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ABSTRACT: Amide groups were anchored covalently on
the surface of ethylene-co-acrylic acid (EAA) copolymer film
by surface grafting of amino acid intermediates. The process
consisted of four steps: conversion of carboxylic acid groups
on the EAA surface to acid chloride groups, amino acid
attachment, conversion of amino acid carboxyl groups to
acid chloride groups, and amidation. All steps were carried
out at room temperature. ATR-FTIR spectroscopy was used
to characterize the film after each step and to measure the
kinetics of amino acid attachment. Three amino acids were
studied: 12-aminododecanoic acid (12-ADDA), 5-aminoph-
thalic acid (5-APA), and vr-aspartic acid (AA). The longer-
chain 12-ADDA compound was selected for its chemical
similarity to migratory fatty amides that are commonly used
to alter the frictional behavior of polyolefin films. The 5-APA

and AA compounds were selected because each has two
carboxylic acid groups that can be converted to amide
groups. After amidation, the modified EAA films were char-
acterized by static water contact angle measurements and
scanning probe microscopy. Results showed that the 12-
ADDA reacted to the surface much faster than the 5-APA or
AA. Several steps of aggressive rinsing confirmed that the
12-aminododecanamide was chemically anchored onto the
EAA surface. As a result, both hydrophilicity and surface
roughness were increased. © 2004 Wiley Periodicals, Inc. ] Appl
Polym Sci 92: 1688-1694, 2004
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INTRODUCTION

As early as the late 1950s, a series of articles reported
results on the grafting of amino acids on polysaccha-
ride polymers (e.g., cellulose).'” By altering the chem-
istries used, amino acids or their derivatives can be
attached to cellulose or other polymeric surfaces
through reaction of either their amino or carboxyl
functional group(s). Many applications that use sur-
face-grafted amino acids exploit their abilities to selec-
tively and efficiently recognize proteins and thereby
resist or encourage surface adsorption of specific pro-
teins. For example, amino acids bonded covalently to
the surfaces of conventional polymeric membranes
transform them into pseudobiospecific affinity mem-
branes in the purification of a variety of proteins.® In
this study, we examined a new application: the use of
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grafted amino acids as intermediates in a process to
alter the frictional properties of polymeric films.

The ways in which amino acids are grafted onto
polymer surfaces are varied. For polyethylene mem-
branes and films, amino acids can be bonded co-
valently to the surface by direct Ar" irradiation” or by
reacting with grafted polymer chains in a two-step
process. In the latter method, poly(glycidyl methacry-
late) is first grafted on polyethylene by electron-beam
or y-ray irradiation. Subsequently, amino acids are
attached by sequential ring-opening reactions be-
tween amine groups in the amino acids and epoxy
groups on the grafted poly(glycidyl methacrylate).®™'!
Polyacrylic acid has also been used as a grafted inter-
mediate layer for subsequent attachment of amino
acids on polyethylene membranes.'? Here, the amine
groups of the amino acid are coupled with the carbox-
ylic acid groups of polyacrylic acid. Wu et al."* mod-
ified the surface of poly(ethylene terephthalate) (PET)
film with glycine by a method that involved UV graft-
ing of polyacrylamide and sequential reactions. The
glycine-grafted PET film was then reacted with oligo-
peptides for applications in biomaterials. Amino acids
have been attached covalently to the surface of poly-
urethane by the reaction with sodium sulfonate'* or
hydroxyl'® groups.
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Scheme 1 Chemical approach to anchor an amide on the surface of EAA film using an amino acid intermediate.

As mentioned, the present study was motivated by
issues related to the processing of polyolefin films,
which, in their neat form, typically possess surfaces
that are tacky and exhibit a high coefficient of friction
(COF).'*'” Commercial films travel over metal rollers
in high-speed packaging lines where the performance
of the film in contact with the rollers depends on the
frictional characteristics of the film. To reduce the COF
and make the films easier to process, fatty-amide ad-
ditives, for example, erucamide (C,,) or stearamide
(Cyg), are blended into a polyolefin before extru-
sion.’” 2 Once the film solidifies, the additives (re-
ferred to as slip agents) migrate to the surface over
time, thereby reducing the COF. In a recent study,
Janorkar et al.*! reported that surface-segregated eru-
camide was removed during repetitive COF testing,
resulting in a process-dependent COF that increased
with an increasing number of film-metal contacts.
This COF increase can occur because the slip agent is
not covalently bound to the polyolefin film surface. By
anchoring the slip agent or a chemically analogous
compound to the polyolefin surface, it might be pos-
sible to reduce the deleterious COF changes. There-
fore, the focus of the present study was to develop the
protocol for covalent attachment of relatively long-
chain amides to polyethylene-based films. Subse-
quently, we will investigate the effect of these surface-
bound amides on film COF.

