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ABSTRACT: Poly(diethylaminoethyl methacrylamide) (PEAM), a dendronized polymer, was synthesized according to classical proce-
dures. Monomers and polymers were characterized by spectroscopic measurements. The results obtained were in agreement with the
expected chemical structure. The phase behavior of blends of PEAM with diclofenac (DCF), ibuprofen (IBU), and paracetamol
(PCM) were studied by different experimental techniques. FT-IR, UV-Vis, DSC, and TGA measurements suggested important interac-
tions between the blended components. Thermogravimetric analysis (TGA) indicated the temperature at which the dendronized poly-
mer released a small molecule. AFM measurements and molecular dynamics (MD) simulations were used to better understand
the nature of the interactions and to estimate the distance between the components of the blends to explain the interaction involved.
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INTRODUCTION

Dendronized polymers are a special family of polymers in which
the side chain is composed of a dendritic structure with differ-
ent conformational arrangements. This chemical structure gives
rise to a special property of the macromolecule, and its behavior
is interesting for various reasons. Low molecular weight mole-
cules are often used as carriers and to prepare new compounds,
including pharmaceutical compounds, dyes, catalysts, etc. In
contrast, macromolecules with large molecular weights are used
directly in industry. The most significant difference between
small and large molecules is that macromolecules, unlike small
molecules, do not have a specific shape and therefore lack pre-
dictable properties."™ For instance, the diameter of the poly-
mers can be changed by changing their physical environment.
Investigations of intermediate-sized nanoscale molecules with
specific shapes and functionalities along with well-defined
molecular weights are interesting. These molecules can be non-
linear oligomeric units called dendrimers. However, such
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molecules are able to receive small molecules as guests and can
be used as a delivery systems for drugs, catalysts, dyes, etc.”™"'
Such systems can be considered a special type of polymer blend,
where the interactions between the polymer and the small mole-
cules should determine the general behavior of the mixture and
the rate of release of the small molecules. This special type of
mixture should be considered in the development of a model to
suggest a mechanism for the delivery of small molecules and to
take advantage of the type of interactions involved in the blend
process. Previously,
required knowledge of the particular behavior of the polymer-
small molecule pair.

the elucidation of such mechanisms

Polymer blends are a subject of current interest because the var-
ious methods of blending enable the creation of materials with
new and enhanced properties;'> however, the behavior of
polymer-small molecule blends differs from that of polymer-
polymer blends. These new types of polymeric materials can be
analyzed by the same experimental techniques used to analyze
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polymer-polymer blends, i.e., DSC, TGA, FT-IR, UV-Vis, AFM,
etc.

The aim of the present work is to study the interactions within
blends containing an interacting dendronized polymer, i.e., pol-
y(diethylaminoethyl methacrylamide) (PEAM), with some com-
mon drugs such as ibuprofen (IBU), diclofenac sodium salt
(DCF), paracetamol (PCM) (see Scheme 1). Using this
approach, we determined the effect of the functionalization of
the small molecule on the releasing mechanism and obtained
information about the interactions involved in such systems.

EXPERIMENTAL

Materials Synthesis and Chain Characterization

All reagents and solvents were purchased from Sigma-Aldrich.
Diethylaminoethyl methacrylamide was obtained by reaction of
methacryloyl chloride and 2-N,N-diethylamine in the presence
of triethylamine at room temperature according to the previ-
ously reported procedure.”” The monomer EAM was polymer-
ized in bulk using o,0/-azobisisobutyronitrile (AIBN) (0.5% wt)
as the initiator under previously dried N2 atmosphere. Polymer-
ization was carried out in bulk at 65°C for 48 h (M,, = 52,700
(g/mol), DPI = 1,2)."?

Spectroscopic Characterization

Proton nuclear magnetic resonance ( '"H-NMR) spectra were col-
lected on a Bruker ACP Avance-400 spectrometer at 400 MHz;
the samples were dissolved in CDCl;, and tetramethylsilane was
used as an internal standard for EAM and PEAM."

