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Abstract

Total internal reflection infrared absorption and visible-infrared sum-frequency spec-

troscopy were used to study the role of acrylic acid in the evolution of surface structure

in a poly(butyl acrylate)-based pressure sensitive adhesive during the drying process.

By monitoring these spectral responses and calculating the heterospectral correlation

coefficients, we have established that acrylic acid alters the nature of the molecular

interactions at the surface. In the absence of acrylic acid, butyl acrylate orientation is

driven by the packing of the polymer as the water evaporates. When acrylic acid is

present a rapid ordering of the copolymer takes place as a result of favorable hydrogen

bonding interactions with the surface.

1



Introduction

Polymeric adhesion is governed by mechanical, physical and chemical properties of the

materials employed.1,2 In pressure-sensitive adhesives (PSA), adhesion is typically charac-

terized by evaluating their shear, peel, and tack properties; these are directly related to

the material performance in the end-use application. Polymers with low glass transition

temperatures (Tg) will exhibit higher wettability and thus higher tack force. However,

polymeric adhesives with higher Tg exhibit higher shear resistance due to reduced chain

mobility, thus providing a final material with an increased cohesive strength. Poly(butyl

acrylate) is a common PSA base that satisfies the wettability criteria, but does not offer much

shear resistance. Copolymerizing with small amounts of acrylic acid is a convenient method

to increase the PSA shear properties through hydrogen bonding while maintaining the low

Tg characteristics of the base poly(butyl acrylate).3,4 The preparation of these adhesives

involves drying them on a surface (the backing material) prior to use. The characteristic

mechanical properties develop during the drying process. Studying PSA drying therefore can

offer insight into how the components of the film interact to yield the desired properties.5,6

Although the macroscopic and mechanical properties are routinely measured, the behavior

and contribution of acrylic acid upon drying and hydrogen bond formation is not understood

on a microscopic scale.7

Vibrational spectroscopy may be used as an in situ probe of PSA structure. In an

attenuated total internal reflection (ATR) IR absorption experiment, the probe depth is

limited to the evanescent wave penetration. Depending on the substrate, wavelength, and

angle of incidence, this is typically around 1 µm. ATR-IR is therefore ideally suited to

probe the concentration of various components near the surface. Visible-infrared sum-

frequency generation (SFG) is a nonlinear vibrational technique that is more surface-specific

on account of the requirement of broken centrosymmetry.8–10 In systems such as polymers,

this symmetry condition is typically found only immediately adjacent to the interface. SFG

is therefore established as a sensitive probe of polymer surface structure.11–24 However, it is
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often challenging to separate the effects of orientation from changes in concentration in the

SFG signal. In this study we will therefore combine IR absorption and SFG spectroscopy

to study the drying process of butyl acrylate PSAs containing varying amounts of acrylic

acid. Quantitative comparison of the IR and SFG spectra in the form of heterospectral 2D

correlation maps offers addition insight into the role of acrylic acid in the polymer–surface

interaction.

Methods

Materials. Monomer preparations of 0%, 2% and 4% wt/wt of acrylic acid with butyl

acrylate were vigorously agitated with the required amount of water, non-ionic surfactant

(aliphatic alcohol ethoxylate) and ionic surfactant (sulfated nonyl phenol ethoxylate) to

make the pre-emulsion. Five percent of the pre-emulsion was charged to the reactor with a

known amount of water and non-ionic surfactant. The reaction was initiated by addition of

sodium persulfate to the reactor at 72◦C under constant stirring at 120 rpm. A temperature

exotherm indicated when polymerization initiation was underway and the main pre-emulsion

feed was started 10 min after the initial sodium persulate drop. A second sodium persulfate

solution was simultaneously fed into the reactor with the main pre-emulsion feed over 3 h and

the reaction temperature was maintained between 75–80◦C. The sodium persulfate feed was

allowed to continue for another 30 min after termination of the main pre-emulsion feed so as

to eliminate the unreacted monomers. The resulting latexes were cooled to room temperature

by the jacketed reactor and filtered using a 60-mesh screen. Each latex was neutralized to

about pH 7 using a 14% ammonia solution. The result was between 49.5–50.5% solids

with pH values ranging from 6.9–7.1, and viscosities less than 500 cP. The residual monomer

content was measured to be less than 300 ppm, the particle sizes were in the range of 300 nm,

and the filtered coagulate content was less than 0.25%. In all experiments, solutions were

deposited onto the substrates to thickness of 2 mm prior to drying. IR and SFG drying
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experiments were conducted at 21◦C and 40% relative humidity.

