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Modifications of Surfactant Distributions and Surface Morphologies in Latex Films Due to 
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Migration of surfactants in water-based, pressure-sensitive adhesive (PSA) films exposed to static and cyclic 
relative humidity conditions was investigated using confocal Raman microscopy (CRM) and atomic force 
microscopy (AFM). Studied PSA films contain monomers n-butyl acrylate, vinyl acetate, and methacrylic 
acid and an equal mass mixture of anionic and nonionic nonylphenol ethoxylate emulsifiers. A leveling of 
surfactant concentration distributions is observed via CRM after films stored at 50% relative humidity (RH) 
are exposed to a 100% RH for an extended time period, while relatively small increases in surface enrichment 
occur when films are stored at 0% RH. Use of CRM for binary mixtures containing anionic or nonionic 
surfactant and latex that has undergone dialysis to remove nonpolymeric components indicates that 
surfactant-polymer compatibility governs to a great extent surface enrichment, but not changes observed 
with humidity variations. AFM images show that upon drying latex coatings, surfactant and other additives 
collect in large aggregation regions, which protrude from film surfaces. These structures are absent at high 
humidity, which appears to result from lateral spreading across the polymer surface. When humidity is reduced, 
aggregation regions reform but appear to be smaller and more evenly dispersed, and by cycling humidity 
between 0 and 100% RH, interfacial enrichment can be seen to diminish. Presented results provide greater 
insights into the distribution behavior of surfactants in latex films and potential mechanisms for observed 
issues arising for these systems. 

Introduction 

Surfactants are introduced to water-borne pressure-sensitive 
adhesive latexes during emulsion polymerization to control both 
particle size and stability of formed dispersions. However, 
inclusion of surfactants, which are generally low molecular 
weight compounds (<1000 g/mol), can have adverse affects on 
water resistance and performance properties of adhesives.1-6 

These are caused by the fact that surfactant often concentrates 
in aggregates at film surfaces during water evaporation and 
formation.7-11 Surfactant exudation upon latex film formation 
has been reported to occur toward film-air and/or film-substrate 
interfaces to produce a distribution of local surfactant con
centrations.12-17 It is also possible that surfactant species can 
migrate beyond adhesive surfaces to contaminate an adjacent 
ply in an adhesive laminant, for example, facestock in label 
constructions. Although it is now well accepted that surfactants 
can concentrate at adhesive surfaces during coating processes, 
the mechanism involved is not well understood, and thus neither 
is the subsequent movement and eventual fate of these species 
in adhesive films. 

It has been reported that the main factors influencing 
migration of surfactants to interfaces during film formation 
include chemical composition and structural characteristics of 
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both surfactants and adhesive polymers and temperature.18,19 

During coating processes, water is drawn to the surface and 
evaporates, carrying with it and concentrating solutes. Thus, it 
is likely that the tendency of surfactant species to collect at 
film surfaces is governed to a large extent by their partitioning 
between aqueous (continuous) and polymer phases. This 
behavior that is indicated by measures of surfactant hydropho
bicity, such as critical micelle concentration, hydrophilic-li
pophilic balance, octanol-water distribution coefficient, and pKa 

values for acidic functional groups.19-21 In a previous publica
tion, the authors demonstrated the significantly greater tendency 
of the anionic form of a nonylphenol ethoxylate surfactant to 
concentrate at the surface of an acrylic water-based PSA versus 
that of its nonionic form. The difference was attributed to the 
greater hydrophilicity of the anionic species due to its ionized 
acid functional group(s). The importance of temperature in this 
process has been discussed by several authors. For example, 
Aramendia et al. reported an unexpectedly large amount of 
conventional surfactant was exuded to film surfaces when 
annealed at a temperature above the glass transition temperature 
of the polymer, as compared to reactive surfactants (surfmers).22 

Scalarone et al. reported similar results demonstrating that aging 
at temperatures much higher than the polymer glass transition 
temperature promoted diffusion of surfactants to film surfaces.23 

