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The influence of pH on the dendritic structure of strongly fluorescent ammonium persulfate (APS)-
treated poly(amidoamine) (PAMAM) dendrimers was examined. The APS-treated PAMAM dendrimers
were prepared by aging of 0.2 mM aqueous solutions of a hydroxyl groups-terminated, generation-five
PAMAM (G50H) dendrimer together with 200 .l of 0.1 M APS solutions. The G50H dendrimer showed
an absorbance at 280 nm, which was red-shifted to 360 nm after APS treatment. The APS-treated G50H
dendrimer solutions emitted much stronger fluorescence than the pristine G50H dendrimer solutions
when irradiated at 360 nm. The pH of the G50H dendrimer solution is 7.6 while that of the APS-treated
G50H dendrimer solution is 5.2. The pore surface of both pristine and fluorescent G50H dendrimers was
altered more significantly under acidic than basic conditions. The tertiary amine groups of the pore sur-
face of the fluorescent G50H dendrimers were protonated by APS treatment as well as under the acidic
condition; therefore, the pore surface of the G50H dendrimer was filled with tertiary ammonium cations,
which were, however, further deprotonated under basic conditions. The sulfur anions (VI and II) were
generated during the hydrolysis of APS, which were interacted with the G50H dendrimers under both
acidic and basic conditions.
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1. Introduction

It has been found that bio-compatible, nonimmunogenic,
poly(amidoamine) (PAMAM) dendrimers emit purely intrinsic but
weak blue-fluorescence upon irradiation of UV light [1]. Despite
the potential versatility of PAMAM dendrimers, weakness in the
fluorescence has limited their applications in the biomedical area.
Therefore, research on the enhancement of the fluorescence of
PAMAM dendrimers has been fueled by their potential utilization in
practical biomedical applications, such as specific targeting, imag-
ing, and/or treatments of cancer [2].

Strong, monochromatic fluorescent PAMAM dendrimers have
been achieved by labeling of fluorescent ligands (e.g., fluorescein
isothiocyanate-folic acid) [3] and imaging dyes (e.g., rhodamine
and carboxyfluorescein) [4] on the peripheral functional groups of
PAMAM dendrimers as well as the synthesis of metal nanoparticles
and/or quantum dots on the pore surface of the PAMAM dendrimer
(PAMAM dendrimer-encapsulated nanoparticles, PAMAM DENs)
[5-7]. The encapsulated metal nanoparticles and/or quantum dot
PAMAM DENs showed strong enough florescence emission upon
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irradiation of UV light. However, PAMAM dendrimers played the
role of an optically inert support that dispersed the nanoparticles
and/or nanodots in solvents. Fabrications on both the peripheral
groups and the pore surface of PAMAM dendrimers by novel fluo-
rophores without altering the physical and chemical properties are
often complicated due to the requirements of toxic compounds and
multiple synthetic steps. Therefore, purely intrinsic, strong fluores-
cence emissions of PAMAM dendrimers have been anticipated for
biomedical applications.

Lee et al. showed strong, monochromatic fluorescence of
generation-two, hydroxyl-terminated PAMAM dendrimers (G20H)
(quantum yield 58 & 5% relative to quinine sulfate) in the absence
of fluorophores on the pore surface or peripheral functional
groups [8]. G20H dendrimers showed enhanced fluorescence when
treated under oxidizing conditions (persulfate-treated PAMAM
dendrimers) for several hours. Fluorescent persulfate-treated
PAMAM dendrimers have been prepared by aging of PAMAM den-
drimers together with persulfate solutions. It has been reported
that the pH of persulfate solutions falls to the acidic condition due to
the generation of permonosulfuric acid during the aging processes
[9]. Although the strong fluorescence behavior of persulfate-treated
PAMAM dendrimers has been examined, little information has
been obtained about the dendritic structures of persulfate-treated
PAMAM dendrimers at different pH.

