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ABSTRACT: Poly(methyl acrylate)s bearing an amino adamantyl group were prepared via atom transfer
radical polymerization (ATRP). The amino adamantyl (amantadine) group was incorporated into the
polymer by homopolymerization as well as by copolymerization of acrylate bearing amantadine functional
group. The rate ofATRPwas slow compared to the rate ofATRPofmethyl acrylate or adamantyl containing
acrylate. It is due to the interaction of amine group of amantadine with Cu catalyst. 1HNMR,matrix assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and gel permeation
chromatography (GPC) analysis showed that the polymers had well-defined molecular weight and amino
adamantyl functional group. Interestingly, this amine group was further reacted with epoxy group of the
tailor-made poly(glycidyl methacrylate) (PGMA) to produce hydrogen-bonded polymers having porous
network structure. It was evidenced by field-emission scanning electron microscopy (FESEM) analysis,
differential scanning calorimetry (DSC) analysis as well as by molecular modeling.

Introduction

Since its discovery in 1995, atom transfer radical polymeriza-
tion (ATRP) has rapidly attracted growing interest of polymer
chemists, because of its versatility in the synthesis of polymers
with predictable molecular weights, low polydispersities, and
specific functionalities.1,2 In ATRP, monomers as well as initia-
tors containing functional groups are most often used in order to
synthesize functional polymers.1-4 Anto et al.5 reported that the
functional groups interfere with the ATRP catalytic system. It is
therefore often necessary to use the functional groups in a
protected form.5-7 Chaumont et. al8 reported the end functio-
nalization of bromo-terminated polystyrene with tetrapheny-
lethane-based derivatives by living free radical polymerization.
Matyjaszewski et al.6 reported carboxylic acid terminated poly-
styrene by ATRP. This kind of end functionalized polymers can
be used to prepare polymer with well-defined architectures, such
as various block copolymers, as well as grafted and hyper-
branched materials. The acrylic-based polymers have interesting
optical and mechanical properties. They are bioinert or biocom-
patible, and are therefore finding important applications in
industrial uses as well as in the biomedical field.9 The amine
functional group is one of the most fundamental motifs found in
chemistry and biology, and it has been studied extensively in the
past century.10 Amino and carboxylate substituted adamantane
derivatives have proven to be valuable tools in both physical
organic andmedicinal chemistry.11Amine groups are alsoused to
react with epoxy-containing polymers.

This investigation reports the incorporation of amino adaman-
tyl (amantadine) functional groups into the poly(methyl acrylate)
s by using ATRP. Structurally, amantadine (C10H15NH2) is an
amino derivative of the parent molecule adamantane (C10H16),
a cage-like hydrocarbon that has pharmaceutical significance.12 It
is commonly available under the trade names of Symadine and
Symmetrel. It is mainly used as antiviral13 and anti-Parkinso-
nian14 drugs and has been established very effective in the

prophylaxis and treatment of influenza A virus infections.15-19

Polymers containing specialty functional groups can be used for
the treatment of various diseases.20,21 Adamantane, the parent
molecule of amantadine is highly thermally stable.22 Radical
polymerization using adamantyl containingmonomer or initiator
leads to faster polymerization rate.22,23 Polymers containing
adamantyl group have high thermal stability as well as higher
glass transition temperature (Tg). The incorporation of the
amantadine into the polymers as well as the post polymerization
reaction of this active amine group can lead to several potential
applications such as high temperature resistant material and
materials for biomedical applications.

The present study reports the synthesis of methyl acrylate
(MA) bearing amantadine via protection-deprotection synthon
and the first example of ATRP of this specialty monomer. The
polymers were characterized by 1H NMR, MALDI-TOF, and
GPC analysis. Interestingly, the active -NH2 group was reacted
with the epoxy group in the polyglycidyl methacrylate (PGMA)
leading to a hydrogen-bonded porous network, as evidenced by
SEM, FT-IR, and DSC analysis.