FT-IR spectra were recorded on a Bruker Vector 22 spectropho-
tometer using KBr pellets; the spectra were collected at a resolu-
tion of 1 cm™'. UV-Vis measurements of the pure components
and blends were recorded on an Agilent Technologies CARY 60
UV-Vis spectrophotometer; the samples were dissolved in meth-
anol at concentrations of 4.5 X 107> mg/mL to 1.6 X 107’
mg/mL, and their absorbance was measured at wavelengths
between 350 and 200 nm. UV-Vis PEAM/PCM spectra were
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deconvoluted and then curve-fitted with Gaussian bands using
ORIGIN PRO 9.0 software.

Molecular Characterization

Weight-average molecular weight (M,,) and polydispersity (M,,/
M,) values of the polymer were determined using a Viscotek
(VE 1122 solvent delivery system) size exclusion chromatograph
equipped with a VE 3580 RI refractive index detector. The
mobile phase was chloroform (CHCI;), and separation was car-
ried out with a T600M column. An elution rate of 1 mL/min at
30°C and 1 wt % solutions of the polymer in CHCI; were used.
The molecular weight distribution was calculated on the basis
of a calibration curve constructed using monodisperse poly(sty-
rene) standards."?

Blends Preparation

Films were obtained by dissolving each polymer separately (2
wt % solution) in CHCIl;. Solutions were then mixed, and the
blends were stirred for 24 h. The blends were then dried under
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Table I. Glass-Transition Temperatures, T, (°C), for Blends of PEAM/IBU, PEAM/DCEF, and PEAM/PCM at Different Compositions and Melting Temper-

atures, T, (°C), for IBU, DCF, and PCM

Composition (wt %)

0 20 40 50 60 80 100
Tg (°C) T (°C)
1BU 90 101 89 91 97 95 77
DCF 90 92 85 - 115 130 267
PCM 90 93 87 89 98 95 158

vacuum at 25°C to a constant weight. The drugs used for the
blends were DCF, IBU, and PCM (Scheme 1).

Thermal Analysis

TGA was carried out on a Mettler Toledo TGA/SDTA 851. The
scans were performed at temperatures ranging from 25°C to
700°C at a heating rate of 10°/min under a dry nitrogen atmos-
phere. The sample masses were 5 to 10 mg, and the samples
were placed in 40 pL alumina pans. Data were processed using
the STAR® software version 8.1 from Mettler-Toledo. The

Ibuprofen

dmiT

T T T T
100 200 300 400 500 600 700

thermal transitions of the polymer were studied by DSC on a
Mettler-Toledo DSC 821-700 differential scanning calorimeter;
the samples were measured under dry nitrogen and at a heating
rate of 10°C/min. The thermal curves of the samples were
obtained using the following heating method: a 5 min hold at
300°C, a decrease temperature to —100°C at 10°/min, a 2-min
hold at —100°C and an increase in temperature to 300°C at
10°/min. The second heating cycle was used for analysis. Data
obtained were processed using the STAR® software version 8.1
from Mettler-Toledo.

Diclofenac
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Figure 1. TGA thermograms of a) PEAM/IBU: (1) PEAM, (2) IBU, (3) IBU 20%, (4) IBU 40%, (5) IBU 50%, (6) IBU 60%, and (7) IBU 80%; b)
PEAM/DCEF: (1) PEAM, (2) DCE (3) DCF 20%, (4) DCF 40%, (5) DCF 50%, (6) DCF 60%, and (7) DCF 80%; c) PEAM/PCM: (1) PEAM, (2) PCM,
(3) PCM 20%, (4) PCM 40%, (5) PCM 50%, (6) PCM 60%, and (7) PCM 80%. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 2. FT-IR spectra of a) PEAM/IBU: (1) PEAM, (2) IBU, (3) IBU
20%, (4) IBU 40%, (5) IBU 50%, (6) IBU 60%, and (7) IBU 80%; b)
PEAM/DCE: (1) PEAM, (2) DCE (3) DCF 20%, (4) DCF 40%, (5) DCF
50%, (6) DCF 60%, and (7) DCF 80%; ¢) PEAM/PCM: (1) PEAM, (2)
PCM, (3) PCM 20%, (4) PCM 40%, (5) PCM 50%, (6) PCM 60%, and
(7) PCM 80%. Black (dotted), drug; red, 20 wt %; green, 40 wt %; blue,
50 wt %; black, PEAM. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Atomic Force Microscopy