IR absorption spectroscopy. Polarized ATR-IR spectra were collected on a Bruker

Vertex 70 with a KBr beamsplitter, wire-grid polarizer on a BaF2 substrate (Thorlabs,

Newton NJ) and a deuterated triglycine sulfate (DTGS) detector. s- and p-polarized spectra

were acquired as a result of 200 co-additions at 2 cm−1 resolution, and 6 mm aperture size.

A 4 mm Ge internal reflecting element (Pike Technologies, Madison WI) cut at 45◦ resulted

in 19 internal reflections, 9 of which were TIR at the lower Ge-air interface, and 10 of

which were ATR at the top Ge-PSA interface. Drying was monitored over 10 h, collecting

spectra ever 30 min. Post-processing included Norton-Beer apodization, 4 levels of zero-

filling, and a standard ATR correction to provide the transmission-equivalent absorption

coefficient proportional to the imaginary component of the linear susceptibility χ(1).25 No

evidence of anisotropy was found over the evanescent wave penetration depth of the mid-IR

beam, so only p-polarized spectra are considered for subsequent analysis as they displayed

higher absorbance.

Figure 1: In ATR-IR absorption spectroscopy, the reflectance of an IR probe beam is altered
by transfer of energy from the evanescent wave into the PSA in contact with the Ge prism.
In visible-infrared SFG spectroscopy, a new colour of light is created from regions of the
PSA-sapphire interface where molecules are oriented in a polar manner.

Visible-infrared sum-frequency spectroscopy. A more structurally-sensitive probe

of the substrate-PSA interface was provided by a nonlinear vibrational method, visible-

infrared sum-frequency spectroscopy. Here a p-polarized visible laser (ωvis = 18, 797 cm−1)
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produced from a frequency-doubled Nd:YAG laser (Ekspla PL2241) 22 ps pulse width,

10 Hz repetition rate, 100 µJ/pulse, θvis = 70◦ incident angle was spatially and temporally

overlapped at the PSA-sapphire interface with a p-polarized mid-IR beam generated in

a parametric process (Ekspla PG501), tunable from ωIR = 2800–3750 cm−1, nominally

200 µJ/pulse, θIR = 65◦ incidence. Sapphire (Del Mar Photonics, San Diego CA) was chosen

as the internal reflecting element as its high index of refraction enabled us to stay above the

critical angle during the polymer drying process. The p-polarized component of the reflected

SFG beam was focused onto the 0.5 mm entrance slit of a 500 mm spectrometer (Acton SP-

2500i) fitted with a 600 groove/mm grating blazed at 500 nm. Spectra were collected using

a CCD camera (Princeton Instruments Pixis 400B) operating at −80◦C, averaging 200 laser

pulses at each IR wavelength (2 s exposure, 10 averages). As a result of local vibrational

mode symmetry, some modes are more prominent in certain polarization schemes. This all

p-polarized (ppp) excitation and collection scheme was employed as it generated the most

SFG signal and displayed the largest number of vibrational modes.

In general, the polarization of a material P may be expressed in terms of susceptibility

tensor elements

Pi = ε0

(
χ
(1)
ij Ej +

1

2
χ
(2)
ijkEjEk + · · ·+ 1

n!
χ(n)En

)
(1)

where χ(n) is the n-th order susceptibility, E is the electric component of the electromagnetic

field, and ε0 is the vacuum permittivity. Here i, j, k refer to any of the laboratory-frame

Cartesian x, y or z components. The linear susceptibility χ(1) is responsible for IR absorption

in the ATR-IR experiment. If there are any regions of the material that lack inversion

symmetry (an imbalance in chemical functional groups pointing towards the surface and

towards the bulk PSA phase), then χ(2) 6= 0 and a three-wave mixing process occurs in which

one visible and one infrared photon are annihilated to give rise to a new photon. Conservation

of energy tells us to search for this light at the sum-frequency, ωSF = ωvis + ωIR, and in the

momentum-conserving direction determined from θvis and θIR. If light is detected at ωSF,

we know that the PSA components must be oriented in such a way that their up/down
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symmetry has been broken. In the SFG spectra, the amount of p-polarized light generated

at this new frequency is plotted as a function of ωIR, hence yielding a surface vibrational

spectrum. These spectra were collected every hour during the drying process.