Experimental Section

Materials. 3-Amino-1-adamantanol (96%), 2-bromoisobutyr-
yl bromide (98%), di-tert-butyl dicarbonate (99%), 1-adaman-
tane methanol (99%, Aldrich) and trifluoroacetic acid (TFA)
(99%, Aldrich) were purchased from Aldrich Chemicals USA,
and were used as received. The monomers, glycidyl methacrylate
(GMA) (97%, Aldrich), methyl methacrylate (MMA) (99%,
Aldrich) and methyl acrylate (MA) (99%, Aldrich) were purified
by vacuum distillation prior to use. Acryloyl chloride (96%,
Fluka) was distilled and the fraction boiling between 74 and
79 �Cwas collected and stored in refrigerator prior to use. AdMA
was synthesized from 1-adamantane methanol and acryloyl
chloride following standard procedures.24 Triethylamine (TEA,
SD. Fine chemicals, Mumbai, India) was dried over KOH and
distilled before use. Dichloromethane (DCM, SD. Fine chemi-
cals, Mumbai, India), was dried over anhydrous CaCl2 and was
distilled over anhydrous P2O5 before use. Tetrahydrofuran
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(THF, SD. Fine chemicals, Mumbai, India) was refluxed over
sodium and distilled twice before use. Toluene (SD. Fine chemi-
cals, Mumbai, India) was purified by vacuum distillation over
CaH2. Azobisisobutyronitrile (AIBN, ACROS Chemical, 98%)
was recrystallized from methanol. CuBr (Aldrich, USA) was
purified by washing with glacial acetic acid, followed by diethyl
ether, and then dried under vacuum.Methyl 2-bromopropionate
(MBrP) (97%), ethyl 2-bromoisobutyrate (EBiB) (98%), 4,40-di
(5-nonyl)-2,20-bipyridine (dNbpy) (97%), and N,N,N0,N0 0,N0 0-
pentamethyl diethylenetriamine (PMDETA)were obtained from
Aldrich USA and were used as received.

Synthesis. The monomer bearing amino adamantyl group
was synthesized according to Scheme 1.

Synthesis of Monomer, 3-Amino Adamantyl Acrylate (Am-

AdA) (III). Synthesis of Compound I. A solution of di-tert-
butyl dicarbonate (3.64 g, 1.67� 10-2mol) in 10mLof dry THF
was slowly added into a stirred solution of 3-amino adamanta-
nol (4.00 g, 2.39� 10-2mol) in 10mLof dry THFwas taken in a
100 mL three-necked round-bottom flask under cooled in a ice
bath condition. Triethyl amine (TEA) (1.20 g, 1.19� 10-2 mol)
was added into the round-bottomed flask under nitrogen atmo-
sphere. And the stirringwas continued for 5 h. Then the reaction
mixture was stirred at room temperature for 12 h. After the
removal of THF, 20 mL of ethyl acetate was added to the
reaction mixture. The organic layer was washed with distilled
water, later with brine solution and was finally dried over
anhydrous Na2SO4. The organic layer was filtered and concen-
trated. The final product was recrystallized from methanol and
the resultant product was pale yellowish solid. Yield = 4.52 g
(80%). 1H NMR, δ = 1.37 (s, 9H, C9, CH3), 1.55 (s, 6H, C(2)
H2), 1.61-1.76 (m, 6H, C(4) H2), 2.13 (s, 2H, C(5)-CH-), 4.72
(-OH) and 5.76 (-NH-CO-) ppm; 13CNMR, δ = 70.21
(C1, gC-OH), 35.78 (C2), 67.9 (C3, gC-NH-), 40.25 (C4),
31.53 (C5), 175.01 (C7, -NHCO-), 80.65 (C8, -OCe), and
33.25 (C9) ppm.

Synthesis of Compound II. Compound I (4.00 g, 1.49 �
10-2 mol) was dissolved in 10 mL of dry THF and dry triethyl

amine (1.20 g, 1.18 � 10-2 mol) were taken up in a 100 mL
three-necked round-bottom flask. The contents were cooled
with ice, and acryloyl chloride (2.72 g, 3.02 �
10-2 mol) was added dropwise under nitrogen atmosphere
for 5 h. The reaction mixture was brought to room tempera-
ture and was left stirring for another 12 h. The reaction
mixture was then poured into water and extracted with
dichloromethane. The organic layer was washed with water
and brine solution and was finally dried over anhydrous
Na2SO4. The organic layer was filtered and the pure product
was obtained as a viscous liquid via vacuum distillation.
Yield = 4.97 g (75%). 1H NMR, δ = 1.37 (s, 9H, C9,
CH3), 1.54 (s, 6H, C(2)H2), 1.60-1.76 (m, 6H, C(4) H2),
2.10 (s, 2H, C(5) -CH-), 5.76 (-NH-CO-), 5.19 and 5.70
(s, 3H, CH2dCH- (C12 and C11), ppm; 13CNMR, δ= 81.37
(C1), 35.77 (C2), 67.6 (C3,gC-NH-), 40.23 (C4), 31.53 (C5),
175.11 (C7, -NHCO-), 80.66 (C8, -OCe), 33.23 (C9 -
CH3), 170.02 (C10, CdO), 130.46 (C11, -CHdCH2) and
128.01 (C12, CH2d) ppm.

