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ABSTRACT: 1,3,5-Triglyceratetriazine [first tier (Gj)]
and tri(1,3,5-triglycerate) triazine [second tier (G,)] den-
drimers were prepared with 1,3,5-trichlorotriazine and
sodium glycerate in a 1 : 3 mass ratio in an ethanolic
medium. G; and G, were amorphous, white, solid sub-
stances. Their structures were elucidated with IR, 'H-
NMR, and *C-NMR, and their thermal stability was
studied with thermogravimetric analysis. The activation
energy was calculated with the Freeman-Carroll model.
Densities, viscosities, and surface tensions for 0.01-0.08
mol/kg aqueous solutions increased at 0.01 mol/kg for
sodium glycerate, 1,3,5-trichlorotriazine, 1,3,5-triazine
triglycerate chloride, G;, and G,. These values were
measured at 298.15 K. The apparent molal volume,
reduced viscosity, and inherent viscosity were calculated
from the densities and viscosities, respectively. The data
were regressed for the limiting densities, limiting appa-

rent molal volumes, intrinsic viscosities, limiting inher-
ent viscosities, and limiting surface tensions for solute—
solvent interactions. The positive limiting apparent
molal volume values were noted in the order of G, >
1,3,5-triazine triglycerate chloride > G; > 1,3,5-trichloro-
triazine > sodium glycerate, with weaker hydrophilic
intermolecular interactions of G,. The higher intrinsic
viscosity and limiting inherent viscosity values for G,
implied stronger G,—H,O hydrophilic interactions, and
the higher limiting apparent molal volume of G, indi-
cated slightly higher dynamic conformational changes in
comparison with Gy, with stronger structural activities.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 110: 2601-2614,
2008

Key words: activation energy; density; hydrophilic
polymers; infrared spectroscopy; macromonomers

INTRODUCTION

Currently, many exciting developments in the prepa-
ration and characterization of dendritic materials are
being driven by more widespread uses, including
structural materials, drug loading, microelectronics,
coatings, biomedical materials, and building blocks
in nanotechnology."? First discovered in the early
1980s by Tomalia and coworkers,®> these hyper-
branched molecules were called dendrimers because
they have treelike or octopus-like structures. The
central most part is called the central core, and it
has functional groups that lead to bifurcation with
suitable molecules, which in turn lead to branching.
The terminus of each branch further bifurcates.*”
The synthesis of similar macromolecules was inde-
pendently reported by Newkome’s group.” The cur-
rent trends of research in the field of dendrimers
demand finer control over the chemistry, morphol-
ogy, and surface topography on the micrometer and
nanometer scales. Thus, a stronger need exists for
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experimental techniques capable of the highly effi-
cient preparation and characterization of dendritic
materials. Many reports have described the synthesis
and thermal properties of triazine-based dendrimers,
but the preparation of the dendrimers 1,3,5-triglycer-
atetriazine [TGTA; ie., the first tier (G;)] and
tri(1,3,5-triglycerate) triazine [i.e., the second tier
(Gp)] with glycerol as a branching unit with unique
physicochemical properties has yet to be reported.
An approach to improving the solubility and proc-
essability of heterocyclic dendrimers is enhanced by
the use of glycerol and a triazine ring with an
unusual combination of properties, such as a high
softening temperature, thermal stability, and solubil-
ity.>” G, and G, are biocompatible, are easily
synthesized, and support green chemistry. The acti-
vation energy and energy barrier have been noted to
be higher for 1,3,5-triazine triglycerate chloride
(TATC), Gy, and Gy, with maximum optimization for
the most stable state and also per Hook’s law,
according to which asymmetric structures generate
different asymmetric stretching frequencies. The IR,
NMR, intrinsic viscosity ([n]), limiting inherent vis-
cosity ([Minn]), and density (p) data support these
structures. G; and G, may be the best substitutes for
drug carriers such as valynomycine, an expensive
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Figure 1 Preparation of SG.

