For the PMMA data reported below, this cali- 
brated solution contribution was subtracted from the raw 
values of integrated peak intensity. 
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Figure 3. Integrated peak intensities for d-PMMA plotted 
against elapsed time during adsorption onto initially bare sur- 
face: (0) 1729-cm-* carbonyl peak; (.) 2079-cm-1 C-D peak; 
(0) C-D peak normalized to the carbonyl peak. 
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Figure 4. Integrated peak intensities for h-PMMA plotted 
against elapsed time during adsorption onto initially bare sur- 
face: (0) 1729-cm-' carbonyl peak; (0) C-H peaks, (@) C-H 
peaks normalized to the carbonyl peak. 

This calibration of the solution signal also allows one 
to calibrate the absolute level of PMMA adsorbed. The 
integral of the exponentially decaying evanescent wave, 
integrated from the surface to deep into the solution, is 
easily shown to be proportional to c*d, (the bulk solu- 
tion concentration is c, the penetration depth is dp). 
Because the PMMA layer thickness is small compared 
to dp,1-3 the evanescent wave decays to a negligible extent 
as it samples the adsorbed layer. It follows that a peak 
intensity ( 1729-cm-1 carbonyl peak) of 0.23 absorbance 
unitecm-I corresponded to a surface excess of 1 mg/m2. 
Figures 2 and 3 show that the carbonyl peak intensity at  
plateau adsorption was 1.1-1.2 absorbance units-cm-I for 
both d-PMMA and h-PMMA after 10 h of adsorption. 
Therefore the mass adsorbed was 4-5 mg.m-2. 

To  compare the relative surface excess of h-PMMA 
and d-PMMA mixtures during competitive adsorption, 
the intensities of the C-H and C-D peaks were normal- 
ized to the intensity of the carbonyl peak. Figures 3 and 
4 show this normalization for the time-dependent adsorp- 
tion of d-PMMA and h-PMMA, respectively, onto intially 
bare silicon surfaces. Integrated intensities of the car- 
bonyl peak and of the C-H or C-D peaks are plotted 
against the elapsed time. Also plotted are the normal- 
ized peaks: the C-H or C-D peaks after multiplication 
by a constant factor. The agreement between the two 
sets of measurements is excellent, demonstrating that the 
relative peak intensities contained equivalent kinetic infor- 
mation. 

NO Isotope Effect on Adsorption. Presumably, 
PMMA adsorbs a t  the carbonyl group, so no protio- 
deuterio adsorption isotope effect was expected. Nor was 
an adsorption isotope effect observed during co-adsorp- 
tion from a 50:50 mixture of d-PMMA and h-PMMA. In 

nME / HRS 

Figure 5. Surface excess plotted against elapsed time during 
competitive adsorption of a 5050 mixture (by weight) of d-PMMA 
and h-PMMA onto initially bare surface: (0) 1729-cm-l car- 
bonyl peak; (@) normalized C-H peaks; (0) normalized 2079- 
cm-l C-D peak. 
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Figure 6. Infrared peak intensities of stearic acid normalized 
to carbonyl peak plotted against elapsed time for a sequence 
in which the liquid solution was first d-stearic acid in CC4, 
then a 5050 mixture of d-stearic acid and h-stearic acid in CC4,  
and finally pure CCl4 as described in the text: (+) carbonyl 
peak, representing the total mass; (A) d-stearic acid. 

Figure 5 the course of the adsorption is plotted against 
time elapsed for a period of 16 h. One sees that the total 
surface excess was comparable to that for the pure iso- 
topic isomers adsorbed separately (cf. Figures 3 and 4), 
suggesting that the physical process of adsorption was 
not affected by mixing the isotopes. Furthermore, the 
levels of the normalized protio and deuterio peaks were 
the same within the experimental uncertainty, each one- 
half of the total, which demonstrates that neither iso- 
tope adsorbed preferentially. 

Experiments with h- and d-Stearic Acid. In prin- 
ciple, the above observation might have been limited by 
kinetic barriers to equilibration in view of the very slow 
equilibration, which we will describe below. Indeed, the 
protio isotope of stearic acid was previously found to adsorb 
preferentially from hexadecane onto aluminum oxide.18 
Therefore it seemed worthwhile to further check the pos- 
sibility of an adsorption isotope effect using stearic acid. 
Stearic acid of course contains a carbonyl group as does 
PMMA, and an eventual isotope effect might be expected 
to be exaggerated owing to the long alkane tail. 