Synthesis of Compound III. Compound II (4.50 g, 1.40 �
10-2 mol) was dissolved in 3 mL of dry dichloromethane, and
the resulting solution was placed in a three-neck round-bottom
flask. A mixture of trifluoroacetic acid and dry dichloro-
methane mixture (TFA: DCM) at 1:1 equivalence was added
slowly to the round-bottom flask under stirring at room
temperature. The final products were poured into distilled
water and were extracted with dichloromethane. The extract
was washed with water, brine solution and dried over anhy-
drous sodium sulfate, the organic layer was filtered and passed
through the column and concentrated. The final product was
yellowish viscous liquid yielding at 3.23 g (72%). 1H NMR,
δ= 1.56 (s, 6H, C(2)H2), 1.61-1.76 (m, 6H, C(4) H2), 2.12 (s,
2H, C(5) -CH-), 3.74 (-NH2, C6), 5.20 and 5.71 (3H,
CH2dCH-, (C9 and C8)) ppm; 13CNMR, δ = 81.32 (C1),

Scheme 1. Synthesis of 3-Amino Adamantyl Acrylate (Am-AdA) (III) (Monomer)
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35.75 (C2), 66.8 (C3, gC-NH2), 40.23 (C4), 31.53 (C5), 170 (C7,
CdO), 130.44 (C8,-CHdCH2) and128.01 (C9,CH2dCH-) ppm.

Atom Transfer Radical Polymeriaztion (ATRP). Homopo-
lymerization of 3-Amino Adamantyl Acrylate (Am-AdA) (III).
In a typical polymerization procedure, CuBr (0.025 g, 1.80 �
10-4mol) and the ligand, dNbpy (0.073 g, 1.80� 10-4mol) were
placed in a 50 mL three neck round-bottom flask. The mono-
mer, Am-AdA (III) (2.00 g, 9.04 � 10-3 mol) was then added.
The flask was equipped with a condenser in one neck and a
silicone rubber septum in the other. The polymerization was
carried out under nitrogen atmosphere. The polymerization was
started by adding methyl 2-bromo propionate (0.030 g, 1.80 �
10-4 mol) and was carried out at 70 �C. At different time
intervals, the sample was withdrawn under nitrogen atmosphere
and a part of it was used for the gravimetric determination for
monomer conversion. The remaining sample was passed
through an alumina column to remove the catalyst and then
wasdriedunder vacuumat 45 �C.Yield: 0.99 g (50%).Mn(GPC)=
5572 (Mn(theo) = 5611) andMw/Mn= 1.33. 1HNMR, δ=1.38
and 2.28 (>CH2 and >CH- of main chain backbone), 1.57
(s, 6H, >CH2, (b1)), 1.63-1.79 (m, 6H, >CH2, (b3)), 2.01 (s,
2H,>CH-, (b2)), 3.74 (-NH2) and 3.65 (>CH-Br, chain end
group of the polymer) ppm.

Copolymerization of Am-AdA (III) and Methyl Acrylate
(MA). In this case, the copolymerization of Am-AdA and MA
was carried out at a feed ratio of 40:60 respectively. In a typical
polymerization procedure, CuBr (0.032 g, 2.26 � 10-4 mol) and
dNbpy (0.092 g, 2.26 � 10-4 mol), were taken in a three neck
round-bottomflask.Themonomers,Am-AdA (III) (2.00 g, 9.04�
10-3 mol) andMA (1.16 g, 1.35� 10-2 mol) were added into the
flask under nitrogen atmosphere. The flask was equipped with a
condenser in one neck and a silicone rubber septum in the other.
Then the flaskwas placed into the oil bath already heated at 70 �C.
The copolymerization was started by adding methyl 2-bromo
propionate (0.037 g, 2.26 � 10-4 mol) into the flask. At different
time intervals, the sample was taken out under nitrogen atmo-
sphere. The copolymer conversion was calculated gravimetrically.
The copolymer was purified by passing through an alumina
column to remove the catalyst and then was dried under vacuum
at 45 �C. Yield: 1.42 g (45%).Mn(GPC) = 6300 (Mn(theo) = 6425)
and Mw/Mn = 1.38. 1H NMR, δ = 1.37 and 2.29 (>CH2 and
>CH- of main chain backbone), 1.57 (s, 6H,>CH2 of adaman-
tyl protons (b1)), 1.63-1.79 (m, 6H,>CH2 of adamantyl protons
(b3)), 2.01 (s, 2H, >CH- of adamantyl protons (b2)), 3.55 (3H,
-OCH3 of MA protons), 3.74 (-NH2) ppm. The copolymer
composition determined by 1H NMR was 25% of PAm-AdA
and 75% of PMA.