Various studies about PAMAM dendrimers comprising differ-
ent generation and peripheral functional groups indicate that
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the fluorescence behavior of PAMAM dendrimers are significantly
influenced by the dendritic structures or the pore surface of the
functional groups of PAMAM dendrimers rather than the periph-
eral functional groups [10]. The amide carbonyls and N-H moieties
of dendrimers interact on the pore surface through both inter- and
intramolecular hydrogen bonding in aqueous solutions [11]. Fur-
thermore, the strength of hydrogen bonding in the dendrimer is
enhanced under acidic conditions [12]. The higher generation of
PAMAM dendrimers emits considerable fluorescence and is com-
parable with the lower generation [13]. PAMAM dendrimers emit
strong fluorescence at lower pH, and the tertiary amine groups
of PAMAM dendrimers are protonated, filling the whole dendritic
interior with cations in an acidic medium [12,13a,13b]. By consid-
ering the falling of pH of persulfate solutions during hydrolysis,
detailed structural characterizations of persulfate-treated PAMAM
dendrimers at different pH and the influence of pH on the dendritic
structures of PAMAM dendrimers will be needed to understand the
strong fluorescence behavior of persulfate-treated PAMAM den-
drimers.

In this work, the dendritic structures of ammonium
persulfate-treated PAMAM dendrimers (generation-five, hydroxyl-
terminated) (hereafter called APS-G50H) were examined at
different pH. The optical properties of APS-G50H were examined
by UV-visible and fluorescence spectroscopy. Fourier-transform
IR (FT-IR) and X-ray photoelectron spectroscopy (XPS) techniques
were employed to examine the influence of pH on the den-
dritic structures of PAMAM dendrimers. Pristine generation-five,
hydroxyl-terminated PAMAM dendrimers (hereafter called G50H)
were utilized as a reference to compare the optical properties and
dendritic structure of APS-G50H at different pH.

2. Experimental
2.1. Materials

A 5wt.% methanol solution of G50H was purchased from
Aldrich. Ammonium persulfate ((NH4);S,0g) (APS) was purchased
from Kishida Chemicals. Hydrochloric acid and sodium hydroxide
were purchased from Kishida Chemicals. All chemicals were used as
received for sample preparation without any further purification.
Purified water was prepared using the Millipore system.

Aqueous solutions of 0.2 mM G50H dendrimers and 0.1 M APS
were prepared and stored in the refrigerator. 5 ml of 0.2 mM G50H
solutions was stirred in the presence of 0.2 ml of 0.1 M APS for sev-
eral days at room temperature. Similarly, 5ml of 0.2 mM G50H
solutions was prepared for reference purposes but in the absence
of APS. The APS-G50H solution turned to pale yellow, while the
pristine G50H solution remained colorless after 8 days. Diluted
hydrochloric acid and sodium hydroxide were used to adjust the
pH.

2.2. Characterization

UV-visible and fluorescence spectra of pristine G50H and APS-
G50H solutions were collected on a Hitachi U-2900 and F-7000,
respectively. A Xenon lamp, operated at 150 W, was utilized as an
excitation source. The sample solutions were irradiated at 360 nm
for the emission spectra and 450 nm for the excitation spectra. FT-
IR spectra were obtained in a single-beam absorbance mode at a
resolution of 4cm~! with a Perkin-Elmer FT-IR (Spectrum GX-R)
system equipped with a MIRTGS detector. FT-IR samples were pre-
pared by dropping 200 .1 of sample solutions onto the surface of
CaF, crystals and drying them under a vacuum. X-ray photoelectron
spectroscopy (XPS) with a Thermo Scientific Theta probe of PAMAM
dendrimer films on carbon substrates was performed using an Al Kot
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Fig. 1. UV-visible spectra (a) and emission (solid line) and excitation (dashed line)
spectra (b) for an aqueous solution of 0.2 mM G50H and APS-G50H.

monochromatized X-ray beam at a constant dwell time of 50 ms.
An aliquot of 100 .l of sample solutions was dried onto carbon
substrates under a vacuum. Carbon black (Vulcan XC-72, Cabot
Co., Ltd.) was mixed with the sample solutions for XPS measure-
ments to avoid the charging effect. X-ray scans were performed
with a 400 wm?2 sampling area using pass energies of 200 eV for a
wide scan and of 100 eV for a narrow scan. The anode voltage and
current were 14kV and 7.2 mA, respectively. All core-level spectra
were obtained at photoelectron takeoff angles between 20.31° and
79.69° with respect to the PAMAM dendrimer films.