Figure 6 shows the results of experiments using stearic 
acid (Cambridge Isotopes) in carbon tetrachloride (1 
mg/mL). First d-stearic acid was allowed to adsorb for 
1 h. Next the ambient solution was replaced by a 5050 
mixture (by weight) of d-stearic acid and h-stearic acid. 
Finally the solution was replaced by pure Cc4.  As will 
be reported in detail elsewhere, no preferential surface 
segregation of either isotope was observed. In addition, 
the equilibration time in response to each change in solu- 
tion conditions was rapid-more rapid than the experi- 
mental time scale. 
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Figure 7. Surface excess plotted against elapsed time. After 
1 h, d-PMMA of solution concentration 1 mg/mL was replaced 
by h-PMMA of solution concentration 1 mg/mL. (0) Total 
mass of PMMA; (0) d-PMMA; (e) h-PMMA. 

Desorption into Ethyl Acetate. In principle, one could 
conceive that the slow desorption of PMMA, which we 
describe below, might have resulted from irreversible 
attachment of the PMMA to the surface a t  a small num- 
ber of reactive sites. A control experiment was there- 
fore performed in which, after d-PMMA had adsorbed 
for 1 h, the polymer solution was changed to undiluted 
ethyl acetate. The C-D peaks of PMMA disappeared, 
indicating that the ethyl acetate displaced PMMA from 
the surface, in other words, that the PMMA chains were 
reversibly adsorbed. 

Replacement of d-PMMA in  Solution by h-PMMA 
in Solution. Figure 7 shows the time-dependent adsorp- 
tion from d-PMMA solution for 1 h, followed by replace- 
ment of this solution by h-PMMA solution. The car- 
bonyl peak tracks the total mass of PMMA adsorbed. 
Also plotted are individual levels of h-PMMA and 
d-PMMA adsorbed. Two methods of calculating the sur- 
face excess of h-PMMA gave consistent results. One 
method was to calculate directly from the normalized inten- 
sities of the carbon-hydrogen vibrations, but these cal- 
culated quantities proved to be noisy owing to noise in 
the spectra in the region of the C-H vibrations. There- 
fore the h-PMMA data shown in Figure 7 were calcu- 
lated as the difference between the total mass adsorbed 
(carbonyl peak) and the surface excess of d-PMMA. The 
surface excess of d-PMMA was calculated from the nor- 
malized carbon-deuteron 2079-cm-1 peak, using the cal- 
ibrated relationship between intensity and mass described 
above. 

In Figure 7 the total amount adsorbed continues to 
rise, upon replacing the solution, in the same way as is 
shown in Figures 3 and 4 for continued adsorption of the 
same polymer species. However, these changes in the 
surface excess are accompanied by the time-dependent 
loss of the native population of deuterio species, with 
concomitant time-dependent invasion by the protio spe- 
cies. The rate of mass adsorption is plotted on a magni- 
fied scale in Figure 11. 

Replacement of d-PMMA in  Solution by P u r e  
Solvent. In other experiments, the solutions of d-PMMA 
were replaced after 1 h by pure carbon tetrachloride. Fig- 
ure 8 shows the normalized 2079-cm-l peak of the deu- 
terio species plotted against hours elapsed after this 
exchange. Included for comparison are data replotted 
from Figure 7. Within the experimental uncertainty, the 
rate of desorption into pure CC14 at 30 "C was the same 
as into the PMMA solution. 

Figure 8 includes the result of a similar experiment 
carried out at 40 "C to check the generality of this con- 
clusion. Within the experimental scatter, the rate of de- 

TIME AFTER EXCHANGE / HRS 

Figure 8. Desorption kinetics of d-PMMA. Surface excess is 
plotted against elapsed time after exchange of ambient solu- 
tion: (A) exchange with solution of polymer h-PMMA at 30 
"C; (0) exchange with pure C c 4  at 30 "C; (0) exchange with 
pure CCll at 40 "C. 

0.06 1 

-0 .02  

ieoo 1700 1600 

WAVDR#BERS 

Figure 9. Absorbance of d-PMMA plotted versus wavenum- 
ber in the region of carbonyl absorption to illustrate the sub- 
traction used to calculate the bound fraction. Three spectra 
are shown: ATR spectrum as measured (spectrum with hump 
at low wavenumber), liquid transmission spectrum (symmetric 
spectrum), and the residue after subtracting the other two spec- 
tra as described in the text. 

sorption was not affected by the difference in tempera- 
ture. 