Synthesis of the Diblock Copolymer (PAm-AdA-b-PMMA).
The diblock copolymer was synthesized by the chain extension
experiment of PAm-AdAusing as amacroinitiator (0.50 g, 8.97�
10-5 mol, Mn(GPC) = 5572, Mw/Mn = 1.33) by the addition of
freshMMA (0.89 g, 8.97� 10-3 mol) as the monomer. Synthesis
of the diblock copolymerwas carriedout on the similarmethodas
described for the homopolymerization ofAm-AdA.The different
chemicals were used, CuBr (0.012 g, 8.97� 10-5 mol) as catalyst,
PMDETA (0.015 g, 8.97 � 10-5 mol) as ligand, and PAm-AdA
(0.50 g, 8.97 � 10-5 mol) as macroinitiator instead of methyl

2-bromopropionate. Yield: 0.79 g (57%). Mn(GPC) = 8817 (Mn

(theo)=8876) andMw/Mn=1.35. 1HNMR, δ=0.81-1.04 (3H,
-CH3 of PMMA), 1.20-2.10 (2H, >CH2 protons of PMMA
unit and 14H of >CH2, >CH- of the PAm-AdA (adamantyl
group) initiator part), 3.50 (3H, -OCH3 of PMMA), 3.74 (2H,
-NH2 of PAm-AdA initiator part) ppm.

Preparation of Polyglycidyl Methacrylate (PGMA). PGMA
was prepared by using GMA:CuBr:PMDETA:EBiB at the ratio
of 50:1:1:1 at room temperature via ATRP method. The same
procedure was adopted as for the ATRP of Am-AdA (III) as
described earlier.Yield: 1.81 g (91%).Mn(GPC)=5865 (Mn(theo)=
5911) andMw/Mn=1.21. 1HNMR, δ=0.92 to 2.16 (5H,-CH3

and>CH2ofmain chainbackbone), 2.62 and 2.83 (2H,>CH2of
epoxy group), 3.23 (1H, >CH- of epoxy group), 3.79 and 4.30
(2H, -OCH2) ppm.

One-Pot Synthesis of Hydrogen-Bonded Polymer (VI). Poly
(glycidyl methacrylate) (PGMA) (1.00 g, 1.70 � 10-4 mol) (Mn =
5865,Mw/Mn=1.21)andPAm-AdA(VI) (0.95g, 1.70� 10-4mol)
(Mn = 5572 and Mw/Mn = 1.33) were dissolved in 25 mL of dry
toluene in a 100 mL round-bottom flask under nitrogen atmo-
sphere. The mixture was refluxed at 120 �C for 9 h under constant
stirring. Then the reaction mixture was allowed to cool at room
temperature. The pale yellowish white colored solid material was
precipitated itself during the reaction. The resultant material was
dried under vacuum for 24 h. Yield: 1.44 g (74%).

Instrumentation. The GPC measurement was performed at
ambient temperature using a Viscotek GPC equipped with a
refractive index detector (model VE 3580). The polymer solu-
tion was passed through two ViscoGEL GPC columns (model
GMHHR-M #17392) connected in series. The GPC columns
were mixed bed columns having pore size of 30-650 Å and were
suitable for the polymer of medium to high molecular weights
(exclusion limitMn= 1� 106). THFwas used as eluent at room
temperature with a flow rate of 1.0 mL/min. Linear PMMA
standards (Polymer Laboratories) were used as calibration
standard. Data acquisition and processing were performed
using Viscotek OMNI-01 software. 1H (400 MHz) and 13C
(125 MHz) NMR spectra were recorded on a Bruker 400
spectrometer using CDCl3 as solvent which had a small amount
of TMS as internal standard. Infrared spectra were recorded on
a Perkin-Elmer, Inc. version 5.0.1 spectrophotometer. In this
case a dilute solution of the polymer sample in chloroform was
film cast over KBr cells and then the IR spectra were recorded.
FTIR spectra were recorded in the range of 4000-400 cm-1.
Mass spectra were acquired on a Perceptive BiosystemsVoyager
Elite MALDI-TOF mass spectrometer, equipped with a nitro-
gen laser (wavelength 337 nm). Polymer samples, 2,5-dihydrox-
ybenzoic acid (used as matrix) and sodium trifluoroacetate
(used as a cationic agent) were dissolved in THF (10 mg/mL
solutions of each component) and the resulting solutions were
mixed at 100/100/1 volume ratio. All the spectra were averaged
over 128 laser shots. Differential Scanning Calorimetry (DSC)
analysis was carried out using a Pyris Diamond DSC, Perkin
Elmer (U.K.), under nitrogen atmosphere at a heating rate of
20 �C/min. The glass transition temperature (Tg) was calculated
from the inflection point in the second heating cycle. The base-
line was calibrated by scanning the temperature domain of the
experiments with an empty pan. The enthalpy was calibrated
with an indium standard, as well as the heat capacity was
calibrated by measuring with sapphire disk supplied by Per-
kin-Elmer Instruments. The temperature calibration was per-
formed with different metal standards at the various heating
rates. UV-vis spectroscopic measurements were performed at
25 �C on a Hewlett-Packard diode array UV-vis spectrometer,
using a quartz UV cell. UV and visible electronic spectra were
recorded at a concentration of 5.0 � 10-4 mol/L in tetrahydro-
furan in λ = 190-1000 nm. The morphological study of the
polymers was performed using an SEM model JSM800 manu-
factured by JEOL at 20 kV acceleration voltage at room
temperature. The pore size of the polymer was measured using
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image processing software, “Image tool version 3.0”. The
modeling study for hydrogen-bonded polymer was performed
with theDMol3molecularmodeling software. The optimization
of the hydrogen-bonded structure was made using Gaussian 03
Package.