3. Results and discussion
3.1. Optical properties of pristine and APS-G50H dendrimer

Fig. 1a shows the UV-visible spectra for an aqueous solution of
0.2 mM G50H and APS-G50H. G50H showed a weak shoulder peak
at 280 nm, may be assigned to the n—m* transition of the branch-
ing units of dendrimer molecules [1d]. APS-G50H also showed a
weak shoulder peak; however, the peak shifted substantially to a
higher wavelength and was observed at around 360 nm. The aging
of the PAMAM dendrimer in the presence of a persulfate solution
resulted in a larger red shift in wavelength. Fig. 1b shows the emis-
sion and excitation spectra for an aqueous solution of 0.2 mM G50H
and APS-G50H. The G50H dendrimer showed weak emission and
excitation bands at 445 and 370 nm, respectively. However, APS-
G50H showed very strong emission and excitation bands which
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Fig. 2. UV-visible spectra (a) and emission and excitation spectra (b) for an aqueous
solution of 0.2mM G50H in the presence of APS at different aging interval. Inset
shows the pH dependences as a function of aging interval.

were shifted to a higher wavelength ca. 10 nm, consistently with
other reported results [8].

The aging effects of G50H in the presence of APS were also
examined. Fig. 2a shows the successive UV-visible spectra for an
aqueous solution of 0.2 mM APS-G50H at various aging interval.
The weak shoulder peak of G50H showed red shift in wavelength
with increasing aging. The intensity of emission and excitation
bands for APS-G50H became much stronger with increasing aging
as shown in Fig. 2b, indicating that the optical properties of G5GOH
were altered significantly during aging. It should be noted that pH
of APS-G50H solution decreased with increasing aging interval and
reached a constant pH value after 2 days as shown in the inset of
Fig. 2a. pH of the pristine G50H solution is 7.6, while pH of the
APS-G50H is 5.2. This is because permonosulfuric acid, sulfuric acid,
peroxymonosulfate, and hydrogen peroxide were generated during
the hydrolysis of APS by the following reactions [9].

(NH4)2S,08 + H,0 — H)SOs +(NH4)>S04
H,SO5 +H;0 — H,SO4+H>0,
S,0%™ +2H30" — 2HSO4™ +H,0,

H,0, — Hy0 + 1/202

The red shift in absorption band as well as the enhancement in
the fluorescence of APS-G50H is most likely attributed to changes in
the dendritic structure due to the falling of pH. Wang et al. reported
that generation-four amine-terminated PAMAM dendrimers emit-
ted strong fluorescence under acidic conditions and also showed
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Fig. 3. UV-visible spectra (a) and emission intensities (b) for an aqueous solution
of aged 0.2 mM APS-G50H at different pH.

that the fluorescence emission of PAMAM dendrimers is strongly
dependent on the pH of the sample solution [10].

The optical properties of APS-G50H were further examined at
different pH. Fig. 3a shows the UV-visible spectra for an aqueous
solution of 0.2 mM APS-G50H at different pH. The weak shoulder
peak of APS-G50H showed red shift in wavelength with increasing
pH. Fig. 3b shows the emission intensities of an aqueous solution
of APS-G50H at different pH. The emission intensity of APS-G50H
showed a critical pH at 4, where the strong fluorescence emis-
sion was observed. However, the emission intensity of APS-G50H
decreased rapidly both under acidic condition at less than 4 and
basic condition. The similar critical pH has also been observed in the
case of generation 2 and 4, amine terminated PAMAM dendrimer
[10]. These results indicate that dendritic structure of APS-G50H
was altered significantly by changing of pH.

3.2. FT-IR spectra of pristine and APS-G50H dendrimers

FT-IR spectroscopic measurements were performed over pris-
tine G50H and fluorescent APS-G50H to examine the dendritic
structures after APS treatment. Fig. 4 shows the FT-IR spec-
tra of G50H and APS-G50H films that were prepared from the
as-prepared sample solutions on the CaF, substrate. The G50H
film showed a shoulder and a characteristic band at approxi-
mately 3500 and 3300cm~! for O-H (terminal groups) and a
hydrogen-bonded N-H stretching band of the amide functional
groups of the PAMAM dendrimer, respectively [11b]. The band
was observed at 3090 cm~! and can be assigned to the overtone of
the (N-H) bending/(C-N) stretching modes. Symmetric and asym-
metric stretching vibrations of methylene groups were observed
at 2837 and 2942 cm~!, respectively (Fig. 4a) [11b]. The shoulder
band for the surface hydroxyl group remained at approximately
the same position in the case of the APS-G50H film. However, a
broad band was observed in the region ~3300cm~! for the APS-
G50H dendrimer due to the overlapping of hydrogen-bonded N-H
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Fig. 4. FT-IR spectral profiles of as-prepared G50H and APS-G50H films.