The approach is to first graft amino acid intermedi-
ates to the film surface, followed by amidation of the
carboxylic acid group(s) of the amino acid. For this
study, ethylene-acrylic acid copolymer (EAA) film
was selected. EAA and its partially neutralized form,
EAA ionomer, are important products in the packag-
ing industry. They are often used for applications that
require good adhesion to aluminum foil, for products
that are high in fat content (e.g., meat), and for appli-
cations that require high film clarity and toughness.*
Carboxylic acid groups on the surface of EAA film
provide the reaction sites to attach amino acid mole-
cules. We chose to anchor amino acid intermediates
rather than to amidate the surface directly because the
former approach results in amide functionality that
more closely resembles the C5 or C,, migratory amide
additives used in practice. In principle, carboxylic acid
groups can be generated on the surface of polyethyl-
ene film by plasma treatments.” Therefore, it will be

possible to extend the present technique to polyethyl-
ene, the most commonly used packaging-film mate-
rial. In the present contribution, we describe the reac-
tion conditions used to covalently bond amino acids to
EAA and the conditions for subsequent amidation. We
present characterization data that illustrate the
changes that occur to the chemical and physical prop-
erties of the modified films. The effect of amino acid
grafting on film COF will be discussed in a subsequent
article.

EXPERIMENTAL
Materials

EAA (9.5 mol % acrylic acid) films (thickness = 0.06
mm) were used as received from Cryovac Division of
Sealed Air Corp. (Duncan, SC). Phosphorus penta-
chloride (PCl;5, 95%), 12-aminododecanoic acid (95%),
potassium hydroxide (KOH, 85+% ACS reagent),
5-aminophthalic acid (94%), and ammonia (0.5 mol %
ammonia in dioxane solution) were purchased from
Aldrich (Milwaukee, WI) and used as received. L-
Aspartic acid (>99%) was purchased from Sigma (Mil-
waukee, WI). Methylene chloride, dioxane, methyl
ethyl ketone, and ethyl acetate were purchased from
Aldrich as ACS reagent grade.

Preparation of acid chloride-modified film surface

Referring to Scheme 1, a piece of EAA film (15 X 25
cm) was immersed in 600 mL of a 3% (w/w) PClg
solution in methylene chloride to perform the surface
reaction. The reaction took place 24 h at room temper-
ature with shaking. After the reaction was finished,
the film was removed and washed sequentially with
methylene chloride and ethyl acetate. Residual solvent
on the surface was blotted off with tissue paper. For a
sample subjected to characterization, the film was al-
lowed to air dry for at least 24 h. All other samples
were used immediately in the next reaction step. Here-

after, the surface-modified EAA film is denoted as
EAA-CL

Preparation of amino acid-modified film surface

Three different amino acids were used in this study:
12-aminododecanoic acid, 5-aminophthalic acid, and
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L-aspartic acid. The latter two compounds have two
carboxylic acid groups, which potentially allow the
final concentration of amide groups to exceed the
concentration of surface carboxylic acid groups on the
starting EAA film. Amino acid (8 g) was dissolved in
400 mL of 4% (w/w) KOH aqueous solution at room
temperature. One piece of the EAA-CI film was placed
in the amino acid solution to perform the reaction at
room temperature for 24 h. After the reaction was
completed, the film was removed and washed with a
4% (w/w) KOH aqueous solution for 10 min, and then
washed with substantial volumes of neutral water. To
convert the carboxylate salt groups to acid groups, the
films were treated with 400 mL of 1N HCI acidic
aqueous solution. Tissue paper was used to absorb the
residual solvent on the surface after acidification. The
amino acid-modified EAA film in the salt form was
denoted as EAA-N-K; in the acid form, it was denoted
as EAA-N-acid.

Preparation of acid chloride-modified, amino acid-
modified film surface

EAA-N-acid film was reimmersed in the PCl; solution
to convert the carboxyl end groups to acid chloride
groups. The reaction conditions were the same as
those used in the first reaction step. After this step, the
EAA film was denoted as EAA-N-CL

Preparation of amide-modified film surface

EAA-N-CI film was placed into 400 mL of 0.5 mol %
ammonia solution in dioxane. The amidation reaction
took place for 24 h with shaking. After the reaction
was completed, the film was removed and washed
with water. Tissue paper was used to absorb the re-
sidual solvent on the surface, and the film was dried in
air. The final modified EAA film was denoted as EAA-
N-amide.