Results and Discussion

The synthesis of 3-amino adamantyl acrylate (III), an amino
adamantyl (amantadine) containingmonomerwas carried out by
a three-step synthetic procedure (Scheme 1). In this case the first
step is the reaction between 3-amino adamantanol and di-tert-
butyl dicarbonate to generate amine protected 3-amino adaman-
tanol (I). In the second step this amine protected compound was
reactedwith acryloyl chloride toobtain structure II (in Scheme1),
the amine-protectedmonomer. The final step is the cleavage of di-
tert-butyl dicarbonate by the addition of 1:1 mixture of trifluoro
acetic acid/dichloromethane to obtain the resultant monomer,

3-amino adamantyl acrylate (III) (Am-AdA). The Am-AdA was
polymerized using CuBr/dNbpy as catalyst and methyl bromo
propionate as initiator (Scheme 2). The plot of ln(1/[1 - x]) vs
reaction time shows linear indicating the concentration of active
species is constant throughout the reaction. The comparative
kinetic plots of the ATRP of Am-AdA, MA and AdMA
(adamantyl methyl acrylate) are shown in Figure 1a. The rate
of polymerization of Am-AdA is slower than that of MA and
AdMA. Figure 1b shows that there is gradual increase in
molecular weight (Mn) with conversion maintaining relatively
low polydispersity index (PDI = Mw/Mn). The conversions as
well as the molecular weights of the polymers at different time
interval are much less in the ATRP of Am-AdA than that in the
ATRP of AdMA (Figure 1, parts a and b). The polydispersity
index of the PAm-AdA is relatively broader than PAdMA or
PMA. It is due to the probable coordination between copper
catalyst and amine group in the monomer which slows the

Scheme 2. Atom Transfer Radical Polymerization for Incorporating the Amino Adamantyl Group in the Polymer: (a) Homo Polymerization of Amino
Adamantyl Acrylate (Am-AdA) (III); (b) Copolymerization of Amino Adamantyl Acrylate (Am-AdA) (III) and Methyl Acrylate (MA)

Figure 1. (a) Kinetic plots of ln(1/[1- x]) versus reaction time t, and (b) the dependence of the number-averagemolecular weights (Mn) andmolecular
weight distributions (PDI = Mw/Mn) on the monomer conversion for the atom transfer radical polymerization in bulk at 90 �C [M0/CuBr/dNbpy/
MBrP, 50:1:1:1]. (2) Poly (amino adamantyl acrylate) (PAm-AdA), (b) Poly (methyl acrylate) (PMA) and (9) Poly (adamantyl methyl acrylate)
(PAdMA).
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dynamics of the equilibrium between the dormant species and
active species. Controlled experiments were carried out to eluci-
date the nature of interaction between copper catalyst and
-NH2. Figure 2 indicates that the solution of CuBr and Am-
AdA is homogeneous (Figure 2a) whereas the solution of CuBr in
AdMA or in MA is heterogeneous (Figure 2, parts b and c).

Figure 3 shows the UV-vis spectra of the Am-AdA and the
mixture ofAm-AdAandCuBr inTHF.The solutionofAm-AdA
in THF shows a characteristic absorption peak at 334 nm while
Am-AdA/CuBr shows at 310 nm wavelength (Figure 3a). After
the addition of CuBr into Am-AdA solution, the color gradually
changed from light yellow to green at room temperature, and the
intensity of the characteristic absorptionpeak decreased over 10 h
(Figure 3b). The decrease in the intensity of the absorption peak
at 310 nm is due to the interaction betweenNH2moieties and Cu
ions. It is reported that aliphatic amines can interact with copper
ions.25-28 Figure 2 shows that CuBr is soluble in Am-AdA, but
insoluble in AdMAorMA. It indicates that-NH2 group inAm-
AdA form complex with CuBr. Haddletone et al.28 reported that
the reactivity of aminoethylmethacrylate differs significantly due
to a strong coordination between the monomer and copper
catalyst inATRP. Baskaran et al.29 reported theATRPofmethyl
vinyl ketone (MVK) using CuBr as catalyst. They failed to
prepare homopolymer of MVK, because the carbonyl chromo-
phore of MVK was participating in complexation with Cu
catalyst. In the present case the coordination between -NH2

group in the monomer and copper catalyst decreases the rate of
ATRP. In a controlled experiment, conventional radical polym-
erization of Am-AdA using azobisisobutyronitrile (AIBN) led to
very high conversion (89% conversion at 3 h,Mn = 18760,Mw/
Mn = 2.1) during polymerization, whereas ATRP of Am-AdA
shows conversion 50% in 10 h. It also indicates that the interac-
tion of -NH2 in Am-AdA with ATRP catalyst affects the
polymerization reaction.