Here, results from an examination of the role of humidity on 
surfactant migration are discussed. Surfactant distributions in 
PSA films will likely govern to a great extent their interactions 
with moisture, thus characterizing this relationship is important 
to understanding how environmental conditions used for storage 
impact performance of pressure-sensitive (PS) products. As part 
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of this study, films were cast and aged under various environ
mental conditions, and movements of the surfactant species were 
monitored via atomic force microscopy (AFM) and confocal 
Raman microscopy (CRM). The combination of these techniques 
for this purpose was introduced in a recent article.19 Past 
characterization of this mechanism relied almost exclusively on 
attenuated total reflectance-Fourier-transform infrared or ATR
FTIR spectroscopy.12,14-18,20,24-28 While this is effective at 
identifying the presence of the surfactant at the interface, it does 
not provide information on the overall distribution. Confocal 
Raman microscopy (CRM) measures the Raman spectra for a 
small volume of film without any modification of samples by 
combining a high resolution confocal microscope with a 
sensitive Raman spectroscopy system, providing a powerful 
method for the depth profiling of thin films, coatings, mem
branes, and composites.19,29,30 Application of CRM, especially 
near interfaces, and fitting of data with an exponential decay 
model provide for quantitative analysis of surfactant distributions 
at both film-air and film-substrate interfaces. Introduction of 
AFM phase images further elucidates the redistribution mech
anism by providing an image of how surfactants interact with 
moisture and the impact this has on film surface morphology. 

Experimental Section 

Materials. A water-based PSA based on commercial formu
lations was synthesized at Franklin International (Columbus, 
OH) from the monomers n-butyl acrylate, vinyl acetate, and 
methacrylic acid and a combination of an anionic surfactant, 
disodium ethoxylated nonylphenol half ester of sulfosuccinic 
acid (50 mass %), and a nonionic surfactant, nonylphenoxy 
poly(ethyleneoxy) ethanol (50 mass %). The solids content of 
produced latex was 60-63 mass % with a mean particle size 
of 690 nm diameter obtained via dynamic light scattering 
technique. The total surfactant content in films assuming 
complete retention is approximately 0.025 mmol/g (1.8 mass 
%), and the glass transition temperature determined via dynamic 
mechanical analysis is -34 °C. Adhesive films of 1 mil (25.4 
µm) thicknesses were generated by coating latex onto a 60 lb 
(60 lbs of mass per 3000 ft2 or 97.7 g/m2) silicone-coated release 
linear using a wire wound rod and drying it in an 82 °C oven 
for 10 min. These so-called “draw-down” films were covered 
with an 80 lb (130 g/m2) silicone-coated release linear for 
migration experiments. PSA draw-down films were kept at 50% 
RH and 22 °C for several months on wire shelving prior to 
being cut into 1 in. strips and introduced into environmental 
jars containing desiccant (0% relative humidity or RH) and water 
(100% RH) for long-term (60 days) storage and humidity cycling 
tests. Spin-coated films were cast by spin coating PSA latex on 
15 mm AFM specimen disks under ambient conditions. These 
films had a thickness of approximately 10 µm and were used 
for AFM imaging in an environmental chamber. 

Confocal Raman Microscopy. An alpha 300R confocal 
Raman microscope equipped with a UHTS200 spectrometer and 
a DV401 CCD detector from WITec (Ulm, Germany) was 
employed to collect single Raman spectra from PSA films. A 
Nikon 100× oil immersion objective was used for all measure
ments. An Ar-ion laser with the wavelength of 514.5 nm and 
maximum power of 50 mW was used for excitation. Lateral 
resolution of the confocal Raman microscope according to the 
theory of light diffraction is about 250 nm, and vertical 
resolution is about 500 nm. Because the sampling volume may 
be smaller than the average particle size of the latex spheres, 
measurements were conducted at several random locations on 
the film to minimize the variation. Raman spectra of film 

Figure 1. Surfactant distribution profiles of original PSA film, which 
was stored at 22 °C and 50% RH. 0% corresponds to the film-air 
interface and 100% to the film-substrate interface. Four depth profiles 
are shown as indicated by the different markers. 