substance whose unfolding dynamics are involved
in carrying ions from an aqueous state to a liquid
state, whereas in G; and G,, simple hydrophilic and
hydrophobic forces are involved. Therefore, our
model may be considered quite simplified and many
times better than others. These structures are possibly
most suitable for hydrophobic and hydrophilic car-
riers and can transport the ions from an aqueous state
to a liquid state. A focus on enriching nanoscience has
been facilitated by G; and G,, which do not need fur-
ther modification of their end groups for the prepara-
tion of a variety of nanoparticles, including gold
nanoparticles.® Also, they can form very interesting
biomembranes in vitro with the help of gold and sili-
con atoms. Silicon makes them weakly conducting
synthetic biopolymers with tremendous applications
in biochips, biophysics, and drug delivery systems.
An increase in the branch density with generation
leads to internal voids and reactive end groups’ that
provide some unique features such as adhesiveness
and an ability to entrap foreign molecules, enzymes,
and toxins and carry them to arteries. They also act as
scavengers to remove toxic materials. Glycerol, being
a very good humectant, enriches G; and G, so that
they behave as water-holding moieties and thus can
enrich a variety of industries, including the agricul-
tural industry. G; and G, can retard leaching by the
formation of complexes with metals such as Ca, Na,
K, and Mg and enhance the water-holding capacity of
soil. They also function as polyelectrolytes with
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metals.'” Our dendrimers have significantly lower vis-
cosities than linear polymers,'"" and G, shows maxi-
mum [n] values with an increase in the molecular
mass."”” Numerous terminal functional groups are re-
sponsible for the high solubility, miscibility, high reac-
tivity, and viscosity.”” The thermodynamic and
transport properties of sodium glycerate (5G), 1,3,5-tri-
chlorotriazine (TCTA), G;, G,, and TATC are
described to illustrate the effects of the compositions
on the properties. An attempt is also made to explain
specific interactions such as intermolecular, intramo-
lecular, solute-solute, and solute—solvent interactions
occurring between the components in these mixtures.

EXPERIMENTAL

Preparation of the G; dendrimers
SG

Sodium and glycerol (A.R. Merck) were placed in a
50-mL beaker in a weight ratio of 1 : 1 and stirred
constantly at room temperature. The reaction
occurred slowly with mild frothing and resulted in a
homogeneous, white, solid, and sticky mass (Fig. 1).
The reaction was exothermic, raising the tempera-
ture of the reaction mixture to 44°C.

Dendrimer G,

TCTA and SG were placed in a 50-mL beaker in a
weight ratio of 1 : 3 and stirred constantly at room
temperature in an ethanolic medium. The reaction
was a typical substitution reaction in which the glyc-
erate of SG was substituted for the chloride of TCTA
to form G; and sodium chloride. The reaction was
exothermic and raised the temperature to 80°C. The
sodium chloride so formed was removed by the
addition of ice-cold water to the reaction mixture,
which was previously cooled in an ice bath. G; still
remained in the water as a colloidal mixture, which
was then distilled at 97°C to obtain a white, amor-
phous solid with the structure shown in Figure 2.
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Figure 2 Preparation of dendrimer G;.
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TATC

The chloride of G; was prepared through the heat-
ing of G; with concentrated HCI in a mass ratio of
1: 6 in a round-bottom flask in an oil bath for over
4-5 h. G; totally disappeared in HCI, and after 2 h, a
slight deposition of salt occurred on the sides of the
round-bottom flask. Further heating was carried out
for 2-3 h, and the solution was left as such over-
night; it was then filtered and dried slowly to get a
white, crystalline solid of TATC (Fig. 3).

Preparation of G,

TATC and SG were placed in a round-bottom flask
in an alcoholic medium in a mass ratio of 1 : 6 for
the preparation of G, and NaCl (Fig. 4). The salt so
prepared was separated by the addition of ice-cold
water to the reaction mixture, which was previously
cooled in an ice bath. Further distillation was carried
out to recover G, from the colloidal mixture.

Physicochemical measurements

The SG, TCTA, G;, G,, and TATC solutions were
prepared with distilled water (w/w). A bicapillary
pycnometer and a survismeter'* were used for p,
surface tension (y), and viscosity () measurements.
The weights of the empty, solution-filled, and sol-
vent-filled pycnometer were measured with an elec-
tronic balance (0.01 mg, model 100 DS, Dhona,
Kolkatta, India) for the p values."” The pycnometer
and survismeter were thermostated with a precision
of +£0.01°C with a Beckmann thermometer (Germany).

tion of TATC.

The thermostat was kept on a heavy wooden table to
avoid jerks and vibrations, and the solutions were
thermostated for 25-30 min before the measurements.