Figure 4a shows the 1H NMR spectra of the homopolymer of
Am-AdA. The resonance at δ=3.74 ppm is due to the proton of
the “-NH2” group of the adamantyl group (designated as “a” in
Figure 4a). The resonances at 1.38 and 2.28 ppm are due to the
methylene (-CH2-) and methine (>CH-) protons in the main
chain backbone of the polymer (as designated at “c and d”,
respectively). The resonances at 1.57 and 1.63-1.79 ppm are due
to the two different types of >CH2 protons in the adamantyl
group (as designated at “b1” and “b3” respectively, Figure 4a).
The resonances at 2.01 ppm is due to the >CH- (designated as
“b2” in Figure 4a) proton in the adamantyl group. The small
resonance at 3.65 ppm is attributed to the proton of >CH-Br
(chain end group of the polymer).

The copolymerization of Am-AdA and MA (feed ratio 40:60)
was carried out using the dNbpy/CuBr catalyst using methyl-2-
bromo propionate as initiator (Scheme 2). Figure 4b shows the
1H NMR spectrum of the PAm-AdA-co-PMA (40:60). The
resonance at 3.55 ppm is attributed to the-OCH3ofMAprotons
(designated as “e” inFigure 4b). The resonance at 3.74 ppm is due
to the “-NH2” protons (designated as “a” in Figure 4b) of the
PAm-AdA. The resonances at 1.57 [>CH2 (b1)], 1.63-1.79
[>CH2- (b3)] and 2.01 [>CH- (b2)] ppm are due to the three
types of adamantyl protons. The resonances at 1.37 and 2.29 ppm
are due to the different aliphatic protons (-CH2- and >CH-)
of the PAm-AdA and PMA protons in the main chain backbone
as designated as “c and d” respectively. The copolymer composi-
tion was calculated from the integration ratio of the peak
intensities of the protons -NH2 (δ = 3.74 ppm designated as
“a” inFigure 4b) and-OCH3of (δ=3.55 ppmdesignated as “e”
in Figure 4b) PAm-AdA and PMA units respectively. The final
copolymer (PAm-AdA-co-PMA) compositionwas 25%of PAm-
AdA and 75% of PMA. The less incorporation of PAm-AdA
clearly indicates the slow reactivity or the slow rate of polymer-
ization. In a controlled experiment, when conventional radical
copolymerization of Am-AdA and MA (feed ratio 40:60) was

Figure 2. Solutions of CuBr in amino adamantyl acrylate (Am-AdA) (4 mg/1 mL) (a), CuBr in adamantyl methyl acrylate (AdMA) (4 mg/1 mL) (b),
and CuBr in methyl acrylate (MA) (4 mg/1 mL) (c).

Figure 3. UV-vis spectra of (a) amino adamantyl acrylate (Am-AdA)
(dotted line) and a mixture of Am-AdA and CuBr (solid line) (both at a
concentration of 5.0� 10-4 mol/L in tetrahydrofuran) and (b) UV-vis
spectra of the mixture of Am-AdA and CuBr at different times.
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carried out using AIBN as initiator, there was 76% conversion at
5 h. The final copolymer (PAm-AdA-co-PMA) composition was
56% of PAm-AdA and 44%of PMA. It clearly indicates that the
complexation of copper catalyst with the monomer affects the
rate of ATRP as well as its incorporation into the copolymer. It is
reported that in the radical copolymerization (in conventional22

as well as in ATRP24) using acrylates containing adamantyl
group, the incorporation of this monomer is much higher than
the other comonomer. In this case less incorporation of the PAm-
AdA compared to that of PMA is attributed to complex forma-
tion between monomer (PAm-AdA) and catalyst (CuBr) which
alters the reactivity of the monomers.

The presence of amino-adamantyl group in the polymers
was confirmed by MALDI-TOF MS analysis (Figure 5). In
theMALDI experiments, sodium trifluoroacetic acid was used as
the cationic agent.Allmacromolecular chains have sodium ion as
the cationic agent, and they were detected at m/z value 23 Da
above the theoretically calculated values. The mass series (M)
appearing in theMALDI-TOF-MSspectra can be expressed as
follows:

M ¼ M1þnMrþM end groupþM cation ð1Þ
Here,M1,Mr,Mend group, andMcation are themasses of the initiator
moiety (methyl-2-bromo propionate [MBrP] = 87), monomer
(Am-AdA = 221), repeat unit (n), end groups (-Br = 80) and
cation (Na = 23), respectively, and n stands for the degree of
polymerization. The isotopic distribution of each peak was com-
paredwith those peaks simulatedwith Isopro-3 and then the peaks
were assigned carefully. Figure 5b shows the amplified MALDI
spectrum of the PAm-AdA. The difference in molecular weight of
each intense peak is 221 which is the molecular weight of 3-amino
adamantyl acrylate (Am-AdA). The peak at 2621 is attributed to

the structure-a. It clearly shows that each macromolecular chain
hasmethyl propionate [-CH(CH3)CO2CH3] and-Br endgroups.
The average molecular weight and polydispersity index (Mw/Mn)
of PAm-AdA determined by MALDI was 5652 (Mn) and 1.33
(Mw/Mn) respectively (Mn,GPC = 5572 andMw/Mn = 1.33). The
-Br end group was further confirmed by the chain extension
experiment of the polymerPAm-AdAasmacroinitiator andby the
addition of freshMMA. Formation of the diblock copolymer was
confirmed by 1HNMRandGPCanalysis. Therewas shift ofGPC
traces toward higher MW in GPC chromatogram (Figure 6). In
the 1H NMR spectrum there was an emergence of a new peak
at δ = 3.5 ppm which is due to the proton of -OCH3 group of
PMMA part.

Reaction between Poly(amino adamantyl acrylate) (PAm-
AdA) and Polyglycidyl Methacrylate (PGMA): A Supramo-
lecular Polymer. The hydrogen bond is a unique phenomen-
on in structural chemistry and biology.30 In supramolecular
chemistry, the hydrogen bond is able to control and direct
structures of molecular assemblies, because it is sufficiently
strong and sufficiently directional.31 The polyacrylates bear-
ing amantadine polymers can have interesting applications
because of the presence of the hydrogen-bonding motifs
(-NH2) for the design of supramolecular architectures.
The presence of -NH2 group in the polymers prepared so
far was further confirmed by the thermal cross-linking
reaction between amine and epoxy group. This kind of
reaction is used in many applications such as in adhesives,
in protective coatings, in microelectronics, and in different
composite applications.32-35 The epoxy-amine is also used
to prepare porous thermosettingmaterials which can be used
as selective permeation membranes32 and as substrates for
nanocomposite fabrication.33 In this investigationwe carried
out the reaction between poly (amino adamantyl acrylate)

Figure 4. 1H NMR spectra of the polymers: (a) homopolymer of poly (amino adamantyl acrylate) (PAm-AdA); (b) copolymer of poly (amino
adamantyl acrylate-co-poly methyl acrylate) (PAm-AdA-co-PMA) (25:75).
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[prepared by ATRP, Mn = 5572 and Mw/Mn = 1.33] and
poly (glycidylmethacrylate) [prepared byATRP,Mn=5865

Figure 5. Matrix assisted laser desorption ionization time-of-flight mass spectrum of poly (amino adamantyl acrylate): (a) whole mass spectrum;
(b) Am amplified region.

Figure 6. Gel permeation chromatography traces of poly(amino ada-
mantyl acrylate) macroinitiator and poly(methyl methacrylate-b-amino
adamantyl acrylate) prepared by chain extension reaction.

Figure 7. FTIR spectra for (a) Poly(glycidyl methacrylate) (PGMA),
(b) Poly(amino adamantyl acrylate) (PAm-AdA), and (c) PGMA-
PAm-AdA (1:1) (polymer VI).
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andMw/Mn = 1.21] having epoxy pendant group. Scheme 3
shows the reaction between the amine group and the epoxy
group in the tailor-made polymers which leads to the for-
mation of -NH- and -OH groups and subsequently the
intermolecular hydrogen bonding.

The reaction between amine and epoxy group was investi-
gated by FTIR spectroscopy as shown in Figure 7. PGMA
(Figure 7a) shows the epoxy band at 910 cm-1 and the
carbonyl band at 1722 cm-1. PAm-AdA (Figure 7b) shows
broad bands at 3320 cm-1 due to the primary amine (-NH2)
and the peak at 1721 cm-1 due to the carbonyl group (CO).
Figure 7c shows the reaction between PAm-AdAandPGMA.
In this case a new strong band appears at 3382 cm-1 due to the
formation of hydroxyl groups (-OH) by the ring-opening of
the epoxy group in the PGMA unit. Normally the free OH
band appears at around 3600 cm-1.36 The broad absorption
band positions at 3376-3387 cm-1 are attributed to the
hydrogen-bonded-OH. It indicates that the hydroxyl groups
of PGMA-PAm-AdA (polymer VI) are mostly hydrogen
bonded. Interestingly, there was emergence of a new shoulder
peak at 3230 cm-1 which is attributed to the formation of the
secondary amine (-NH-). These FTIR spectra show clear
evidence for the reaction of PGMA with PAm-AdA and the
formation of hydrogen bonding in the polymer.