Figure 2. Surfactant distribution profiles of PSA film after being aged 
for 2 months at 22 °C and (a) 0% RH and (b) 100% RH. (Again, 0% 
corresponds to the film-air interface and 100% to the film-substrate 
interface.) 

samples were recorded with the integration time of 240 s and 
laser power of 30 mW. Peaks at 1612 and 1735 cm-1 are 
assigned to an aromatic C-C, on-ring stretch mode for the 
surfactant, and carbonyl stretch mode of the polymer, respec
tively.19 Calibration was carried out with standards produced 
from the adhesive polymer and pure surfactant. Polymer was 
isolated through dialysis of the latex and dissolution in terahy
drofuran (THF). 
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TABLE 1: Parameters from Fit with Exponential Decay 
Model for Surfactant Distributions of Model PSA Films at 
22 °C and Relative Humidity of 0 and 100% 

interface parameters 50% RHa 0% RH 100% RH 

film-air	 C0 (mmol/g) 0.0248 0.0257 0.0242 
A (mmol/g) 0.0151 0.0284 0.0081 
R (µm -1) 2.87 1.89 0.56 

film-substrate	 C0 (mmol/g) 0.0257 0.0240 0.0262 
A (mmol/g) 0.0308 0.0495 0.0180 
R (µm -1) 0.528 0.99 0.19 

a Original sample stored at 50% RH. 

TABLE 2: Enrichment Factors for PSA Films 

interface 50% RH 0% RH 100% RH 

film-air 0.609 1.10 0.335 
film-substrate 1.198 2.06 0.68 

Atomic Force Microscopy (AFM). Atomic force microscopy 
(AFM) was used to examine the variation of surface morphol
ogies of PSA films with relative humidity. Using a Molecular 
Imaging PicoPlus PicoSPM 3000 (now Agilent Technology, 
Santa Clara, CA, model 5500) system, AFM imaging was 
performed in an environmental chamber with controlled tem
perature and relative humidity (RH). Intermittent contact or 
tapping mode AFM was utilized. The principles and detailed 
information concerning this application of AFM are provided 
elsewhere.19 For the AFM phase images presented here, the 
cantilever was operated in the repulsive regime with free 
oscillation amplitude of 300 nm and A/A0 ≈ 0.9-0.95, in which 
the viscous or more energy dissipative material produces a dark 
contrast on the phase image, while stiff or less energy dissipative 
materials provide bright contrast. Integrated silicon cantilevers 
with tip radii of curvature 5-10 nm were employed in AFM 
imaging. The spring constant of the cantilever was manufacturer-
specified in the range of 30-60 N/m, and the measured resonant 
frequency was within 10% of 300 kHz. AFM imaging of the 
spin-coat PSA films was conducted at ambient temperature 
(22-24 °C) but at various relative humidity levels from 3% 
RH to 90% RH. To guarantee that an AFM image is representa
tive, the measurements were conducted at least two times, 
imaging different regions of the same film sample. 

Results and Discussion 

Surfactant Migration under Constant Humidity Condi
tions. Figure 1 shows surfactant concentration distributions or 
depth profiles for the original PSA films, which had been stored 
at 50% RH and 22 °C after drying. Analysis using CRM was 
carried out on four randomly selected coatings. The samples 
all have thicknesses of about 1 mil (24.5 µm) and show similar 
surfactant concentration profiles, in which surfactant enrichments 
at the film-substrate interface are higher than those at the 
film-air interface, and bulk phase concentrations of the sur
factant blend are close to the added concentration of 0.025 
mmol/g. (Draw-down PSA films were analyzed from the 
film-air interface with 0% corresponding to the film-air 

interface and 100% to the film-substrate interface.) In Figure 
2, plots of averaged depth profile data are shown for film 
samples stored for 60 days and at 22 °C at 0% RH (Figure 2a) 
and 100% RH (Figure 2b). Each point is an average calculated 
for five or more measurements. It can be seen that the depth 
profile for the sample stored under dry conditions appears to 
show a slightly greater enrichment at the interfaces, especially 
at the film-substrate interface. In contrast, samples stored at 
100% RH show a more even distribution of surfactant. It was 
noted that the thicknesses of PSA films after being aged at 100% 
RH for 2 months were found to be approximately 30% greater 
than those of films aged at 0% RH for the same period. 