Apparatus and procedure

The pycnometer and survismeter were calibrated
with aqueous NaCl'® at 298.15 K, with the thermal
stability of the bath better than +0.01°C. A Hewlett-
Packard quartz thermometer calibrated with a gal-
lium temperature standard was used to measure the
bath temperature, and the accuracy of the solution
concentrations was better than 1 x 10> m. The p
values'” of water were 0.99705 g/cm’® at 298.15,
0.99565 g/cm® at 303.15, and 0.99404 g/cm? at 308.15
K. The calibration was repeated immediately before
and after each measurement, and the reproducibility
was better than 1 x 107° kg/m®>. The viscous flow
time with the survismeter'* was noted with an elec-
tronic racer of 1 x 1072 s, and drop numbers were
noted with a drop counter. The kinetic energy cor-
rection of the survismeter was calculated to be 1.89
x 107° at 298.15 K, with negligible shear and inter-
ference in the natural flow.

The densities {p = [(w — w,)/(wy — w.)lpo +
0.0012[1 — (w — w,)/(wg — w,)], where p is the solu-
tion density; po is the solvent density; 1.2 kg/m? is
the air density; 1 — (w — w,)/(wy — w,) is the buoy-
ancy correction for air; m is the molality; and w,, wo,
and w are the weights of the empty, solvent-filled,
and solution-filled pycnometer, respectively} were
determined. Errors were calculated with the follow-
ing equations:
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where V= (wy — w,)/po is the pycnometer vol-

ume and Ap is equal to p — po. The apparent molal
volume (V) was obtained as follows:

Vo = M/p+1000/(py — p)/popm 1

where M is the molar mass. The uncertainty in Vg
was computed with eq. (2).

Vg = (1000/m)Ap/p )

Regression analysis of the data

The p and V,, data were least-square-fitted against m
and extrapolated to m = 0 for their limiting values
with the following equations:
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where p is the limiting density; S; is the first-degree
slope; V% is the limiting apparent molal volume; and
S, and S,* are the first- and second-degree slopes,
respectively. V9 denotes the solute-solvent interac-
tions, and S, and S,* denote the solute-solute
interactions.

RESULTS AND DISCUSSION

Structural characterization

"H-NMR spectroscopy

The 'H-NMR spectra of G; and G, were recorded in
deuterium on a Bruker Advance DPX-dix 300-MHZ
spectrometer with D,O as an internal reference. The
"H-NMR spectra of SG, G;, TATC, and G, are
depicted in Figure 5. For SG, the signal at 3.817 ppm
implies CH,OH, whereas for CHOH, there is a
multiplet from 3.599 to 3.685 ppm. A sharp signal at
4713 ppm implies —CH,—ONa. TGTA-I shows a
singlet at 4.338-4.137 ppm that is equivalent to 1H,
which indicates the —OH proton. Evidently, there is
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Figure 5 'H-NMR spectra of (a) SG, (b1) Gy, (b2) TATC, (c1) G, (c2) TATC, (d1) TATC, and (d2) G..

no coupling between the methylene proton and the  are shifted downfield because of bonding with oxy-
proton of the —OH groups. A quartet centered at gen, an electronegative atom. The ester group
3.407 ppm and also a singlet at 3.704 ppm, equiva-  attached to the aromatic ring is shown by a signal at
lent to 2H, exhibit the methylene protons, and they =~ 4.699-4.831 ppm. The 'H-NMR spectrum of TATC
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Figure 5 Continued

implies an ester group attached to the aromatic ring
by a signal from 4.995 to 4.501 ppm, whereas a dou-
blet at 1.89 ppm denotes the —O—CH, group. A
doublet centered at 3.928 ppm, equivalent to 2H,
implies the methylene proton. The methane proton,
being adjacent to one chlorine atom, consequently
shows a doublet centered at 5.971-5.042 ppm and

Journal of Applied Polymer Science DOI 10.1002/app

equivalent to 1H, which represents the methane pro-
ton. A singlet at 3.711-3.615 ppm, equivalent to 2H,
indicates the methyl proton, which is shifted down-
field because it is bonded to oxygen, an electronega-
tive atom. The 'H-NMR spectrum of G, implies a
singlet at 4.546 ppm equivalent to 1H, which indi-
cates the OH proton; evidently, there is no coupling
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Figure 6 IR spectra of (a) SG, (b) TGTA, (c), TGTA chloride, and (d) G, dendrimer.

between the methylene protons and the protons of
the OH group. A quartet centered at 3.672-3.5675
ppm, equivalent to 2H, implies the methylene pro-
tons, which are adjacent to an electronegative atom,
showing resonance at a lower field. Aliphatic satu-
rated ether is found at 3.672 ppm, whereas —C—OH
sn-2 in glycerol is noted by a multiplet at 3.867 ppm,
and —C—OH sn-3 in glycerol is noted by a doublet
at 3.567-3.528 ppm. The bonded water is implied by
a broad signal at 3.672 ppm. The ester group
attached to the aromatic ring is noted by the signal
at 4.546-5.092 ppm.