Heterospectral correlation analysis. Two-dimensional correlation analysis of spec-

tral data was first introduced by Noda as a powerful means of qualitatively and quantitatively

examining changes that occur between two spectral variables upon the action of an external

perturbation, most commonly time.26–30 A subsequent development in this field was the

introduction of heterospectral correlation, allowing the effect of the same perturbation to be

studied on two different data sets, offering the possibility of using orthogonal or otherwise

complementary characterization techniques.31–36

We have recently demonstrated that heterospectral correlation analysis may be applied

to ATR-IR and SFG data of binary mixtures of ethanol and water as a function of the

bulk ethanol mole fraction, providing insight into the mechanism of alcohol adsorption

onto silica surfaces.25 Although it is advantageous to have Im[χ(2)] data available for such

analysis, we have also demonstrated that it is possible to use |χ(2)|2 spectra directly.37 This is

convenient for systems such as the buried PSA-substrate interface for which interferometric

SFG techniques are not readily applied. Here we use the magnitude |χ(2)| as it is proportional

to the concentration of molecules that contribute to the SFG signal. In the 2D heterospectral

analysis, the complex-valued cross-correlation coefficient Φ(ω, ωIR) + iΨ(ω, ωIR) is calculated

where ω is the wavenumber in the IR absorption experiment, and ωIR is the IR wavenumber

in the IR+vis SFG experiment. The first step in the analysis is to prepare the mean-shifted

spectra

Im[χ
(1)
i (ω)] = Im[χ(1)(ω, ti)]−

1

m

m∑
i=1

Im[χ(1)(ω, ti)] (2a)

|χ(2)
i (ωIR)| = |χ(2)(ωIR, ti)| −

1

m

m∑
i=1

|χ(2)(ωIR, ti)| (2b)

where Im[χ(1)] comes from the IR absorption data, |χ(2)| is obtained from the square root of
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the SFG intensity data, and m refers to the number of time points at which each spectrum

was acquired. For a 10 h drying experiment with spectra recorded each hour, m = 10.

Each set of mean-shifted spectra was then arranged into a matrix with the intensity at each

wavenumber in the columns, and the spectra acquired at different time points in the rows.

For example, the matrix of mean-shifted IR absorption spectra was constructed as

Im[χ(1)(ω)] =



Im[χ
(1)
1 (ω)]

Im[χ
(1)
2 (ω)]

Im[χ
(1)
3 (ω)]

...

Im[χ
(1)
m (ω)]


, (3)

and an analogous matrix was constructed from the SFG data, which we refer to as |χ(2)(ωIR)|.

The real or synchronous component Φ is then determined from

Φ(ω, ωIR) =
1

m− 1
Im[χ(1)(ω)]T · |χ(2)(ωIR)| (4)

where the superscript T refers to the matrix transpose. The imaginary or asynchronous

component of the correlation coefficient Ψ is obtained from

Ψ(ω, ωIR) =
1

m− 1
Im[χ(1)(ω)]T ·N · |χ(2)(ωIR)| (5)

where N is the Hilbert-Noda transformation matrix

N =
1

π



0 1 1
2

1
3
· · ·

−1 0 1 1
2
· · ·

−1
2
−1 0 1 · · ·

−1
3
−1

2
−1 0 · · ·

· · · · · · · · · · · · · · ·
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which may be calculated according to

Njk =


0, if j = k

1/[π(k − j)], otherwise.