Figure 8 shows the surface topography of the hydrogen-
bonded polymer (VI) by field emission scanning electron

microscopy (FESEM) analysis. Figure 8a and 8b show the
FESEM images of PGMA and PAm-AdMA respectively,
and figure 8c and 8d show the FESEM images of the
hydrogen-bonded polymer (polymer VI) at different magni-
fications. It is observed that the hydrogen-bonded polymer
(polymer VI) has the porous network structure (Figure 8,
parts c and d). Raman et al.37 reported the formation of
nanoporous polymer materials during the reaction between
diglycidyl ether of bisphenol A and 4,40-methylenebiscyclo-
hexanamine and proved this by SEM analysis. During the
step-growth polymerization reaction of epoxy-amine system,
OH group in the polymer interacts with the oxygen in THF
to form hydrogen bonding, resulted in the final polymer
structure with porous network.37,38 In our case the porous
network structure is due to the reaction between epoxy group
(in the tailor-made PGMA) and -NH2 group (in PAm-
AdA) and due to the hydrogen bonding between the -OH
group and -NH- generated in situ thereof (Scheme 3). The
pore size was calculated to be 0.62 μm using the image
processing software Image tool version 3.0.

The evidence of hydrogen bonding interaction of polymer
VI was confirmed by molecular modeling using DMol3

software. The optimization of the hydrogen-bonded struc-
ture was made by using the Gaussian 03 package.39 The
initial structure (the output hydrogen-bonded structure from
DMol3) as an input file was made through Gauss View.39

Figure 8. Field-emission scanning electronmicrographs of the samples: (a) poly(glycidyl methacrylate) (PGMA), (b) poly(amino adamantyl acrylate)
(PAm-AdA), and (c and d) polymer VI [PGMA-PAm-AdA] in low and high magnifications, respectively.
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The results of the Gaussian output of the hydrogen bonding
atoms were visualized with the help of Gauss View39 and the
assignment of the structure were made. The hydrogen bond
lengths of-OHand-NH-are found tobe2.074and2.347 Å,

respectively. The optimized structure of polymer VI is shown
in Figure 9. This study clearly confirmed the formation of
hydrogen bond in the polymer.

DSC Analysis.DSC analysis showed the Tg of PAm-AdA
and PGMA at 131 and 55 �C, respectively (Figure 10). The
higher Tg of PAm-AdA is due to the presence of bulky and
rigid adamantyl group which restricts the chain mobility.
The post polymerization reaction between the two tailor-
made polymers PAm-AdAandPGMA leads to new polymer
system (polymerVI) with complex architecture (like reaction
between-NH2 and oxirane ring as well as H-bonding). This
new polymeric material (polymer VI) prepared by the reac-
tion between PAm-AdA and PGMA (1:1) showed a Tg of

63 �C (Figure 10). This low Tg, much lower than expected in
the case of this cross-linked structure, may be due to the
formation of a flexible side chain (-O- linkage) (Figure 10)
due to the opening of epoxy group.40 It is reported that the
oxirane ring-opening of PGMA forms flexible chain40 by
elongation of the side chain (-O- linkage), and thus it
reduces the Tg of the material. Interestingly, the DSC
thermogram shows an endotherm at 103 �C, which may be
attributed to the breakage of H-bonds41 that cause softening
to the polymer chains.

Conclusion

Well-defined tailor-made homo as well as copolymer of amino
adamantyl acrylate was successfully prepared by atom transfer
radical polymerization. The presenceof amino adamantyl (aman-
tadine) group reduces the rate of ATRP, because of the interac-
tion of amine group of amantadinewith copper catalyst. Thiswas

Figure 9. Optimized 3D structure of the hydrogen-bonded polymer VI (as shown in Scheme 3).

Scheme 3. Reaction between Poly(amino adamantyl acrylate) (PAm-AdA) and Poly(glycidyl methacrylate) (PGMA) and Formation of Hydrogen
Bonding in the Polymer Network
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confirmed by UV-vis spectroscopy studies and the controlled
experiments of AdMA or MA with CuBr. The end group of the
polymer was confirmed by 1H NMR spectroscopy, matrix
assisted laser desorption ionization time-of-flight mass spectro-
metry and chain extension experiment. This analysis showed that
the polymers had well-defined molecular weight and amino
adamantyl functional group as well as all polymer chain had a
well-defined end group. Interestingly, the tailor-made PAm-AdA
reacted with tailor-made PGMA to prepare porous network
structure having H-bonding. It was confirmed FT-IR, field
emission scanning electronmicroscopy aswell as by 3D-modeling
studies. Differential scanning calorimetry analysis of the cross-
linked porous polymer showed an endotherm at 103 �C indicat-
ing the presence of H-bonding in the polymer. These porous
hydrogen-bonded materials may have potential applications in
drug encapsulation and drug delivery in biomedical applications.
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