Fourier transform infrared spectroscopy

Fourier transform infrared with a Michelson scan-
ning interferometer was used for structural elucida-
tion. The resultant beam was divided at the beam
splitter. Absorption bands shown on the phenyle-
thylamine (PEA) IR spectrum correspond to PEA
signals reported in the literature'> and 'H-NMR
spectral signals registered in the literature. The IR
spectrum [Fig. 6(a)] implies a deformed oxide group
at 1200 cm™! as a shoulder; the bands in the finger-
print region (926.40-1200 cm™') denote C—O bend-

ing, the band at 3371.04 cm ' depicts the O—H
stretching, the band at 2923.86 cm ! indicates the
C—H stretching, and the bands at 1456.95 cm ' and
1653.62 cm ™' indicate the bending vibrations for the
C—H groups. Because of the attachment of sodium,
the C—O— stretching displaces to 1257.5 cm ' with
a broad band. SG is hygroscopic, and its IR spec-
trum shows the bonded water molecules in the
region of 3100-3600 cm '. The IR spectrum of G,
[Fig. 6(b)] consists of three polar zones having a lone
pair of electrons at the nitrogen of azine, and this
makes a hydrogen bond with oxygen of trace water
with a broad band at 3385.66 cm ' and O—H bend-
ing vibrations at 1448.26 cm '. The band at 2932.84
cm ' shows C—H stretching, and the broad band at
232291 cm ' indicates deformed C—H stretching
due to the attached benzene ring. The band at
1742.05 cm ™' shows C—O—C stretching vibrations
with hydrogen bonding with water molecules,
whereas the bands at 1634.68 cm ™' show the >C=N
stretching due to the >C=N—C bond (unsaturated)
at 1373.13 cm ! and >CN—C (saturated) at 1111.07
cm ', The stretching band at 1044.61 cm ™' implies
—C—O—in TGTA, whereas in the fingerprint region,
the substituted benzene ring shows out-of-plane

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Thermogravimetric analysis (TGA) of the pre-
pared products (DSC = differential scanning calorimetry).

bending vibrations at 994.11 cm ™! below this, it

makes the spectrum complicated. The IR spectrum
of TATC [Fig. 6(b)] shows C—H stretching at 3115.78
cm ! for CH,—Cl and CH—ClI stretching from 813.05
to 763.69 cm '. The band at 1715.84 cm ' shows
C—O stretching of the ester group attached to the ar-
omatic ring with a small shoulder at 3386.91 cmfl,
which implies stretching vibrations of hydrogen
bonding at —C—O—CH, as well as bending vibra-
tions at 144826 cm . The band at 2924.95 cm™'
shows asymmetric C—H stretching, whereas a band
at 2773.14 cm™ ' shows symmetric C—H stretching of
CH,. The broad band shows deformed C—H stretch-
ing at 2471.74 cm™' but >C=N stretching at 1491.35
cm'; the >C=N—C band (unsaturated) appears at
1345.83 cm ™!, and >CN—C (saturated) appears at
113256 cm™'. The stretching band at 1060.36 cm ™'
denotes —C—O— in TATC, whereas in the finger-
print region, the substituted benzene ring shows
out-of-plane bending vibrations at 763.69 cm ’;
below this, it makes the spectrum complicated. The
IR spectrum of G, [Fig. 6(d)] consists of 3 polar
zones with a lone pair of electrons at the nitrogen of
azine, and this makes a hydrogen bond with oxygen
of trace water with a broad band at 3448.86 cm ™'
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and O—H bending vibrations at 1491.00 cm™'. The
band at 2995.16 cm ' implies C—H asymmetric
stretching, and the broad band at 2355.86 cm ™" indi-
cates deformed C—H stretching, whereas a band at
2841.04 cm ™' shows symmetric C—H stretching of
CH,. The broad band at 2471.74 cm ' shows
deformed C—H stretching due to the attached ben-
zene ring. The band at 1748.07 cm ™' shows C—O—C
stretching vibrations with hydrogen bonding with
water molecules at 3139.09 cm ™!, whereas the bands
at 1654.02 cm ™" imply >C=N and stretching due to
the >C=N—C bond (unsaturated) at 1373.23 cm '
and >CN—C (saturated) at 110598 cm™'. The
stretching band at 1080.39 cm ™' implies —C—O— in
TGTA, whereas in the fingerprint region, the substi-
tuted benzene ring shows out-of-plane bending

vibrations at 988.10 cm ™.