Results and Discussion

IR absorption spectroscopy. Figure 2 displays the infrared spectra collected during the

PSA drying process. The spectra show an overall decrease in the OH stretching region

(3100–3600 cm−1) and an overall increase in the CH region region (2800–3000 cm−1). For

the 0% acrylic acid content PSA, the decrease in OH stretching signal can be assigned to

drying, i.e. the removal of the water. The increase in CH intensity is most likely due to the

increase in polymer density when water molecules are removed. Such evidence of increased

packing is present in all samples. However, for the 2% and 4% acrylic acid content PSA,

the OH stretching band now has two contributors: water and acrylic acid. While the water

OH contribution decreases during drying, the acrylic acid OH contribution increases due to

enhanced packing. This explains why the signal in this range is still present after 10 h.

Visible-infrared sum-frequency spectroscopy. Inspecting the SFG spectra in Fig-

ure 3, certain trends can be observed. In all samples, the OH stretching region near 3700 cm−1

shows an increase in intensity during the drying process. This peak has previously been

assigned to the sapphire surface free OH group,38–40 where it appeared around 3700 cm−1

when not hydrogen bonded, and closer to 3500 cm−1 when interacting with its environment

(through hydrogen bonding or dipole-dipole interactions). During the drying, such free OH is

created as water leaves. This band has also been observed in SFG spectra of other polymers

at the sapphire surface.38,39 For the 0% acrylic acid sample, the H-bonded OH region (3050–

3500 cm−1) shows a constant decreases after the first hour, indicating that water is leaving.

We attribute the overall increase in intensity during the first hour to the substantial increase

in the dominant 3700 cm−1 sapphire OH band. For the other two samples, the acrylic acid
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Figure 2: A subset of the reflection absorbance spectra (collected every 30 min for 10 h)
as measured in the ATR-IR experiment following a simple ATR correction that renders the
data proportional to Im[χ(1)] for the sample containing (a) no acrylic acid, (b) 2% acrylic
acid and (c) 4% acrylic acid as a function of the drying time as indicated in the inset to the
top panel.
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Figure 3: A subset of the |χ(2)
ppp| spectra (collected every hour for 10 h) as measured in

the SFG experiment for the sample containing (a) no acrylic acid, (b) 2% acrylic acid and
(c) 4% acrylic acid as a function of the drying time as indicated in the inset to the top
panel. The axes are broken at 3050 cm−1 so as to magnify the CH stretching region in the
2800–3050 cm−1 region.
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present also contributes to the spectral intensity in that region. In the case of the 2% sample,

this results in very little change as the water leaves. The 4% sample exhibits an increase in

the hydrogen bonded intensity. Overall, this points to a trend where, once dry, the acrylic

acid content is revealed by the ratio of hydrogen-bonded (3050–3500 cm−1) to free OH signal

(3700 cm−1) in the spectra. The CH stretching region (2800–3050 cm−1) shows many features

that evolve differently during the drying process, but it is difficult to interpret these results

in the raw SFG spectra as a result of the congestion, and the co-dependence of density and

orientation in the χ(2) process. IR-SFG heterospectral correlation is ideally suited to analyze

this spectral region.

Heterospectral correlation analysis. Figure 4 shows the synchronous (top row) and

asynchronous (bottom row) IR–SFG heterospectral correlation of the three materials in the

drying process. The intensity of peaks in the synchronous map are related to the strength of

the correlation, while the sign indicates whether the IR and SFG spectral features are both

increasing or decreasing (positive, red contours) or trending in opposite directions (negative,

blue contours). For the 0% acrylic acid content, the synchronous map (Figure 4a) obtained

for spectra collected after the initial hour reveals a strong correlation between all CH modes

in the IR and SFG spectra. As these features are negative, this indicates that the IR CH

modes are increasing in intensity while the SFG signals are decreasing during the drying

process. This is strongly indicative of an orientation change, as the IR signal is rather

insensitive to the molecular orientation. The corresponding asynchronous map may be used

to assess the sequence of events, i.e. if the changes as a function of time occur concomitantly

(zero or minimal asynchronous signal) or with time lag (appreciable signal). The inset on

the asynchronous map indicates the percentage of the largest asynchronous signal relative to

the largest synchronous signal. This is an important feature to note, as it indicates whether

there is an appreciable asynchronous component to the correlation. In the asynchronous

map of the 0% sample (Figure 4b), we can notice a strong negative feature throughout, up

to 36% of the synchronous signal. To interpret the asynchronous map, one must take in
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consideration the sign of both synchronous and asynchronous peaks. According to Noda’s

rules,26 if both show the same sign for a specific cross peak, then the change in IR intensity

occurs prior to the change in SFG intensity. (If the signs are opposite, then the conclusions

are reversed.) For this no-acrylic acid sample, the negative asynchronous feature together

with the negative corresponding feature in synchronous map indicates that there is a delay

where the decrease in the SFG occurs after the increase in IR CH stretching mode intensities.