AFM images were obtained in tapping mode with a Nanoscope
IIla Multimode® scanning probe microscope from Digital
Instruments, Veeco. Commercial Si cantilevers with force con-
stants of 20 to 80 N/m were used. Samples were prepared by
spin-coating at 2000 rpm for 60 s using a Telstar Instruments
model P-6708D spin-coater. The blend solutions (0.1-0.2 wt %
in CHCl;) were coated onto cleaved glass substrates.

Molecular Dynamics Simulation

The initial structures for each polymer fragment used in this
study were constructed with 10 repeating units for each poly-
mer using the Materials Studio software. The fragments were
minimized and equilibrated through a molecular dynamics
(MD) simulation. The initial configuration of the systems was
optimized using the “smart minimizer” method, which is a
minimization protocol implemented in the Discover module.
Three minimization methods were used: Steepest descent, Con-
jugate gradient, and Newton methods. The equilibration and
relaxation steps were a 1.0 ns MD simulation at 350 K using the
Andersen thermostat in the NVT ensemble with a time step of
1.0 fs. Short-range electrostatic and van der Waals interactions
were truncated at 9.5 A. All MD simulations were performed
using the Discover module of Materials Studio, and a PCFF
force field was used for this purpose. The last conformation for
each polymer fragment was saved and used to calculate the
energy of blend between PEAM and the small molecules. The
BLEND module of the Materials Studio software was used.
PEAM was a screen fragment, whereas DCHs, IBU, DCE and
PCM were the base fragments.

RESULTS AND DISCUSSION

Synthesis and Characterization of Monomers and Polymers
Functionalized poly(methacrylamide) was obtained by polymer-
ization of the monomer through the reaction of 2-N,N-diethyle-
thylamine and methacryloyl chloride. Radical polymerization
was carried out with AIBN as the initiator, as previously
reported'® (Scheme 2). The monomer and the polymer were
characterized by '"H-NMR. Different signals were observed, cor-
responding to: monomer, 6.57 ppm (s, 1H; NH,), 5.71 ppm (s,
1H; =CH,), 5.30 ppm (s, 1H; =CH,), 3.74 ppm (m, J=6.0
Hz, 2H; CH,), 3.34 ppm (dd, J=11.3, 5.5 Hz, 2H; CH,), 2.55
ppm (dt, J=14.2, 6.5 Hz, 6H; CH,), 1.98 ppm (m, 3H; CHj),
1.01 ppm (s, 6H; CHj3). These signals are in agreement with the
expected chemical structure for the monomer. The chemical
shifts in the spectrum of the polymer were as follows: 7.26 ppm
(s, 1H; NH,), 3.46 ppm (m, 2H; CH,), 1.67 ppm (m, 6H;
CH3;), 1.35 ppm (m, 3H; CH3), 0.9 ppm (m, 8H; CH,). These
signals are in agreement with the expected chemical structure of
the polymer. The signals associated with the vinylic hydrogens
of the monomer (at 5.25 and 5.75 ppm) disappeared, which is
an important result for characterizing the polymer structure.
The FT-IR spectra show the main absorption bands correspond-
ing to the amide and carbonyl functional groups, together with
the stretching vibrations corresponding to methyl and methyl-
ene groups; these bands are summarized as: 3440 cm” ! (—NH),
1644 cm™' (—C=O0 amide) 2973 cm™' (—CH,) and 2933
(CH;) cm™ %
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http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