Thermogravimetric analysis

Thermograms were recorded with a Mettler Thermo-
balance TA-4000 system at a heating rate of 20°C/
min from the ambient temperature to 780°C. The
thermograms for the dendrimers at a scanning rate
of 20°C/min are shown in Figure 7. Although a
scanning rate of 10°C/min is always better, the heat-
ing range spans from the ambient temperature to
780°C; this is larger so the accuracy of a scanning
rate of 20°C/min is informatory for our purposes.
The characteristic temperatures for the assessment of
the relative thermal stability, such as the initial
decomposition temperature, temperature for 20%
weight loss, temperature for the maximum rate of
decomposition, and temperature for half-volatiliza-
tion, are listed in Table I. A higher temperature for
20% weight loss implies greater thermal stability of
a dendrimer. The thermal stability order of the den-
drimers on the basis of the initial decomposition
temperature is TCTA > G; > G,, and a comparison
of the temperatures for 20% weight loss for the den-
drimers implies a decreasing order of stability of
TCTA > G, > Gy, whereas a comparison based on
the temperature for the maximum rate of decompo-
sition for the dendrimers finds the order of TCTA

TABLE 1
Activation Energy Calculated with Briodo’s Method from the Thermogravimetric Analysis Graph of the Dendrimers

Trmax (°C) Activation energy (kcal/mol)
System Ty (°C) Too (°C) Step I Step II Step III Ts (°C) Step I Step 1T Step III
G 86.00 237.14 287.82 467.06 796.26 392.90 16.56 10.10 13.66
G, 82.00 308.60 267.90 584.22 796.26 464.30 15.87 19.09 11.22
TATC 265.0 343.00 499.87 797.43 — 405.80 27.97 17.58 —

T, = initial decomposition temperature; T»y = temperature for 20% weight loss; Trax = temperature for the maximum

rate of decomposition; Ts = temperature for half-volatilization.

Journal of Applied Polymer Science DOI 10.1002/app
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> Gy > G,. These observations of the thermal sta-
bility imply higher thermal stability for the den-
drimers with chloride ions on the surface than for
those with OH groups.'® The activation energy was
calculated with Briodo’s method,'® and it ranges
from 11.22 to 27.97 kcal/mol for thermal decompo-
sition. Hence, the thermal stability of the den-
drimers is significantly related to the surface
groups as well as branching components. It also
shows an extent of moisture absorption from the
atmosphere and hence can be used to determine
the most suitable drying temperature of the den-
drimers. The thermogram curve shows three reac-
tion zones for G; and G, but two zones for TATC.
With G;, the three major reaction zones are as
follows:

1. The region from 54.69 to 287.82°C shows a rup-
ture of the ester as well as the —OH group with
the formation of a water molecule. The IR broad
band and a decrease in weight at 54.69°C imply
unbound water.

2. The region from 287.82 to 467.06°C shows a
rupture of C=O that results in the formation of
CO, leaving behind only a core. The curve
shows more than 80% degradation in the
weight.

3. The region from 467.06 to 796.26°C shows oxi-
dative degradation of the triazine ring, which
results in —C=N, and furthermore, the mole-
cule degrades completely.

G, also contains three main reaction zones.

1. The region from 52.34 to 267.90°C shows a rup-
ture of the ester as well as the —OH groups
with the formation of a water molecule. The IR
broad band and a decrease in weight at 52.34°C
imply unbound water.

2. The region from 267.90 to 584.22°C shows a
zone of C=0 formed by a transfer of H" ions,
which results in a stabilized intermediate with
the formation of CO. The molecule loses a
major portion (70%) of its weight in this
region.

3. The region from 584.22 to 796.26°C, like that of
TGTA-I, shows oxidative degradation of the tri-
azine ring, which results in —C=N, after which
the molecule degrades completely.

Unlike G; and G,, TATC contains only two zones.

1. The region from 53.51 to 499.87°C is the major
degradation region in the thermogram with
60% weight loss. Here the rupture of the
Ar—O—CH,; group as well as the C—Cl bond
occurs and results in Cl, and CO.
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2. The region from 499.87 to 797.43°C, like that of
G; and G,, shows oxidative degradation of the
triazine ring, which results in —C=N with com-
plete degradation.