More direct Raman analyses of interfaces were carried out 
on the adhesive films. These involved multiple measurements 
within about the first 5 µm of film surfaces where differences 
in surfactant concentrations are observed. It was shown previ
ously that these surface distribution curves are well fit by the 
exponential decay model,19 that is, 

C(z) ) C0 + A exp(-Rz) (1) 

where C(z) is surfactant concentration at a depth z from the 
interface, C0 is the bulk phase surfactant concentration, and A 
and R are fitting constants indicating the maximum enrichment 
of surfactant and rate of decay, respectively. The fitting 
parameters are listed in Table 1 along with those for the samples 
aged at 0 and 100% RH for 60 days. (For all PSA films, r2 

values for the model fits were >0.92.) For the purpose of 
monitoring the impact of humidity on surfactant distributions, 
eq 1 is modified to the form 

C(z)/C0 ) 1 + κ exp(-Rz) (2) 

where κ is equal to A/C0 and defined as the enrichment factor. 
This dimensionless parameter indicates the increased surface 
concentration of a surfactant relative to the bulk. Enrichment 
factors for the original samples and those aged for 2 months 
are listed in Table 2. It can be seen that, in general, storage at 
100% RH significantly decreases the enrichment factor at both 
interfaces, while storage at 0% RH increases it. This would 
indicate that the presence of moisture or the direction the 
moisture flows determines whether the surfactant enrichment 
is enhanced or diminished. It also appears that there is a greater 
change in the enrichment factor at the film-substrate interface 
than that at the film-air interface. It is possible that this 
difference may result from the design of the storage laminate. 
As discussed above, PSA films are produced by coating the 
latex onto a 60 lb release linear (defined as the substrate), drying 
the coating in an oven to form the adhesive film, and then 
covering it with an 80 lb liner. The 60 and 80 lb linears have 
measured water vapor transmission rates of 710 g/m2 day versus 
488 g/m2, respectively. Thus, we would expect a greater 
movement of moisture through the film-substrate interface. 

Surfactant Migration with Humidity Cycling. From the 
results presented above, it appears that surfactant enrichment 

TABLE 3: Enrichment Factors for PSA Films Aged at 22 °C Under Various Humidity Conditions 

interface 
two cycles, conditioned 

at 0% RH for 1 day 
conditioned at 0% 

RH for 5 days 

dissolved in THF, 
conditioned for 1 day 

0% RH 100% RH 

film-air 0.494 0.626 0.575 0.564 
film-substrate 0.663 1.955 0.602 0.546 
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Figure 3. AFM height images of the surface of (a) PSA film showing its residual latex structure and (b) film produced by first dissolving dried 
latex components in THF (scanning size 5 µm × 5 µm). 

at interfaces is dependent on moisture. What is not clear from 
the static humidity tests is the mechanism involved. In this 
section, results for the movement of surfactants in PSA films 
exposed to humidity cycling are reviewed. Each 48 h cycle 
involves aging of a PSA film at 22 °C in 0% RH for  24 h and  
then at 22 °C and 100% RH for an additional 24 h. The purpose 
of this study is to help determine if surfactants simply migrate 
with the moisture flux or if there are changes in the form of 
surfactant aggregation regions, latex film, or some combination 
that is being observed. 

Table 3 lists enrichment factors from surfactant distributions 
for both adhesive interfaces exposed to two full humidity cycles 
and then dried. The table also shows κ values for interfaces of 
films stored solely at 0% RH and 22 °C over the same time 
period. There are increases in the surface enrichment for films 
stored under static conditions for 5 days at 0% RH, but they 
are smaller than those found for films stored under the same 
conditions for 60 days. In contrast, samples exposed to humidity 
cycling demonstrate a reduction in the enrichment factor at both 
interfaces. Another interesting phenomenon associated with this 
study is the reduction in variation of concentration measure
ments. For example, standard deviations associated with the first 
cycles were about 1.0%; by the end of the second cycle, they 
were 0.30%. 