Characterization

Attenuated total reflectance infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectra of the polymer films were obtained
using a Nicolet Avatar 360 FTIR spectrometer (Nicolet
Analytical Instruments, Madison, WI) equipped with
a nitrogen-purged chamber. ATR-FTIR spectroscopy
was conducted with a horizontal multibounce attach-
ment using a germanium crystal and a 45° angle of
incidence. All spectra were taken at 4 cm ™' resolution
and reported as an average of 540 scans.

Static contact angle measurement

Static contact angle measurements were conducted
using a Kriiss G10 instrument (Kriiss, Hamburg, Ger-

LUO ET AL.

§¢ 0.02au

3000 2000 1500 1000

4000
‘Wavenumbers (cm')

Figure1 Conversion of carboxylic acid groups to acid chlo-
ride groups evaluated by ATR-FTIR spectroscopy.

many) with a digital photoanalyzer. With a 1-mL sy-
ringe, a water drop (volume = 1.4 uL) was carefully
placed onto the film specimen of interest. At least nine
drops were evaluated for each specimen to obtain an
average contact angle and 95% confidence interval.

Scanning probe microscopy (SPM)

SPM characterization was done using a Dimension
3100 (Digital Instruments, Santa Barbara, CA) micro-
scope. Both tapping and phase-imaging modes were
used to characterize the modified EAA films in ambi-
ent air. The root-mean-square roughness of the sam-
ples was evaluated from AFM images in the tapping
mode. Surface roughness is the standard deviation of
feature height (Z) values within a given area®*:

N
Z (Zl - Zuv)z
i=1

Roughness = | ————— (1)

where Z,, is the average Z-value within the given
area, Z; is a point feature height, and N is the number
of points within a given area.

RESULTS AND DISCUSSION

Scheme 1 shows the four-step approach to bond amide
groups covalently to EAA film. ATR-FTIR spectros-
copy was used to characterize the chemical changes to
the film after each step. Figure 1 shows the ATR-FTIR
data after the first reaction step. Plain (unmodified)
EAA showed a hydrogen-bonded carbonyl stretching
vibration at 1703 cm ™ '. After reacting EAA with PCls,
the carbonyl band shifted to 1793 cm™', consistent
with the transformation of the carboxylic acid groups
to acid chloride groups.

For step 2, 12-aminododecanoic acid or one of the
other two amino acids was dissolved in a basic aque-
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Figure 2 Attachment of 12-aminododecanoic acid on EAA
film evaluated by ATR-FTIR spectroscopy: (a) plain EAA; (b)
EAA-CI; (c) EAA reacted with KOH aqueous solution di-
rectly; (d) EAA-N-K; (e) EAA-N-acid.

ous solution. After this reaction step, the surface-an-
chored amino acid was in its salt form (EAA-N-K). The
ATR-FTIR spectrum of EAA-N-K [Fig. 2(d)] shows a
weak vibration at 1641 cm™' associated with the
amide group that is formed and a strong peak located
at 1554 cm™'. The strong band is assigned to the
asymmetrical stretching vibration of a carboxylate an-
ion.*® To confirm the property of this 1554 cm ™' band,
plain EAA was neutralized directly with KOH aque-
ous solution. The ATR-FTIR spectrum [Fig. 2(c)]
shows a strong 1554 cm ™' band and a weak band at
1689 cm ™!, which verified that the 1554 cm ™! band is
associated with the carboxylate anion. Next, the car-
boxylate salt was converted to COOH by treating the
EAA-N-K film with HCl aqueous solution. The ATR-
FTIR spectrum [Fig. 2(e)] shows the existence of a
hydrogen-bonded carbonyl band of COOH (1709
cm™'), an amide carbonyl band (1641 cm™'), and a
band at 1545 cm™'. The 1545 cm ™' band was attrib-
uted to the N—H bending vibration (amide II
band).?*

The reaction between EAA-Cl and amino acid con-
sumes acid chloride groups on the EAA film. As a
result, the 1793 cm ™' band [seen in Fig. 2(b)] disap-
peared in the ATR-FTIR spectra after complete reac-
tion conversion. Thus, the intensity of 1793 cm ™ ! band
can be used to measure reaction kinetics for conver-
sion of EAA-CI to EAA-N-acid. Reaction conversion y
is defined and measured as