Physicochemical characterization

The G, > TATC > SG > G; > TCTA sequence of p’
for binary systems at 298.15 K (Table II) with a
stronger internal pressure in solutions is due to
stronger hydrophilic interactions and van der Waals
forces. The p° values, higher than that of water,
imply stronger hydrogen bonding with water
because the hydrogen-bonded water is disrupted,
interacting strongly with SG, G;, G,, and TATC but
not TCTA, which is a water-structure breaker. This
shows stronger structural interactions for G, than
for TATC, SG, and G; but weaker interactions of
TCTA with water because of the 3-Cl group (Fig. 3).
Comparatively, the TATC > TCT > G; > SG > G,
order of S; values implies stronger activity of TATC
with weaker TATC-TATC intermolecular interac-
tions, and this is the reverse behavior of p°. The S,
values of TATC signify larger structural reorienta-
tion (Table III) due to destabilization with the com-
position, which favors stronger TATC-TATC
hydrophobic intermolecular interactions with higher
internal pressure. The TATC-TATC interactions
weaken the electrostriction of water with mild
water—dendrimer interactions. Second electrostatic
changes could favor cage formation around the
TATC molecule, applying higher internal pressure
with stronger hydrophobic interactions. Strategically,
the intermolecular engineering of a dendrimer is of
biotechnological, biomedical, and biophysical use
with respect to the medium and physical conditions.
The lower S; values for G, imply weaker effects of
compositions on G,—G; interactions, so the hydrated
G, molecules may not further destabilize the water
because of stabilization of the structure-breaking
action. The VY values of the aqueous systems are in
the order of TATC > G, > G; > TCTA > SG with
the concentration at 298.15 K, with the reverse trend
for p® values. A negative contribution to V9 of SG is
due to stronger interactions between Na™ and
strongly polarized hydrogen of the solvent."®' The
positive contribution to Vg) of TCTA, Gy, Gy, and
TATC is due to hydrophilic-hydrophilic interactions,
as reported by Singh et al.** The G, > SG > G; >
TCTA > TATC order of the S, values falls in the
range of —2.83 x 10° to 1.14 x 10*/107° kg m’/
mol®, with larger expansion in the size of the con-
firmatory state.”> This fascinated us because the V%
values imply cage formation of a larger size around
the dendrimer molecules, although it is contradic-
tory vis-a-vis the p® values. Because of intermolecu-
lar forces between TATC and water and in water
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TABLE II
N, M Nspr Nreds Ninke ¥, 1/m(2.303)log n,, and v/V Values for SG, TCTA, G;, TATC, and G; at 298.15 K
m (mol/kg) 1 (0.1 kg m s n, Nsp Nrea (kg/mol) Ninh v (107* J/m?) 1/m(2.303)log n, o/V
SG
0.01 0.8973 1.0078  0.0078 0.7846 0.0088 72.28 0.7817 0.3138
0.02 0.9055 1.0171 0.0171 0.8533 0.0190 71.78 0.8463 0.3413
0.04 0.9240 1.0379  0.0379 0.9464 0.0417 71.30 0.9291 0.3785
0.06 0.9441 1.0604  0.0604 1.0063 0.0659 70.82 0.9773 0.4025
0.08 0.9651 1.0841 0.0841 1.0508 0.0907 70.36 1.0092 0.4203
TCTA
0.01 0.8967 1.0072 0.0072 0.7151 0.0080 72.43 0.7127 0.2860
0.02 0.9064 1.0180  0.0180 0.9024 0.0201 71.97 0.8945 0.3610
0.04 0.9258 1.0399  0.0399 0.9970 0.0439 71.08 0.9778 0.3988
0.06 0.9453 1.0618  0.0618 1.0293 0.0673 70.76 0.9989 0.4117
0.08 0.9648 1.0837  0.0837 1.0461 0.0903 70.34 1.0048 0.4184
G
0.01 0.8964 1.0068  0.0068 0.6800 0.0076 72.80 0.6778 0.2720
0.02 0.9058 1.0174  0.0174 0.8723 0.0194 71.75 0.8649 0.3489
0.04 0.9266 1.0408  0.0408 1.0198 0.0449 70.76 0.9997 0.4079
0.06 0.9548 1.0724 0.0724 1.2068 0.0785 69.79 1.1653 0.4827
0.08 0.9814 1.1023  0.1023 1.2793 0.1095 69.34 1.2182 0.5117
Gz
0.01 0.9154 1.0282 0.0282 2.8210 0.0313 72.45 2.7824 1.1284
0.02 0.9421 1.0582  0.0582 2.9102 0.0636 71.93 2.8291 1.1641
0.04 1.0000 11232  0.1232 3.0807 0.1306 70.90 2.9057 1.2323
0.06 1.0608 1.1915 0.1915 3.1921 0.1969 69.91 2.9211 1.2768
0.08 1.1238 1.2623  0.2623 3.2786 0.2617 69.43 2.9121 1.3114
TATC
0.01 0.9152 1.0279 0.0279 2.7927 0.0309 72.93 2.7549 1.1171
0.02 0.9403 1.0562  0.0562 2.8087 0.0614 71.94 2.7332 1.1235
0.04 0.9923 1.1145  0.1145 2.8635 0.1218 71.58 2.7116 1.1454
0.06 1.0468 1.1758 0.1758 2.9294 0.1819 71.22 2.6991 1.1717
0.08 1.1033 1.2392  0.2392 2.9900 0.2409 70.87 2.6813 1.1960