It appears that humidity cycles produce a more even distribu
tion of surfactant species, as well as changes in the structure of 
PSA films. It was previously reported that surfactant aggregation 
regions tend to locate in interstitial regions at PSA film 
surfaces.19 To gauge the impact of residual latex structure on 
surfactant distribution, a film was cast in which the structure 
was eliminated. This was accomplished by dissolving the PSA 
in tetrahydrofuran (THF) and coating the solution on a 60 lb 
release linear, which was then dried and covered with an 80 lb 
linear. Figure 3 shows AFM height images for the top surfaces 
of PSA and solvent cast films. It is clear that the latex structure, 
which is retained at the interface in PSA films (Figure 3a), is 
absent at the surface of solvent cast film (Figure 3b). Surfactant 
enrichment values from fits of CRM data with eq 2 after solvent 
cast films were aged in 0% RH and 100% RH and 22 °C for 1 
day are also listed in Table 3. It can be seen that surfactant 
enrichment at interfaces of solvent cast films is lower than what 
would be expected for latex aged under the same conditions. 

Figure 4. Enrichment factors at both interfaces for PSA films aged at 
22 °C under various humidity conditions, including 0% and 100% RH 
for 60 days (0%-2M and 100%-2M, respectively), 0% RH for 5 days 
(0%-5D), 2 humidity cycles and 0% RH for 1 day prior to testing (0%
2C), and solvent cast films stored at 0% and 100% RH for 1 day (0%
SC and 100%-SC, respectively). 

Surfactant enrichments at both interfaces of aged samples are 
summarized in Figure 4. There clearly exists a move toward a 
more even distribution of surfactant. 

Figure 5 shows AFM height and phase images of film-air 
interfaces from a PSA film obtained in a humidity chamber at 
ambient temperatures. The film is exposed to a cycle that begins 
with equilibration at 25% RH (Figure 5a). The RH is then raised 
to 90% for equilibration (1 h) (Figure 5b) and then reduced 
back to 25% RH (Figure 5c). For PSA at low RH, the bright 
regions around the latex particles are thought to be regions of 
surfactant and other species such as inorganic salts. The 
brightness of these regions relative to the dark background, 
which is composed of latex polymer, indicates a more elastic 
substance. These aggregates are spread over the entire film but 
reside primarily in the interstitial regions between latex particles. 
Average roughness, Ra, obtained from the AFM topographs 
(shown in Figure 5, middle) is 58 nm, and this appears to be 
due to the aggregated materials. (Cross-sectional analyses along 
the white lines are shown below the height images.) Raising 
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Figure 5. AFM images of PSA film surface obtained at (a) 22 °C and 25% RH, (b) 22 °C and 90% RH, and (c) dried from 90% RH to 25% RH 
at 22 °C (upper, height images; bottom, phase images). 

Figure 6. AFM phase images acquired for the latex film subsequent to rinsing with ethanol (∼3 mL) at 22 °C and (a) 3% RH and (b) 90% RH 
(scanning size: 5 µm × 5 µm). 

the relative humidity to 90% RH appears to show the dispersion evenly distributed and Ra increases to 50 nm, slightly lower 
of the aggregation regions over the entire film. This is consistent than the initial value. More telling are the phase images of the 
with the lower measured Ra, which is 32 nm, nearly one-half solvent-rinsed PSA film obtained at RH levels of 3% and 90%, 
its original value. The phase contrast image for the film after respectively (as shown in Figure 6). It can be seen that for the 
the humidity chamber was brought back to 25% RH over a short rinsed PSA film-air interface, the phase contrasts did not change 
time frame is shown in Figure 5c. Once again, a distribution of with the variation of moisture, and the roughness is low, Ra ) 
bright specks has developed, but they now appear to be more 34 nm. 

http://pubs.acs.org/action/showImage?doi=10.1021/jp902716b&iName=master.img-004.jpg&w=430&h=346
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Figure 7. Distribution of (a) nonionic surfactant and (b) anionic 
surfactant with polymer phase isolated from the latex using dialysis. 

Surfactant and Polymer Phase Intermixing. From the 
results above, it appears that exposure of the PSA films to high 
humidity results in the lateral migration of surfactant from 
aggregates formed during the coating and drying process. This 
is evident from the AFM images, and it also appears to influence 
the CRM data. The apparent reduction in the enrichment factor 
at high humidity could indicate that vertical migration of 
surfactant is occurring. To test for this possibility, experiments 
were carried out in which pure surfactant was placed on the 
surface of PSA films and films were aged under extreme 
humidity conditions. For these experiments, dialysis was carried 
out on the commercial PSA to remove most of the existing 
surfactant in the formulation. The latexes were then used to 
cast films to which anionic and nonionic surfactant were added, 
and samples were stored in 0% and 100% RH containers at 22 
°C for 1 day. 