CIENC

Table II. FT-IR Main Absorptions and Shifts of the Functional Groups Involved in the Polymer/Drug Interactions for a) PEAM/IBU, b) PEAM/DCE, and

¢) PEAM/PCM

a) PEAM/IBU

Composition (wt %) IBU 20 40 50 PEAM

Wavenumber (cm~%) 1720-1230 1722-1230 1718-1205 1714-1205 1644
b) PEAM/DCF DCF 20 40 50 PEAM

Composition (wt %)

Wavenumber (cm™1) 1400-1644 1390-1644 1382-1639 1377-1639 1644
c) PEAM/PCM PCM 20 40 60

Composition (wt %)

Wavenumber (cm 1) 1638 3414-1638 3420-1638 3424-1638 1644

Thermal Analysis

The main criterion for miscibility of a material is the presence
of a single glass-transition temperature (T,), which should be
intermediate between the T, of the pure components.' ¢
Nevertheless, in the case of blends of polymers and small mole-
cules, the melting point (7,,) of the small molecules disappears,
which indicates that the polymer and the small molecules are
part of the same structure. If the blend were immiscible, the T,
and T, signals of the individual components would be
observed.

Transparent films were obtained at room temperature. The
PEAM/drug blends exhibit a single T, over the whole range of
compositions. The exception is the blend PEAM/DCF (50/50 wt
%). The T, and T,, values corresponding to the blends and
drugs, respectively, are summarized in Table I.

Table I shows that, for blends containing ibuprofen, the T, val-
ues were higher than the value for pure PEAM and that the
highest value was reached when the composition of the drug is
20% wt. When the blend contained 80% wt of DCE the T,
value of the blend reached the highest value of 130°C. For the
blends containing PCM, the T, variation exhibited a shape with
values over and below the T, of the pure polymer, reaching the
higher value when the ibuprofen content was 60% wt (Table I);
therefore, we presume that some type of affinity existed between
the components.

The TGA profiles, represented as the first derivative (DTG = dm/
dT), for different compositions of PEAM/drug blends are shown
in Figure 1. All blends exhibited a similar trend, with two stages
of decomposition. This decomposition profile was attributed to
degradation of the polymer molecule in steps. The first step of
the degradation was due to the disruption of the polymer-drug
association and to the cleavage of the small molecule, consistent
with the melting temperatures of the drugs. The second step cor-
responded to the degradation of the polymeric backbone. There-
fore, this behavior suggested that the small molecules could be
trapped inside the cavity of the dendronized polymer and could
then be gradually delivered. The decomposition temperature at
which 50% of the material was decomposed (TD**) was cen-
tered at approximately 200 to 250°C, which is indicative of a
qualitative measure of the strength of the interaction between the
polymer and the small molecule. Notably, the T, values of
the small molecules in the blend were weakly detected in the
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TGA/DTG profiles, irrespective of the composition. Nevertheless,
shifts in the degradation profiles with changes in composition
were observed, which suggests that an important interaction
occurs between the polymer and the small molecules; on the
basis of this result, PEAM and the drugs were assumed to be
compatible or partially compatible.

FT-IR Analysis

The FT-IR spectra of the pure components and blends provide
information complements the thermal analysis results, which
supports our hypothesis concerning interactions in the different
polymer mixtures. Specific interactions between components are
readily evident through band displacement, intensity changes,
broadening of the signals, etc.'”° In the case of pure PEAM,
the amide-I absorption band at 1644 cm™ ' and the —NH
stretching band between 3300 and 3500 cm™' are frequently
used to detect band displacements related to amides. This signal

T
ok ziinm

Jc) 1

0 20 200 260 280 300
Wavelenght (nm)

200 220 240 260 280 300 320
Wavelength (nm)