itself, such changes in the molecular size are attrib-
uted to changes in the dipole moment. A larger
expansion in the TATC volume with the composi-
tion implies slightly stronger volumetric interactions
with weaker hydrophilic forces in comparison with
other systems. An expansion of Vg) for G, predicts
an unfolding of the structure with a higher activa-
tion energy** (Table I) and is fitted in a polynomial
against the concentration, predicting different inter-
molecular interactions around lower, medium, and
higher concentrations. The G, > G; > SG >TCTA >
TATC and TCTA > G; > SG > G, orders of S, and

TABLE III
Vg> Values Along with S, and S,* Values Obtained by
the Regression of Vg, Data Against m at 298.15 K

V4 (107° m?/ S, (107% m? S,* (107° m®
System mol) kg~ ! mol?) kg2 mol ®)
SG — 129 6,196.40 — 48,626.00
TCTA 229 — 3,025.97 23,671.00
Gy 52,177 3,412.67 — 39,758.45
Gy 281,872 11,368.39 — 119,025.62
TATC 279,280 — 28,288.48 —
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S,* are the reverse of each other, with stronger inter-
molecular interactions for higher compositions,
which predict more opening of the tertiary struc-
tures (Fig. 4). S,* of TCTA at a higher concentration
shows larger expansion, and G, shows the least,
with values ranging from —1.19 x 10° to 4 2.37 x
10*/107° kg® m>/mol°.

n

1 was calculated as follows:

n = Mo(pt)/(Poto) (5)

where t and ty are the flow times and n and mg are
the viscosities of the solution and solvent, respec-
tively. The relative viscosity (n,) was calculated with
n/mo; the specific viscosity (n,) was calculated as
follows:

Nep = (n/n()) -1 (6)

The inherent viscosity (Ninn) was calculated with
eq. (7), which presents the ratio of the natural loga-
rithm of 1, to the mass concentration (m):
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Figure 8 Plots of the reduced viscosity (kg/mol) versus
the concentration (mol/kg) for the dendrimer in an aque-
ous solution at 298.15 K.

Ninh = In nr/m (7)

[n] was calculated with the following relation.
] = limy—o, Ny, /m = 1/m(2.303) log n, 8)

where m is the concentration (w/w) in 1000-g solu-
tions. The plots of ny,/m and 1/m(2.303)log n, ver-
sus m are linear (Figs. 5 and 8). This illustrates
similarities in the properties of the dendrimers and
those of the polymeric molecules.” Negative slopes
of 1/m(2.303)log n, versus m (Fig. 5) further predict
dendrimers near the polymer with respect to the
structure and properties. The data can be used to
estimate a rational relation between the volumes and
molecular weights; thus, the monomer of our den-
drimers along with markers shows properties like
those of macromolecules in aqueous solutions. Thus,
the Mark-Houwink-Sakurada equation® is relevant
for molecular weight determination:

] = kM* ©)

where k and M are empirical parameters characteris-
tic of the dendrimers and solvent. However, for
infinitely large dendrimers, Frechet et al.*” reported
certain restrictions for the use of this equation. A
logarithm of the relation is given in the equation to
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TABLE IV
R and Molecular Weight Values of SG, TCT, G4,
TCTA, and G, at 298.15 K