Figure 7a shows the concentration profiles of the nonionic 
surfactant in adhesive films aged at both 0 and 100% RH. No 
difference was observed between samples aged at the different 
humidities, so values were averaged. Surfactant was added at 
levels up to 54 mass % in the latex following dialysis. The dotted 
line indicates the concentrations of surfactant added. It can be 
seen that the amount added becomes evenly distributed through
out the film, even at these high concentrations. Thus, it appears 
to be highly compatible with the latex polymer, and this 
compatibility is not affected by different humidity levels. 
Although readdition of surfactant subsequent to dialysis could 
conceivably produce differences in contact between surfactants 
and latex particles, these differences would be expected to lessen 
the degree of interactions and are a stricter test for compatibility. 
This result indicates that changes in the surfactant distributions 
are due primarily to the behavior of the anionic species. 

Attempts to generate a curve similar to Figure 7a by adding 
anionic surfactant to dialyzed PSA latex produced significant 

variations in surfactant concentrations throughout the film and 
increasing interfacial enrichment with greater surfactant addition. 
This led to an alternative approach in which dried anionic 
surfactant was applied to the film-air interface of films cast 
from the dialysized sample. Figure 7b shows a plot of surfactant 
concentration versus film depth for the anionic surfactant, which 
was dried and placed on PSAs and stored at both 0 and 100% 
RH for 24 h. The interface between the nearly pure surfactant 
layer and film can be clearly identified for 0% RH but is more 
diffuse under the high humidity conditions. It is evident that 
the anionic surfactant is much less compatible and also appears 
to be unaffected by changes in humidity. For both humidity 
levels, curves plateau near concentrations added during syn
thesis, approximately 0.01 mmol/g. From this, it might be 
concluded that enrichment is governed to a large extent by 
surfactant-polymer compatibility. However, given the com
plexity of these systems, further study is necessary. With regard 
to the vertical movement of the surfactant, the diffuse interface 
is consistent with the greater mobility of the surfactant. In other 
words, it is possible that the surfactant’s migration under high 
humidity conditions may include its movement to occupy 
surface area throughout the interfacial region, as well as 
penetrating several micrometers into the film. 

Summary and Conclusions 

Measurements using CRM indicate significant enrichments 
of nonylphenol ethoxylate, anionic surfactant at interfaces of 
water-based acrylic PSAs when stored at 0% RH for an extended 
time period, and a more even distribution when stored at 100% 
RH. However, concentration measurements recorded for con
focal planes at the surface of films are highly variable for 
samples stored under the low humidity conditions. Cycling the 
films between 0% RH (24 h) and 100% RH (24 h) produced a 
more even distribution of surfactant at interfaces and a 
substantially reduced variability in measurements. Similar results 
were also obtained when films were dissolved in THF and cast. 
AFM topographs show that surfactant aggregates protrude from 
the surface of films cast from latex emulsions, which is primarily 
responsible for the measured surface roughness. With exposure 
to high humidity, aggregates are no longer distinguishable, and 
the phase contrast of the film surface is reversed. Also, surface 
roughness is diminished to levels measured when the surfactant 
is removed. Upon returning to low humidity conditions, 
aggregates are again apparent, but as a greater number of smaller 
domains, which are more evenly distributed. It is speculated 
that the enhanced mobility of the surfactant at high humidity 
and formation of smaller, more evenly distributed aggregates 
are responsible for the observed reduction in the enrichment 
factor at 100% RH and subsequent to humidity cycling, 
respectively. Although film compatibility is a factor determining 
interfacial enrichment, it does not appear affected by changes 
in humidity. Future work will examine structure in which 
surfactant materials are held in the latex polymer as well as the 
spreading behavior observed on polymer surfaces for high 
humidity, which is of practical interest as a potential mode of 
transfer between films and adjacent phases and materials such 
as facestocks used in label constructions. 
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