Figure 3. Absorption spectra of: a) PEAM/IBU: (1) PEAM, 0.1 mg/mL,
(2) PEAM/IBU 20/80, (3) PEAM/IBU 40/60, (4) PEAM/IBU 50/50, (5)
IBU 0.01 mg/mL; b) PEAM/DCF: (1) PEAM, 0.1 mg/mL, (2) PEAM/DCF
20/80, (3) PEAM/DCF 40/60, (4) PEAM/DCF 50/50, (5) DCF 0,01 mg/
mL; ¢) PEAM/PCM: (1) PEAM, 0.1 mg/mL, (2) PEAM/PCM 20/80, (3)
PEAM/PCM 40/60, (4) PEAM/PCM 50/50, (5) PCM 0.01 mg/mL. Black
(dotted), drug; red, 20 wt %; green, 40 wt %; blue, 50 wt %; black,
PEAM. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table III. UV-Vis Wavelength Maxima for Blends of PEAM/IBU, PEAM/DCE, and PEAM/PCM

UV-Vis Wavelength (nm)
PEAM/IBU PEAM 218
IBU 221
PEAM/IBU (20/80) 219
PEAM/IBU (40/60) 217
PEAM/IBU (50/50) 217
PEAM/DCF PEAM 218
DCF 216 281
PEAM/DCF(20/80) 216 280
PEAM/DCF (40/60) 216 280
PEAM/DCF (50/50) 217 280
PEAM/PCM Normal spectrum Deconvoluted spectrum
PEAM 218
PCM 208 247 =
PEAM/PCM (20/80) 216 243 214-244
PEAM/PCM (40/60) 216 = 214-241
PEAM/PCM (50/50) 217 - 216-232

corresponds to a combined mode with contribution of —C=0
and —C—N stretching.”'

Coleman et al**** analyzed amide/ether interactions in which
the presence of —C=0 and —NH groups led to the formation
of an intramolecular hydrogen bond. In the case of the present
work, chains are associated and only terminal functional groups
of chains are available for specific intermolecular interactions.
The FT-IR absorptions of the pure components and blends
show some displacements, as evident in Figure 2.

Figure 2 shows a comparison of the FT-IR spectra of some
compositions of the different PEAM/drug blends, where a shift
in the wavenumber corresponding to the carbonyl of the amide
group is evident. Although the displacements are small, they are
enough to assume that at least van der Waals type interactions
could be invoked. Therefore, these results would indicate some
degree of compatibility between the components of the blends
and the inclusion of the small molecule inside the cavity of the
dendronized polymer.

The —NH band of PEAM in the spectrum of the blend contain-
ing IBU shows variations of the wavenumber for 60% and 80%
of drug in the mixture; nevertheless, the —C=O signal associ-
ated with the polymers does not show substantial variations.
The wavenumber for the nonpolar —CHj; of PEAM exhibits dis-
placements of up to 19 cm™ ' when the IBU content is 40% wt.
The bending absorptions corresponding to the amide groups in
blends containing 20, 40, and 50% show important variations;
this observation provides further evidence for the occurrence of
important and selective interactions in these systems.

In the spectra of PEAM/DCF and PEAM/PCM, the bands asso-
ciated with —NH, —C=O0 and nonpolar groups of the polymer
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do not show important variations. However, in the spectrum of
the blend containing 20% wt of PCM, the wavenumber corre-
sponding to the —NH group shows a displacement of 14 cm™ ',
which is the most important displacements in the spectra of the
studied compositions (Table II). In the spectral region of
1300 cm ™', important shifts are observed for blends with DCE,
but not for blends containing PCM. Therefore, the interactions
involved in these systems depend strongly on the composition,
the conformation of the polymer and the trapping capacity of
the polymer toward the small molecule. Accordingly, the inter-
action strength is strongest in the blends containing IBU. The
presence of a carboxylic group and easy access to the small mol-
ecules inside the dendronized poly(methacrylamide) should give
rise to some type of interaction in comparison with the blend
containing DCF, whose FT-IR spectrum shows lower peak
intensities. A detailed analysis of the FT-IR spectra for the sys-
tems under study is therefore necessary.