of the amide functional group and anti-symmetric stretching vibra-
tions of ammonium ions, which can also be observed in the same
region [14]. Moreover, the symmetric and asymmetric stretching
vibrations of methylene groups of G50H became weaker after APS
treatment. Fig. 4b shows a C-N stretching band for tertiary amines
of G50H, which was observed at 1066 cm~! [15]. In addition to that,
aweak doublet peak was observed in the region of 1132-1153 cm™!
for skeletal C-C stretching [11b]. However, the APS-G50H showed
a broad band in the region of 1175-990cm~! due to the over-
lapping of the C-N stretching band, skeletal C-C stretching band,
asymmetric stretching band of SO42~ (1090cm~!), and HO-S-OH
symmetric bending (1137 cm~1) (see text for details) [11b,16]. In
addition, a weak band at 972 cm~! also evidenced the existence
of SO42~ in APS-G50H [14b]. G50H showed two strong absorption
peaks at 1642 and 1555 cm~! that can be assigned to a carbonyl
(C=0) stretching mode of the amide group (amide I) and (N-H)
bending/(C-N) stretching modes (amide II), respectively as shown
inFig.4c[11b,17].In addition to these peaks, a couple of weak peaks
for CH, scissoring modes were observed in the region from 1435
to 1460 cm~1 [18]. Both the amide I and II stretching bands of APS-
G50H shifted to a higher wavenumber by 10 cm~! relative to that
for pristine G50H. These results indicate that the dendritic struc-
ture or the pore surface of the APS-G50H is significantly altered
by APS treatment and, thus, the dendritic structure of APS-G50H is
different from that of pristine G50H.

3.2.1. FT-IR spectra of pristine and APS-G50H dendrimer under
different pH

The pristine G50H and APS-G50H films were examined fur-
ther at different pH to ensure the influence of pH on the dendritic
structure. Fig. 5 shows the FT-IR spectra for G50H and APS-G50H
films that were prepared from the as-prepared PAMAM dendrimer
solutions at different pH. At any pH, the stretching bands of
surface hydroxyl groups (~3490cm~1) of G50H did not change.
The band for the hydrogen-bonded N-H of the amide functional
group of G50H became broader under acidic conditions, likely
due to the enhancement in the strength of hydrogen bonding
with near-pore-surface functional groups as well as the proto-
nation of tertiary amine groups [12,13]. However, at higher pH,
the hydrogen-bonded N-H stretching band could be clearly seen.
The stretching bands for the overtone of amide II and symmet-
ric and asymmetric stretching modes of methylene groups did not
change at any pH (Fig. 5a). Fig. 5b shows the FT-IR spectra for APS-
G50H films at different pH. At any pH, no significant changes were
observed for the stretching bands of either the surface hydroxyl- or
hydrogen-bonded N-H groups; however, the N-H stretching band
was slightly broader at higher pH. The C-N stretching band of ter-
tiary aliphatic amines of as-prepared G50H did not change at any
pH. Skeletal C-C stretching bands could be clearly seen when the pH
was above 3 (Fig. 5¢). However, a broad band was observed in the
region of 1170-990 cm~! for APS-G50H under acidic conditions.
This broad band was separated into multiple bands when the pH
of the solutions is above 7 that can be assigned for C-N stretching
band and skeletal C-C stretching, asymmetric stretching band of
S04%~ (1090 cm~1) and HO-S-OH symmetric bending (1137 cm™1)
[11b,16]. The asymmetric stretching band of SO42~ and HO-S-OH
symmetric bending can be clearly seen under basic conditions and
is stronger at higher pH (Fig. 5d). Fig. 5e and f shows the character-
istic changes for the amide [ and Il bands of G50H and APS-G50H at
different pH, respectively. As can be seen in more detail in Fig. 6, the
amide I band of as-prepared G50H shifts to a higher wavenumber
with decreasing pH. Conversely, no significant shift was observed
with increasing pH. It should be noted that the amide Il band of as-
prepared G50H changes under neither acidic nor basic conditions.
In contrast, the amide I band of as-prepared APS-G50H shifts to a
higher wavenumber with decreasing pH but drastically to a lower
wavenumber with increasing pH. The amide Il band of as-prepared
APS-G50H does not change further with decreasing pH but shifts
to a lower wavenumber with increasing pH. The amide I band for
both G50H and APS-G50H shifts to a higher wavenumber under
acidic conditions, likely due to the enhancement in the strength of
hydrogen bonding.