Fraction of Adsorbed Segments. I t  has long been 
known that when PMMA adsorbs by hydrogen bonding, 
the carbonyl peak is displaced to lower frequency (lower 
waven~mber). '~ From the relative intensities of "bound" 
and "free" carbonyl peaks, it is traditional to calculate 
the "bound fraction", i.e., the fraction of segments in direct 
contact with the s u r f a ~ e . l - ~ , ~ ~  

Figure 9 illustrates the raw data: a transmittance spec- 
trum of the carbonyl peak of PMMA in CC14 solution 
compared to an ATR spectrum. It is evident that the 
ATR spectrum is not symmetric about 1729 cm-l but shows 
a distinct hump on the low-wavenumber side, as expected. 
In order to separate this asymmetric peak into two pop- 
ulations, the transmittance spectrum shown in Figure 9 
was subtracted digitally from the ATR spectrum, yield- 
ing the remainder illustrated in Figure 9. 

This subpeak, centered at ca. 1715 cm-', was rather 
broad. This is consistent with the reasonable expecta- 
tion that adsorbed segments found themselves in a dis- 
tribution of environments. In future work, spectra taken 
with resolution higher than 8 cm-l might permit analy- 
sis of line shape. For present purposes, the fraction of 
adsorbed segments was calculated by dividing the inte- 
grated intensity of the subpeak by the intensity of the 
entire carbonyl peak, after correcting this latter inten- 
sity for the solution contribution. 

For adsorption of d-PMMA onto the initially bare sil- 
icon surface, Figure 10 shows the time evolution of the 
bound fraction and Figure 3 shows the evolution of the 
mass adsorbed. Within the experimental uncertainty, the 
bound fraction was constant a t  the level p = 0.26 from 5 
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Figure 10. Bound fractions of PMMA plotted against elapsed 
time during adsorption onto initially bare surface: (A) kinetics 
showing the evolution of bound fraction for d-PMMA in a sin- 
gle experiment; (0) d-PMMA in two other independent exper- 
iments: (0) h-PMMA in an independent experiment. 

TIME A F E R  EXCHANGE / HRS 

Figure 11. Total h-PMMA carbonyl peak and its bound sub- 
peak, plotted against elapsed time afger exchange of d-PMMA 
solution for h-PMMA solution at t = 1 h: (0) surface excess of 
h-PMMA calculated by digital subtraction of ATR spectra; (0 )  
surface excess of h-PMMA replotted from Figure 7; (A) sub- 
peak representing the bound fraction, calculated by digital sub- 
traction. 

min to 15 h, even though the mass adsorbed during this 
time increased by a factor of 1.3. This finding of con- 
stant bound fraction was initially surprising to us. One 
might have expected that the chains which arrived late 
on the surface would be bound a t  fewer adsorption sites. 
However, a large number of repeated experiments con- 
firmed the empirical observation. 

Although the calculated bound fraction was quite con- 
stant in a given experiment, this number ranged from p 
= 0.23 to p = 0.28 in repeated experiments. The mass 
adsorbed in these repeated experiments varied less. The 
extent to which this difficulty in obtaining absolute quan- 
titative reproducibility might reflect scatter in process- 
ing the data or true differences between the experiments 
in the arrangement of PMMA segments a t  the surface is 
not known a t  present. Examples of three calculations 
obtained in independent experiments at  the elapsed time 
t = 4 h are included in Figure 10. Also included for com- 
parison is the bound fraction of h-PMMA (calculated a t  
t = 2 h for the same experiment as is depicted in Figure 
4). For h-PMMA, the bound fraction was found to be 
0.24, in good agreement with the measurements for 

Changes with time in the fraction of adsorbed seg- 
ments were, however, significant for the invasion of 
h-PMMA into a preadsorbed layer of d-PMMA. Data 
showing the time evolution of invasion of the invading 
chains are shown in Figures 11 and 12. Figure 5 shows 
the evolution of the mass adsorbed in this same experi- 
ment. To make these calculations, two digital subtrac- 
tions were needed. From each spectrum taken after the 

d-PMMA. 
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Figure 12. Bound fraction of h-PMMA plotted against elapsed 
time after exchange of d-PMMA solution for h-PMMA solu- 
tion at t = 1 h as described in the text. The dashed line shows 
the bound fraction measured during adsorption onto the ini- 
tially bare surface. The surface excesses of h-PMMA and 
d-PMMA in this same experiment are plotted in Figures 7 and 
11. 