In the spectrum of PEAM/IBU [Figure 2(a)], two shifts of the
signals at 1720 and 1230 cm ™' are observed, corresponding to
the stretching vibration of —C=0 and the bending vibration of
—OH of the carboxylic acid present in IBU (Table II).

The greater shift is from 1230 to 1205 cm ™', which occurs in
the case of the blend with a 50/50 wt % composition. In con-
trast, a small shift of the PEAM vibration corresponding to the
—C=0 stretching of the amide I is observed. This shift is
toward lower frequencies and reaches a value of 5 cm™' relative
to the corresponding peak in the spectrum of pure PEAM with
a 40/60 wt % composition.

In the case of the PEAM/DCEF spectrum shown in Figure 2(b),
the signal corresponding to the symmetric stretching of the car-
boxylate anion —COO™ present in DCF shifts. This signal shifts

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42450
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Figure 4. Topography (left) and phase image (right) of films of a) PEAM,
b) PEAM/IBU, ¢) PEAM/DCEF 50/50, and d) PEAM/PCM 50/50 (wt %).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

from 1400 to 1390 cm™' when the blend has a 50/50 wt %
composition. In the case of this blend, another shift of 5 cm™"
corresponding to the stretching vibration of the —C=0 of the
amide group toward lower frequencies is also observed. In the
case of PEAM/PCM [Figure 2(c)], no shifts are observed for the
vibrations associated with PCM (Table II).

UV-Vis Spectroscopy

UV-Vis is a powerful tool for detecting interactions between
two or more components in a mixture. Any displacement or
diminishing of the bands corresponding to the constituents of
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the blend provides information related to the interactions of the
molecules involved in the system.**>’

The UV absorption measurements have been used to investigate
the interactions between polymers and drugs. Shifts in the max-
ima or decreases in the absorbance of the bands of the com-
pounds present in the blends correspond to the formation of
complex structures. Devarakonda et al*® have analyzed the
complex formation between a dendrimer (PAMAM) and furose-
mide; the formation of the PAMAM/furosemide complex corre-
sponds to a small shift of approximately 5 nm of the maximum
of the band toward lower wavelengths and to the disappearance
of a band.*®

Figure 3 shows a compilation of the absorption profiles for
PEAM and blends with the respective drugs. The spectrum of
PEAM shows a maximum at 218 nm, and the maximum of the
PEAM/IBU blend overlaps that of PEAM, which complicates
analysis of the spectra [Figure 3(a)]. However, the peaks of the
maxima in the spectra of different compositions show that the
observed signal is displaced for PEAM as well as for IBU, which
indicates that the constituents are interacting, giving rise to
shifts in the absorption bands. Figure 3(b) presents the UV-Vis
spectrum of PEAM/DCE, which shows two maxima at 217 and
280 nm. The peak at 217 nm is in the absorption zone of
PEAM,; therefore, the band at 280 nm was analyzed. No shift in
the band corresponding to DCF at different concentrations was
detected, consistent with the FI-IR data, where small shifts in
the wavenumber for this blend were observed. This lack of shift
is attributable to the large size of DCF, which inhibits the gener-
ation of stronger interactions. The spectrum of PEAM shows a
maximum at 218 nm, and the maximum for PCM occurs at
248 nm [Figure 3(c)]. Changes in the absorbance maximum of
PCM were observed, where the maximum shifted from 248 to
243; this shift is evidence of the interaction between PEAM and
PCM (Table III). The results suggest that all of the components
of the different blends exhibit some extent of compatibility and
that these interactions are attributable to specific contacts that
arise from the affinity of the functional groups of PEAM and
drugs. As a consequence, this procedure of blending small mole-
cules and polymers can be assumed to be a good approach to
controlling the release of small molecules from the polymer.