These results indicate that the pore surface of G50H and APS-
G50H was significantly altered under different pH and can be
manipulated on the basis of the following explanations. (i) The
strength of the hydrogen bonding on the pore surface of PAMAM
dendrimers is likely to be enhanced under acidic conditions [12].
(ii) The pKj, value of the tertiary amine of the pore surface is in the
range between 3 and 6. Therefore, the tertiary amines of the pore
surface of PAMAM dendrimers are protonated under acidic condi-
tions, resulting in the formation of tertiary ammonium cations that
makes more rigid-dendritic globular structure due to the strong
charge-charge repulsions [13]. (iii) The anions of permonosulfuric
acid and/or sulfuric acid, which are generated from the hydrolysis
of APS, interacted with G50H. Furthermore, the interaction of these
anions with G50H can change under different pH.

3.3. X-ray photoelectron spectra of as-prepared pristine and
APS-G50H dendrimer

The chemical states of C 1s, N 1s, O 1s, and S 2p of as-prepared
G50H and APS-G50H films were examined by XPS measurements
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Fig. 5. FT-IR spectral profiles of G50H and APS-G50H films. The films were prepared from aqueous solutions of 0.2 mM G50H and APS-G50H solutions at different pH.

in order to rationalize the strong fluorescence behavior of APS-
G50H. XPS spectra in the C 1s region for G50H and APS-G50H films
at any pH showed peaks at the same binding energy of 284.2 eV,
indicating that the dendrimer films were free from a charging effect
(Fig.S1)[19]. Fig. 7 shows the XPS spectra of as-prepared G50H and
APS-G50H in the N 1s and O 1s regions. The binding energies of as-
prepared G50H and APS-G50H are significantly different in the N
1s regions. The N 1s spectra of as-prepared G50H can be deconvo-
luted into two component peaks centered at the binding energies
0f 399.4 and 400.1 eV for tertiary amine and amide groups, respec-
tively [17b,20]. The binding energy of amide nitrogen retained the
same position observed at (400.0 eV); however, the tertiary amine
peak shifted largely to a deeper level (401.9 eV) due to the forma-
tion of a tertiary ammonium cation by protonation of the tertiary
amine in the case of the as-prepared APS-G50H PAMAM dendrimer
(pH 5.2) [21]. It should be noted that the binding energy of O 1s of
both as-prepared G50H (532.1eV) and APS-G50H (532.2 eV) did
not show any significant changes in the O 1s regions [17b,20].

3.3.1. X-ray photoelectron spectra of pristine and APS-G50H
dendrimers in the N 1s region under different pH

Fig. 8 shows the XPS profiles of G50H and APS-G50H films
prepared from the sample solutions at pH 3 and 11 in the N 1s
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Fig. 6. pH dependences of amide I and Il bands of G50H (open circle) and APS-G50H
(closed circle).