(A1793/A1465)t

- 2
(A1793/A1465)0 @

x=1

where A3 and Aj,45 represent the absorption inten-
sities at 1793 and 1465 cm ™, respectively; subscripts 0
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and t represent initial time and reaction time, respec-
tively. The band at 1465 cm™ " is the C—H bending
vibration that results primarily from the polyethylene
segments of EAA film; as such, it is used as an internal
reference. Figure 3 shows that the reaction conducted
with 12-aminododecanoic acid (12-ADDA) occurs
much faster than that with 5-aminophthalic acid (5-
APA) or vr-aspartic acid (AA). To obtain about 80%
reaction conversion, 12-ADDA required about 3 min,
whereas both 5-APA and AA took more than 10 h.
Given that the reaction between acid chloride and
amine is a nucleophilic substitution, the observed dif-
ferences in reaction rates are likely attributable to dif-
ferences in the nucleophilicities of the lone electron
pair of the amine nucleophiles. For 5-APA, the amine
group is attached directly to an aromatic ring that
contains two electron-withdrawing carboxylic acid
groups. For this compound, the nucleophilicity of the
amine group is reduced from donating electrons to the
aromatic ring and the two carboxylic acid groups.
Therefore, the reactivity of the aromatic amine group
in 5-APA is lower compared to that of the isolated
aliphatic amine group in 12-ADDA. 1-Aspartic acid is
an aliphatic a-amino acid with its amine group posi-
tioned on the same carbon atom as the carboxylic acid
group. Here again, the proximity of the carboxylic
group reduces the nucleophilicity of the amine in AA.
As an example, lysine can be used to illustrate the
relative basicities of a- and w-amine groups in an
aliphatic amino acid. Much stronger basicity was re-
ported for the w-amine group (pK, = 10.53 »-NHj3)
than for the a-amine group (pK, = 8.95 a-NHj) in
lysine.”® The reduced basicity (similar trend of nucleo-
philicity in the present case) of the a-amine group in
AA makes it less reactive toward nucleophilic substi-
tution than the amine group of 12-ADDA.

Figure 4 shows the ATR-FTIR spectra in all reaction
steps intermediated with 12-aminododecanoic acid.
After the amino acid was attached to the EAA surface,
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Figure 3 Reaction kinetics of amino acid coupling with
acid chloride groups on EAA film. Data were collected from
ATR-FTIR measurements and processed using eq. (2).
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Figure 4 ATR-FTIR data tracking the formation of longer-
chain amide groups on EAA film by surface grafting of
12-aminododecanoic acid: (a) EAA plain; (b) EAA-CL; (c)
EAA-N-COOH; (d) EAA-N-CI; (e) EAA-N-amide.

its carboxylic acid group was converted to an acid
chloride group. A band at 1793 cm ™' in the spectrum
[Fig. 4(d)] supports the conversion of the amino acid
to the acid chloride functionality. In a final step, am-
monia was reacted with the acid chloride groups to
generate primary amide groups at the grafted-layer
periphery. The ATR-FTIR spectrum of the EAA-N-
amide film [Fig. 4(e)] shows a strong amide I absorp-
tion band at 1645 cm ™' and an amide II absorption
band at 1545 cm ™, and supports the successful graft-
ing of amino acids to EAA film and subsequent ami-
dation.

As mentioned previously, by covalently anchoring a
longer-chain amide compound to the EAA surface, we
expect to overcome the problems associated with loss
of slip additives from the surface. To ensure that no
surface modifying agents were physically adsorbed to
the surface, aggressive washing experiments were

4000 3000 2000 1500 1000
Wavenumbers (cn!)

Figure 5 Comparison of ATR-FTIR spectra of 12-aminodo-
decanamide-modified EAA film after different postmodifi-
cation solvent washes: (a) EAA-N-amide, without aggres-
sive wash; (b) EAA-N-amide, after MEK RT wash for 1 h and
oven drying at 110°C for 17 h; (c¢) EAA-N-amide, after
CH,Cl, wash for 1 h.

LUO ET AL.

conducted on the final films. These washing experi-
ments were done in addition to wash steps that were
carried out after each reaction step. Because water was
used as the final wash step before ATR-FTIR charac-
terization, we did not expect PCl; or ammonia as a
surface contaminant. Also, after the amino acid graft-
ing step, the film was washed with 4% (w/w) KOH
solution, so we did not expect residual amino acid.
Nevertheless, in the event that residual amino acid
was present after the base wash, it might be possible
for the film to hold physically adsorbed 12-aminodo-
decanamide or even its oligomer. Therefore, our ag-
gressive washing focused on solvent selection to re-
move any physically adsorbed 12-aminododecana-
mide that might be present.