Figure 3(a) presents the absorption spectra for the PEAM/IBU
blend. The spectrum of IBU [Figure 3(a-5)] shows a band max-
imum at 221 nm, whereas the spectra corresponding to the 40/
60 [Figure 3(a-3)] and 50/50 [Figure 3(a-4)] blends show a shift
of the band maxima toward shorter wavelengths, where the
maxima reach a position of 217 nm. The maximum shift is
observed when the dendronized polymer and IBU have the
same composition, and these shifts are attributed to an interac-
tion between both components of the mixture. In contrast, Fig-
ure 3(b) presents the spectra of the PEAM/DCF blend, where
the DCF spectrum [Figure 3(b-5)] shows two maxima at 216
and 281 nm. A decrease in intensity of the DCF band at
281 nm is observed for blends of 40/60 and 50/50 wt %, and
this decrease is largest in the case of the 50/50 wt % blend [Fig-
ure 3(b-4)]. To eliminate the possibility that this decrease in
band intensity could be due to dilution, the spectra of the drug
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Figure 5. Probability vs. distance plots of PEAM with a) IBU, b) DCEF, and ¢) PCM. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

in each of the three PEAM/DCF blends with different concen-
trations were compared. For this purpose, a calibration curve
for DCF at A =281 nm was constructed, where the correlation
coefficient was 0.9798, the intercept was 0.05487, and the molar
absorptivity was 1.2966 X 10 L mol™' ¢cm™'. The 20/80 blend
was observed to contain the same concentration of the drug
indicated by UV-Vis spectrophotometry (spectrum 2). Never-
theless, a difference between the concentrations in the 40/60
and 50/50 blends, e.g., the concentrations in the prepared
blends, were 1.16 and 2.3 times greater than the concentrations
determined on the basis of the absorbances at A,g; in spectra 3
and 4, respectively. The concentration of DCF in the 40/60
blend was determined to be 1.01 X 10 °M, whereas that deter-
mined using the calibration curve was 8.71 X 10 °M. In the
case of the 50/50 blend, 5.03 X 10~ °M was used in its prepara-
tion and the concentration determined using the calibration

MA‘““E,} WWW.MATERIALSVIEWS.COM
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curve was 2.18 X 10~ °M. Therefore, the decrease in absorbance
of the 281 nm band is attributable to an interaction between
the polymer and the drug.

In contrast, Figure 3(c) shows that, for PEAM/PCM, the drug PCM
(spectrum 5) exhibits two absorption maxima at 208 and 247 nm,
whereas the spectrum for PEAM shows a maximum at 218 nm.

Figure 3(c) presents the UV-Vis spectra for PEAM/PCM; the
absorption of PCM [Figure 3(c-5)] shows two maxima at 208
and 247 nm, whereas the spectrum for PEAM [Figure 3(c-1)]
shows only one maximum at 218 nm. The spectra of PEAM/
PCM with compositions of 20/80 [Figure 3(c-2)] and 40/60 [Fig-
ure 3(c-3)] shows one maximum at 216 nm and a shoulder at
245 nm. To better determine the band maxima in the blend spec-
tra, a deconvolution procedure for both spectra was performed.
The deconvoluted spectrum [Figure 3(c-i)] for the 20/80 blend
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contains two maxima at 214 and 244 nm. The maximum at
214 nm is attributed to a shift of the PEAM band, and the one at
244 nm corresponds to the PCM band in the blend; in contrast,
the spectrum deconvoluted [Figure 3(c-ii)] from the spectra for
the 40/60 blend shows two maxima at 214 and 241 nm. There-
fore, the shift of the PCM band increases with increasing amount
of polymer in the blend. Nevertheless, when the composition of
the blend is 50/50 wt % [Figure 3(c-4)], the band associated with
the drug disappears. All these results lead us to conclude that the
dendronized polymer (PEAM) and drugs are compatible.