region to ensure the influence of pH on the dendritic structures.
G50H showed the binding energies of amide nitrogen and a ter-
tiary ammonium cation peak centered at 400.1 and 402.3 eV in the
N 1s region, respectively, at pH 3. No characteristic tertiary ammo-
nium cation peak was observed for G50H at pH 11; however, a weak
peak was observed at 400.6 eV. In addition, no significant changes
in the binding energy of amide nitrogen were observed at 400.0 eV
at pH 11 (Fig. 8a). APS-G50H also showed a similar trend in the
N 1s region, similarly to G50H at pH 3 and 11 (Fig. 8b, Table 1). It
should be noted that the intensity of the tertiary ammonium cation
peak of APS-G50H is much stronger than that of pristine G50H
relative to the amide nitrogen peak at pH 3. In addition, the bind-
ing energy of as-prepared APS-G50H (401.9 eV) shifts further to a
higher binding energy, 402. 2 eV at pH 3, indicating that tertiary
amine nitrogen was not fully protonated in the case of as-prepared
APS-G50H (pH 5.2). The unprotonated tertiary amine groups of as-
prepared APS-G50H were further protonated with decreasing pH,
and, thus, the tertiary ammonium cation peak shifted further to
a deeper level (ca. 0.3 eV) compared to as-prepared APS-G50H. It
is worthy of note that a weak peak with slightly higher binding
energy than that of the tertiary amine was observed in the cases of
both G50H and APS-G50H at 400.6 eV and 401.2 eV, respectively,
at pH 11, indicating that the tertiary ammonium cation is deproto-
nated, but not completely, even at higher pH [22]. However, some
more direct evidence should be needed to correlate the protona-
tion and deprotonation of the tertiary amine at different pH. Neither
G50H nor APS-G50H showed any characteristic changes in the O
1s region at either pH 3 or 11, as shown in the supporting informa-
tion (Fig. S2, Table 1), indicating that the chemical state of oxygen
of both amide and surface hydroxyl groups was not affected under
either the acidic or the basic condition.

3.3.2. X-ray photoelectron spectra of APS-G50H dendrimer in the
S 2p region under different pH

Fig. 9 shows the XPS profiles of as-prepared APS-G50H and at
pH 3 and 11 in the S 2p region. All profiles show two main peaks of
Sa and Sy corresponding to the sulfur atoms, which are in the oxi-
dation state of VI (e.g., 5042~ ) and I (e.g., S, 032, S2~), respectively.
The hydrolysis of APS would produce unstable free radicals (S04°~),
hydrogen peroxide, and peroxymonosulfate, which are converted



G. Saravanan, H. Abe / Journal of Photochemistry and Photobiology A: Chemistry 224 (2011) 102-109 107

T T

APS-G50H

Intensity (arb. unit)

- -~

APS-G50H N 1s O1s

!'é

=

g

_‘E_ + t t

> G50H

=

c

[}]

=

406 404 402 400 398 396 538 536 534 532 530 528

Binding energy (eV)

Binding energy (eV)

Fig. 7. XPS profiles for the as-prepared G50H and APS-G50H in the N 1s and O 1s regions.

Intensity (arb. unit)

\

pH3

Intensity (arb. unit)

406 404 402 400 398 396 406 404 402 400 398 396

Binding energy (eV)

Binding energy (eV)

Fig. 8. XPS profiles for G50H (a) and APS-G50H (b) in the N 1s regions under acidic (pH 3) and basic (pH 11) conditions.

further into stable sulfur VI and II ions [9b]. It has been reported
that the core-level S 2p peaks of H,SO4 also show similar S (VI)
and S (II) peaks [23]. The Sa peak can be resolved into two com-
ponent peaks of spin orbit doublets, S 2p3; and S 2p;,. The spin
orbit doublets of as-prepared APS-G50H (S 2p3j, =168.6eV and S
2p1j2=170.0eV) shift to a shallower level under an acidic condi-
tion (pH 3) centered at 168.4 and 169.5 eV, respectively. On the
other hand, the S 2p3), peak shifts to a deeper level (168.9 eV), but
the S 2py), peak retains the same value, similarly to as-prepared

APS-G50H (170.0eV) at pH 11. The spin orbit splitting value of as-
prepared APS-G50H (1.40eV) achieved a lower value at both pH 3
and 11 (1.10eV). It should be noted that the doublet peak of Sg for
as-prepared APS-G50H showed only a slight change at pH 3; how-
ever, the intensity of the Sg peak becomes much stronger than that
of S, at pH 11. These results indicate that the oxidation state of both
VIand Il corresponding to sulfur atoms of APS-G50H, as well as their
interactions with G50H, is significantly altered under different
pH.