solution was changed to  one of h-PMMA, the spectrum 
taken immediately before the exchange was subtracted 
in such a way that carbon-deuteron peaks of adsorbed 
d-PMMA accounted for the solution contribution. This 
removed the contributions of adsorbed d-PMMA and also 
of d-PMMA in solution for the carbonyl peak. After cor- 
recting for small differences in the concentrations of 
d-PMMA and h-PMMA in solution, this difference spec- 
trum for the carbonyl peak was interpreted to represent 
the carbonyl peak of adsorbed h-PMMA. Then from this 
spectrum of the carbonyl peak, the transmission spec- 
trum of h-PMMA was subtracted in the same manner 
illustrated in Figure 7 to obtain the subpeak of the car- 
bonyl peak attributed to bound h-PMMA. 

Repeated experiments gave consistent results, despite 
the extensive data processing involved. Figure 11 shows 
the data used to calculate the time-dependent bound frac- 
tions shown in Figure 12. Plotted as a function of time 
after exchange are the surface excess amounts of h-PMMA 
and of the subpeak corresponding to the bound fraction. 
The surface excess of h-PMMA has been calculated two 
different ways: by digital subtraction of the ATR spec- 
tra in the manner just described and as the difference 
between the total carbonyl peak intensity and the inten- 
sity of the normalized C-D peak as described above in 
the discussion of Figure 7.  While it is true that small 
numbers were involved, it is evident that the two calcu- 
lations are in excellent agreement. In addition, one notices 
that even after 6 h of elapsed time, the mass adsorbed 
of invading chains was only ca. 0.6 mg.m-2, Le., < lo% of 
the total surface excess. 

The time evolution of the bound fraction of the incom- 
ing chains, calculated from the data in Figure 11, is plot- 
ted in Figure 12. The bound fraction was p = 0.1 on the 
time scale of minutes but rose to p = 0.2 after 6 h. Fur- 
ther work of this nature is in progress; the data plotted 
in Figure 12 for late times are clearly an average over a 
distribution of chain configurations, so that presumably 
chains that arrived just before a given measurement have 
p < pmeasd, while chains that arrived much earlier have 
p > Pmeasd. However, these data suggest already that 
with increasing time spent on the surface, the incoming 
chains became attached at  more and more potential adsorp- 
tion sites. 

Discussion and Conclusions 

The purpose of this study was to explore the mobility 
of adsorbed chains. Quantitative measurements were made 
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of the rates with which amorphous, flexible polymer chains 
adsorbed from solution to a solid surface exchanged with 
labeled polymers originally in free solution. 

A picture emerges of sluggish turnover between the 
adsorbed state and free solution. After rapid deposition 
of polymer onto the initially bare surface, subsequent 
adsorption and desorption rates were remarkably slow. 
When d-PMMA solution was exchanged for h-PMMA 
solution, one expects that at  equilibrium the invading 
h-PMMA chains would have replaced the initially adsorbed 
chains completely. Instead, as illustrated in Figures 7 
and 8, the extent of replacement was a fraction less than 
0.1 even after 6 h. In this respect, the chains were irre- 
versibly bound over the experimental time scale of hours. 

As a means to address the rate of equilibration at  the 
segmental level, parallel experiments were carried out with 
stearic acid. The surface excess of stearic acid in CC14 
responded promptly, faster than the instrumental reso- 
lution, to replacement of the isotopic species in solution. 
In this respect we recall that a polymer may be irrevers- 
ibly adsorbed in two respects, as Barford and Ball have 
noted.21,22 If attachment to the surface is irreversible at  
the level of each repeat unit, then of course the chain is 
adsorbed irreversibly also. However, the chain taken as 
a whole may be adsorbed firmly even though the indi- 
vidual repeat units are in thermal equilibrium between 
the adsorbed and unadsorbed states. The experiments 
with stearic acid suggest that chain adsorption in these 
experiments was irreversible in the latter sense. 

If one supposes that individual PMMA repeat units 
were in thermal equilibrium but that the overall adsorbed 
population of chain macromolecules was not, what is the 
correct picture to visualize of the structure of these poly- 
mer layers? Additional information was provided by the 
infrared bound fraction, p .  The average bound fraction 
took a constant value throughout the experiments, p 
0.25, in the course of adsorption onto the initially bare 
surfaces. One might have expected this value to evolve 
with time under conditions when the total amount of poly- 
mer was increasing. To find that the mean bound frac- 
tion was constant, within experimental uncertainty, is 
consistent with the picture that the chain structure was 
generally slow to rearrange. 