Atomic Force Microscopy Analysis

AFM was used to analyze the morphologies of the PEAM and
blends as another complementary technique for determining the
compatibility between the components *** and to verify that
interactions occur during the blending process.

Figure 4 shows the AFM images of pure PEAM and the PEAM/
IBU, PEAM/DCE, and PEAM/PCM blends, represented as
topography and phase images. The image of PEAM shows dif-
ferent zones and imperfections, which may result from the seg-
regation induced by the interactions among the chains of the
polymer, as previously indicated by the thermal and infrared
analyses. With respect to the PEAM/drug blends, a flat feature-
less surface is evident, unlike the surface of pure PEAM. The
adhesion with the substrate was apparently improved, resulting
in a regular thin film. This change in adhesion and surface
roughness could be due to the interactions among polymers,
resulting in a smooth surface that differs from that of pure
PEAM. We also observed hard zones that correspond to the
presence of drugs, which appear as bright points. These images
suggest that interactions occur among the components of the
blend; however, some irregularities are also evident. Topography
and phase images for films of PEAM/IBU and PEAM/DCF
blends, presented in Figure 4, show that the surface morphology
changed again, resulting in a more irregular surface but also
resulting in good adhesion with the substrate, probably due to
interactions among the polymer/drug system, which could
change the surface tension of the film. The images suggest the
presence of aggregates of the small molecules on the polymer
surface. However, the PEAM/PCM images shows some imper-
fections but with more homogeneity than those containing IBU
and DCE. A surface with some aggregates and irregularities is
observed; however, the size of these aggregates is smaller. This
result is in good agreement with the previously discussed FT-IR
analysis results.

Molecular Dynamics Simulations

To provide further evidence of a specific and detailed view of
the mechanism and/or the structural arrangement related to the
compatibility among small molecules and PEAM, MD simula-
tion studies were performed. The probability of the distance
between PEAM and the small molecules was calculated for all
of the blends under investigation: PEAM/IBU, PEAM/DCEF, and
PEAM/PCM.

Figure 5 shows the plots obtained for each of the blends. The
most likely distance between the small molecules was 3.6 A.
This value provides an approximation of the interactions
between the polymer and the small molecules, and the
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magnitude of this value is not sufficient to give rise to hydrogen
bond interactions. Hydrophobic interactions likely occur, con-
sistent with the DSC, TGA, FT-IR, and AFM results.

According to the images and the simulated distance among the
small molecules and PEAM, van der Waals interactions could be
responsible for the compatibility. In the case of blends contain-
ing DCF, weak interactions were detected that were attributable
to the large size of DCFE, which leads to steric hindrance and pre-
cludes an accurate approximation of the interactions among the
constituents of the blends. The snapshots represented in Figure 5
confirm this assumption and can be considered as a good repre-
sentation of the macroscopic shape of the mixture.

CONCLUSIONS

Blends of PEAM with drugs were characterized using different
experimental techniques to analyze their compatibility behavior.
DSC results showed a single T, value for PEAM/drug blends,
which suggested that the components of the mixture were com-
patible. Thermogravimetric profiles suggested a similar conclu-
sion and indicated that the blends exhibited high thermal
stability. FT-IR and UV-Vis spectra confirmed the interactions
between the polymer and the drugs, where the shifts of the
absorption bands reflected the affinity between the constituents.
Interactions between the polymer and small molecules were
observed to be quite weak. The bulkiness of the small molecules
appeared be a factor that must be considered to explain the
interactions among PEAM and drugs. The distances among the
constituents of the blends gave rise to a picture about the prox-
imity of the molecules, and these results were in agreement
with the data obtained using other different experimental tech-
niques. Nevertheless, the distances obtained were not sufficiently
small to result in the generation of hydrogen bond interactions.
Finally, the compatibility in these systems was deduced to be
governed by hydrophobic interactions, similar to the conclusion
derived from the results of DSC measurements.
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