The increase in interfacial PSA density, seen in the IR, precedes the ordering of the interfacial

PSA seen in the SFG. Taking into consideration the strong increase of alkyl stretching SFG

intensity in the first hour, we can speculate on the order of events. During the first hour, the

SFG intensity increase is mostly due to a larger number of molecules at the interface, then

the density increase continues, causing a more tightly packed layer consequently producing

a stronger ordering of the polymer. In summary, the ordering of the PSA with 0% acrylic

acid content is likely driven by the packing of the poly(butyl acrylate).

For the 2% acrylic acid content PSA, the largest SFG peak at 2970 cm−1 and all of the

CH IR modes have positive cross peaks in the synchronous map (Figure 4c). This reflects

the increase in signal of both SFG and IR modes as the sample dries. The asynchronous map

(Figure 4d) shows a strong negative feature in this same region. Coupled with the positive

synchronous signal and the high asynchronous intensity (up to 54% of the corresponding

synchronous map), this signifies that the major change in SFG precedes most of the changes

in the IR signal in this region. From this we conclude that there is an orientation change prior

to the increase in density. It is conceivable that the polymer would reorient itself rapidly

for the acrylic acid to hydrogen bond with the sapphire surface OH as the water content

decreases. This phenomena may also be observed in the hydrogen bonded OH region of the

SFG spectra (3300–3500 cm−1), as most of the increase in intensity occurs during the first

2 h.

For the 4% acrylic acid content sample, the synchronous map (Figure 4e) shows a strong

positive feature between all IR CH modes and the predominant SFG CH mode. This is
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Figure 4: Heterospectral synchronous (Φ, top row a,c,e) and asynchronous (Ψ, bottom row
b,d,f) correlation maps that relate SFG to IR spectral changes during the drying process.
Results are shown for (a,b) 0% acrylic acid, (c,d), 2% acrylic acid, and (e,f) 4% acrylic acid.
Positive contours are drawn in red; negative contours in blue. Percentages in the inset of the
Ψ plots indicate the fraction of the largest synchronous signal found in the corresponding
asynchronous plot.

due to a increase in both spectral intensities while drying. From the corresponding negative

feature in the asynchronous map (Figure 4f), we can determine that, as in the case of the

2% acrylic acid sample, the change in the SFG precedes the change in the IR. However,

if we take into consideration that the largest asynchronous signal is less than 15% of the

synchronous response, it is clear that, for the 4% sample, changes in the IR and SFG are

more closely linked to each other in time then for the other samples. This indicates that any

significant orientation changes in the polymer occur faster than our measurement timescale.

During the 10 h drying experiment, the increase in SFG signal is mostly due to an increase

of number of molecules at the interface. This can also be explained by the strong hydrogen

bonding possibilities with the sapphire surface. Further clues come from the steady increase
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in the SFG water hydrogen bonding region. The similar concomitant increase in CH and

3300–3500 cm−1 OH modes is evidence of an increase in density of acrylic acid with no

significant reordering for this system.

Conclusions

We have used a combination of IR absorption and nonlinear vibrational spectroscopy to study

the interaction of acrylic acid-containing butyl acrylate pressure-sensitive adhesive polymers

with a sapphire surface. All of the data point to a picture of the PSA drying process that is

dependent on the acrylic acid content. In the absence of acrylic acid, the poly(butyl acrylate)

orientation is dictated by the packing, related to the water content. This packing requirement

lengthens the time required to achieve optimal orientation at the surface as significant drying

is required. When a small amount of acrylic acid is added, the orientation of the polymer is

dictated by hydrogen-bonding interactions. As a result, reorientation occurs on a timescale

that is much faster than the change in density. Such insight obtained during the drying

process can lead to a better understanding, and a molecular rationalization, of the final PSA

mechanical properties.
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