Table 1

XPS binding energy assignments of the core level peaks for as-prepared G50H and APS-G50H and under different pH.
Sample N 1s (eV) 0 1s(eV) S2p (eV)

0=C-NH K (-C0, SO, 0,, etc.) S (VD) S (1)
2pip 2ps3p

G50H (as-prepared) 400.1 3994 532.1 - - -
APS-G50H (as-prepared) 400.0 401.9 532.2 170.0 168.6 163.6
G50H (pH 3) 400.1 402.4 532.2 - - -
G50H (pH 11) 400.0 400.6 532.2 - - -
APS-G50H (pH 3) 400.1 402.2 532.1 169.5 168.4 163.6
APS-G50H (pH 11) 399.9 401.2 532.1 170.0 168.9 163.6
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Fig. 9. XPS profiles for APS-treated G5 PAMAM dendrimers in the S 2p region under
different pH.

Fig. 10 summarizes the change of the dendritic structure of pris-
tine G50H by APS treatment as well as the influence of pH on the
dendritic structures of pristine G50H and APS-G50H. G50H con-
tains hydroxyl groups on its periphery as well as tertiary amines
and amide functional groups on the pore surface. From the FT-IR
and XPS results, the peripheral hydroxyl and amide nitrogen of the
pore surface of G50H are not affected by the APS treatment. How-
ever, the tertiary amine groups are protonated by APS treatment
due to the falling of pH from 7.6 to 5.2, and, thus APS-G50H fills
with tertiary ammonium cations on the pore surface. The sulfur
(VI and II) ions interact with these cations on the pore surface of
APS-G50H (Fig. 10b). The peripheral hydroxyl and amide nitrogen
of both G50H and APS-G50H are not affected by the change in the
pH. On the other hand, the tertiary amine groups of both G50H
and APS-G50H are significantly affected by the change in the pH.
The pH of the pristine G50H is 7.2; therefore, G50H is not pro-
tonated in an aqueous solution. Tertiary ammonium cations are
formed by the protonation of the tertiary amine of G50H, when
the pH of the pristine G50H solution is down to acidic condition.
On the other hand, the tertiary ammonium cations of the pore
surface of G50H are deprotonated when the solution achieves a
basic condition (Fig. 10c). A similar trend was observed in the case
of APS-G50H under acidic and basic conditions, similarly to the
case of G50H. The protonated tertiary amine groups of APS-G50H
due to the falling of pH by APS treatment which are deprotonated
when the pH of the solution become to basic condition. The sulfur
ions (VI and II) interact with APS-G50H regardless of the change
in the pH, as shown in Fig. 10d. Therefore, the enhancement in
the fluorescence of APS-G50H is most likely attributed the changes
in the local environment of the branching units of the dendrimer
molecules are summarized as follows. The formation of rigid, globu-
lar dendritic structures due to the strong charge—charge repulsions
between tertiary ammonium cations [13] and the strong hydrogen
bonding between -C=0 and -N-H moieties in amide groups under
acidic condition. Thus, the globular rigid-dendritic structure most
likely exhibits strong fluorescence rather than vibrational relax-
ation [24].

@

// Hydroxyl group

H
S, —=/m«”~/
0

= Tertiary amine

Fig. 10. (a) Structure of the ethylenediamine core G50H dendrimer. The shaded
area for the schematic illustration of the changes in the dendritic structures of G50H
dendrimer by APS treatment and at different pH is shown. (b) Schematicillustrations
of the formation of APS-G50H from G50H by APS treatment. Schematic illustrations
of pristine G50H (c) and APS-G50H (d) under acidic and basic conditions.

4. Conclusion

The dendritic structures of both pristine and APS-treated,
hydroxyl-terminated, generation-five PAMAM dendrimers were
examined at different pH. The pH of the APS-treated PAMAM den-
drimer is 5.2, while that of the pristine PAMAM dendrimers is 7.6.
No significant changes were observed for the peripheral hydroxyl
or the amide nitrogen of PAMAM dendrimers by APS treatment.
Tertiary ammonium cations were formed on the pore surface of the
PAMAM dendrimer by protonation of tertiary amine groups during
APS treatment as well as under acidic conditions; thus, the PAMAM
dendrimer fills with tertiary ammonium cations (R3NH*, R=CH, ™)
on the pore surface. Neither the peripheral hydroxyls nor the amide
nitrogen of both pristine and APS-treated PAMAM dendrimers were
significantly affected at any pH. Therefore, the formation of tertiary
ammonium cations on the pore surface of the APS-treated PAMAM
dendrimer is mostlikely involved in the fluorescence enhancement,
while the weakly fluorescent pristine PAMAM dendrimer possesses
tertiary amine groups on the pore surface.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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