However, exchange experiments showed that as chains 
arrived at  a surface where the surface coverage of poly- 
mer was high to begin with, their bound fraction was a t  
first less (p i= 0.1) and afterward grew with time. This 
suggests that with increasing time, adsorbing chains did 
undergo a spreading process on the surface. The time 
scale of this process was at least hours-considerably slower 
than the adsorption-desorption kinetics of stearic acid 
(a species with a single carbonyl group). The kinetics of 
evolution of the bound fraction is under further investi- 
gation. 

The finding of average bound fraction p i= 0.25 is con- 
sistent with the independent estimate that the surface 
excess was 4-5 mg.m-2. I t  implies that the surface cov- 
erage of segments in direct contact with the surface was 
=! mg.m-z, which is monolayer coverage by PMMA deter- 
mined from surface pressure measurements at  the water- 
air interface.23 The volume fraction directly at  the sur- 
face thus appears to have been close to unity. Surface 
motions and relaxations of a collective nature may then 
be expected to be correspondingly slow, in qualitative 
agreement with the present findings.24 

When literature data are s u r ~ e y e d , ' - ~ # ~ ~  one notices that 
the finding p i= 0.25 is on the low side. Essentially only 
with polystyrene were similar values of the infrared bound 
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fraction estimated (see the tabulated review in ref 1). For 
example, p - 0.2 in the study by Kawaguchi and co-work- 
ers of polystyrene adsorbed from cyclohexane onto col- 
loidal silica a t  the 0 temperatureaZ6 In many other sys- 
tems, including one previous study of PMMA adsorbed 
from CC14 onto colloidal silica,27 p i= 0.5-0.6 or higher 
for chains with degrees of polymerization similar to those 
studied here. This range of estimates of p in the litera- 
ture is difficult to assess. In part it certainly reflects the 
density of surface hydroxyl groups in different systems. 
The density of surface hydroxyl groups is large on col- 
loidal silica and was unfortunately not known in our exper- 
iments. In addition, as Cohen-Stuart and co-workers have 
emphasized,28 an infrared measure of the bound frac- 
tion based on the frequency shifts of carbonyl groups (or, 
in the case of the adsorbed polystyrene, of hydroxyl groups 
on silica26) is expected to respond only to hydrogen bond- 
ing; it is blind to segment-surface interactions which occur 
by weak physisorption rather than a hydrogen bond. In 
view of these considerations, the extent to which it is 
useful to compare the absolute values of the bound frac- 
tion derived from infrared spectroscopy in different sys- 
tems is not clear to us. Rather we wish to emphasize the 
relative values, as discussed above. 

What of the mass flux to and from the surface at  high 
surface coverage? In principle, one may consider a t  least 
three stages of an adsorption process: diffusion of incom- 
ing chains from bulk solution to the surface, changes in 
the conformations of the incoming chains as they pene- 
trate the preexisting layer, and concomitant rearrange- 
ments, in the already adsorbed layer, to accommodate 
the incoming chains. In the experiments described here, 
the rates of adsorption and desorption did not depend 
on the solution concentration over the range of concen- 
trations investigated. This suggests that the second and 
third stages were rate limiting. In addition, the rate of 
desorption into a solution of finite polymer concentra- 
tion was not distinguishably different from that into pure 
solvent. These considerations suggest that desorption of 
chains from the surface was rate limiting for this PMMA 
system. 

It  has long been known that the desorption of adsorbed 
chains, when solution is replaced by pure solvent, is typ- 
ically sma11,4-7,29 exceedingly and largely insensi- 
tive to  t e m p e r a t ~ r e , ~ ~ ~ ~ ~  in general agreement with the 
present findings. The accepted interpretation is that the 
activation energy to peel all segments off the surface a t  
once is prohibitively high. More recent experiments also 
showed that the outward flux in polyacrylamide and poly- 
styrene systems was more rapid in the event of exchange 
into a polymer solution than into pure This 
behavior was notably absent in the present system. In 
the previous studies the reasonable interpretation was 
given that exhange could proceed piecemeal, a small num- 
ber of segments a t  a time, with lesser activation energy 
because of the lesser cooperativity required. We specu- 
late that the different response of the present system may 
stem from a difference in segmental interaction with the 
surface (higher in this system). Unfortunately, a quan- 
titative measure of the segmental interaction energy in 
this system is not yet in hand. 