The molar volume of 12-aminododecanamide was
calculated based on a group contribution method
given by Fedors in Van Krevelen.”” A solubility pa-
rameter was calculated for this molecule based on a
group contribution method given by Hoftyzer-Van
Krevelen in Van Krevelen.” The contributions of dis-
persion forces, polar forces, and hydrogen bonding to
the solubility parameter of 12-aminododecanamide
were calculated to be 17.9, 3.6, and 7.0 J/2/cm®/?,
respectively. According to these calculations, methyl
ethyl ketone (MEK) and methylene chloride should be
good solvents for this compound. The contributions of
dispersion forces, polar forces, and hydrogen bonding
to the solubility parameters of MEK and methylene
chloride are 15.9, 9.0, and 5.1; and 16.6-17.3, 1.0, and
1.0 J/2/cm®/2, respectively.?’ Figure 5 shows the re-
sult of aggressive washing with these two solvents.
The spectrum in Figure 5(a) represents a film with
amide grafting without subsequent aggressive wash-
ing. Figure 5(b) is for a film washed with MEK at room
temperature for 1 h and then oven dried at 110°C for
17 h. Figure 5(c) is for a film washed in methylene
chloride for 1 h. No significant differences were ob-
served between the spectra of the EAA-N-amide film
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Figure 6 Static water contact angle data for EAA film and
modified EAA film. The —-N-acid and —N-amide films were
prepared with 12-aminododecanoic acid. The error bars rep-

resent 95% confidence intervals.
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Figure7 Surface topography (3-D images) and phase (2-D images) of modified EAA film followed by SPM. The vertical scale
is 15 nm and 25° for topographical and phase images, respectively: (a) plain EAA, roughness = 1.1 nm; (b) EAA-N-K,
roughness = 2.2 nm; (c) EAA-N-acid, roughness = 1.5 nm; (d) EAA-N-amide, roughness = 2.6 nm.

taken before and after aggressive wash steps. This
result further supports covalent bonding of amide
groups on the surface of EAA film by surface grafting
of 12-aminododecanoic acid.

The covalently bonded amide groups affected the
surface wettability of EAA measurably. Figure 6
shows that the static water contact angle decreased by
about 20° from about 95° for plain EAA to about 75°
for EAA-N-amide. This decrease in contact angle
seems reasonable given that amide groups are hydro-
philic. For example, static water contact angle mea-
surements on the surface of polyacrylamide give val-
ues = 25°.%° The net effect of surface modification is to
replace each carboxylic acid group on the EAA surface
with one secondary amide (at the amino acid anchor
point) and one primary amide (at the chain end). It
also seems reasonable that the contact angle should
remain relatively high given that the EAA in the cur-
rent study contains only 9.5 mol % acrylic acid. Thus,
water in contact with the surface primarily sees poly-
ethylene chains.

Structurally, bonding the longer-chain amide to the
EAA surface affected the surface morphology. Figure
7 shows topographic and phase images of plain EAA
and modified EAA measured by SPM. Phase images
map surface composition differences based on differ-
ences in local mechanical or adhesive properties of the
sample. The SPM results show that surface roughness
increased from 1.1 nm for plain EAA film to 2.6 nm for
EAA-N-amide, based on topographical analysis. Phase
images show that the amino acid-grafted film [Fig.
7(c)] and amide-modified film [Fig. 7(d)] were more
heterogeneous than the plain EAA film. This result is
consistent with the findings of McEvoy et al.,*" who
demonstrated that the molar concentration of acrylic
acid at the surface of EAA is higher than the bulk
concentration, likely because of the rejection of acrylic
acid segments from polyethylene crystallites. Thus,

the surface heterogeneity of plain EAA film is likely
attributable to formation of ethylene-rich regions and
acrylic acid-rich regions. Surface modification reac-
tions were conducted selectively on acrylic acid-rich
regions, thereby increasing the differences in mechan-
ical/adhesive properties of the two types of regions.
Postmodification phase imaging highlighted these dif-
ferences.

CONCLUSIONS

Amides were anchored covalently to the surface of
EAA film by surface grafting of amino acid interme-
diates. ATR-FTIR spectroscopy indicated that 12-ami-
nododecanoic acid was much more reactive with sur-
face acid chloride groups of modified EAA than were
5-aminophthalic acid and L-aspartic acid. The 12-ami-
nododecanoic acid required about 3 min for 80% con-
version to occur. Amide modification resulted in a 20°
decrease in static water contact angle relative to that of
unmodified EAA film. Scanning probe microscopy in-
dicated that the surface reactions occurred selectively
on acrylic acid-rich regions on the surface of EAA
film. This conclusion was based on an increased sur-
face roughness from 1.1 nm for unmodified EAA film
to 2.6 nm for amide-modified EAA film, along with
measurable differences in the phase images, indicating
that the surface became more heterogeneous.
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