In summary, this polymer system retained a long mem- 
ory of its adsorption history. The mass flux between sur- 
face and solution was small on the time scale of hours. 
The time evolution of the infrared bound fraction of incom- 
ing chains was slow, preliminary results showing that the 
time scale over which the bound fraction increased was 
at  least hours. A t  the same time, parallel experiments 



3374 Johnson a n d  Granick Macromolecules, Vol. 23, No. 13, 1990 

(13) Sze, S. M. Semiconductor Devices: Physics and Technology; 

(14) Harrick, N. J. Internal Reflection Spectroscopy; Inter- 

(15) Hansen, W. N. Spectrochim. Acta 1965,21,815. 
(16) Sagiv, J.; Maoz, R. J. Colloid Interface Sci. 1984,100, 465. 
(17) Mirabella, F. M., Jr. Appl. Spectrosc. Reu. 1985,21, 45. 
(18) Allara, D. L.; Nuzzo, R. G. Langmuir 1985, 1, 45. 
(19) Fontana, B. J.; Thomas, J. R. J. Phys. Chem. 1961, 65, 480. 
(20) Brandrup, J.; Immergut, E. H. Polymer Handbook, 2nd ed.; 

(21) Barford, W.; Ball, R. C.; Nex, C. M. M. J .  Chem. SOC., Fara- 

(22) Barford, W.; Ball, R. C. J. Chem. Soc., Faraday Trans. 1 1987, 

(23) Kuzmenka, D. J.; Granick, S., unpublished experiments. 
(24) We note that an intriguing possibility has been raised26: that 

the volume fraction of adsorbed polymer layers might in fact 
become so large as to induce glassy behavior directly at the 
surface ( T ,  = 100 "C for undiluted PMMA). The region of 
such high volume fraction is expected, however, to have thick- 
ness comparable to segmental dimensions. The suggestion of 
glass transition, then, would require that the notion of a glass 
transition-a macroscopic notion-pertains to an adsorbed layer 
of thickness comparable to segmental dimensions. It is not 
clear that this is a necessary explanation for the observed slug- 
gish relaxation. 

(25) Kremer, K. J .  Phys. (Paris) 1986, 47, 1269. 
(26) Kawaguchi, M.; Hayakawa, K.; Takahashi, A. Polym. J .  1980, 

12, 265. 
(27)  Kalnin'sh, K. K.; Krasovskii, A. N.; Belen'kii, B. G.; Andreyeva, 

G. A. Polym. Sci. USSR, Ser. A (Engl. Transl.) 1976,18,2636. 
(28) Cohen-Stuart, M. A.; Fleer, G. J.; Bijsterbosch, B. H. J .  Col- 

loid Interface Sci. 1982,90, 321. 
(29) Silberberg, S. In Andrade, J. D., Ed. Surface and Interfacial 

Aspects of Biomedical Polymers; Plenum: New York, 1985; 
VOl. 2. 

(30) Grant. W. H.: Smith. L. E.: Strombere. R. R. Faraday Dis- 

Wiley: New York, 1985; p 350. 

science: New York, 1967. 

Wiley: New York, 1975. 

day Trans 1 1986,82,3233. 

83, 2515. 

with stearic acid suggested that the layers m a y  have  been 
in the rma l  equilibrium at the segmenta l  level. Barford 
and Ball have developed a nonequilibrium theory of the 
spatial distribution of segments in a layer of this nature.21*22 
However, we are not aware of models for  the dynamics 
in  a nonequilibrium system, though  the rep ta t ion  of an 
adsorbed chain has been con~ ide red .~~  

T h i s  finding of sluggish rear rangement  is in  general  
agreement with the picture that emerges from other recent 
kinetic experiments on other polymer systemsk7 and raises 
questions about the generali ty of the usual statistical- 
mechanical assumption that adsorbed polymer layers are 
in a state of thermodynamic eq~ilibrium.l-~ To draw con- 
clusions about the possible universality of this s i tua t ion  
would be premature. For the present, we conclude that 
the kinetic barriers with respect to the equilibration of 
populations, on the surface and in  solution, were large 
in this system. B y  inference, the surface excess adsorbed 
amount was dominated b y  metastable nonequilibrium 
states. 
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