System  log M M., k (cm®/gm) a Reg

SG — 114 — — 72.24
TCTA — 184.41 — — 89.00
Gy 4.63092  52,300.0 0.0002 076  586.37
Gy 545136  282,748.0 0.0002 0.76  1578.13
TATC 544632 279,447.0 0.0002 0.76  1567.35

M,, = weight-average molecular weight.

evaluate the k and a constants through the plotting
of log [n] values of chosen markers against the
molecular weight (M):

log[n] = logk +alog M (10)

where a and k are 0.2645 and 0.0174, respectively.
Reportedly, the a value for much coiled, rigidly rod-
like molecules ranges from 0.5 to 1.7. Flory and
Leutner®® found k and a values of 2.0 x 10~* and
0.76, respectively (Table 1V), using monodispersive
specimens of bovine serum albumin, egg albumin,
and lysozyme of different molecular weights.

Regression of the viscosities

Krigbaum-Wall** and Cragg-Bigelow™ noted the
reduced viscosity (n,/m) values in a linear relation
with the concentration, and they were supported by
the Huggins equation:

Ngy/m = [n] + Bm (11)

where B = KH[n]* and [n] = lim._o(nsy/c); m, B,
and KH are the concentration, viscometric interaction
parameter, and Huggins constant, respectively. The
nep/m values were fitted with eq. (11). ng,/m versus
the concentration for the dendrimers shows a linear
relation (Fig. 8). Both [n] and B were obtained (Table
V) with extrapolation to the zero concentration. The
G, > TATC > G; > TCTA > SG sequence for the
[n] values implies a larger decrease with the

TABLE V
p°, [nl, Minnl, ¥°, S4, B, B/, and Syn Values Obtained by the Regression of p, Neq, Minn, and y Data Against m at 298.15 K
p’ Sa [n] B [slope; [Minn] B 70 Sym

(1072 kg/m?® (10% kg m > mol™") (0.1 kg/mol) (0.1 kg/mol)’] (0.1 kg/mol) (0.1 kg/mol) (10~*J/m?) (kg® mol™" s72)
SG 0.99874 0.03120 0.6615 3.7442 0.7749 3.1858 72.140 — 26.230
TCTA  0.99621 0.05893 0.7645 41301 0.7677 3.5733 72.560 — 29510
G 0.99843 0.03174 0.7710 8.3365 0.6708 7.4840 72.920 — 48.330
e 1.00121 0.01353 2.7801 6.5816 2.7215 1.8748 72.792 — 44445
TATC  0.99943 0.11378 2.7557 2.8851 2.7678 — 0.9868 72.796 — 25.830
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TABLE VI
Radius and Barrier Energy Values of SG, TCTA, G,, TATC, and G, at 298.15 K
SG TCTA Gy TATC G,

m Radius Barrier energy Radius Barrier energy Radius Barrier energy Radius Barrier energy Radius Barrier energy
(mol/kg) ~ (A) (x107#]) (A) (x107]) (A) (x107]) (A) (x107 7)) (A) (x107%J)
0.01 2.04 12,812.83 2.33 12,812.706 15.03 12,812.644 42.09 12,816.36 42.40 12,816.405
0.02 2.10 12,938.351 2.51 12,938.524 16.33 12,938.418 42.17 12,945.10 42.84 12,945.438
0.04 2.18 13,065.862 2.60 13,066.21 17.21 13,066.366 4244 13,078.60 43.66 13,079.991
0.06 2.22 13,142.173 2.63 13,142.405 18.20 13,144.188 42.76 13,160.63 44.18 13,163.015
0.08 2.25 13,197.542 2.64 13,197.479 18.56 13,200.53 43.06 13,221.45 44.58 13,224.748

composition changing from 0.0065 to 1.9847 x 10>
kg/mol. This shows a decrease in [n] with the con-
centration for G,, with a larger hydrodynamic vol-
ume than that of the others with an effective
conformational structure. This shows greater de-
pendence of the stability of the hydrodynamic size
of a hydrated complex on the thermal energy. The
[n] values for SG are lower than those for others
with weaker Newtonian forces on the viscous flow
because of weakly stable H,O-SG hydrogen bond-
ing. However, the [n] values of G, are higher than
those of others by 0.02441, 2.0091, 2.0156, and 2.1456
x 107% kg/mol (Table II), with reverse behavior of
the B values.®! The criterion at [Nalz = [Nals — [M5]
for the dendrimer—triazine method was used for the
dendrimer-triazine compatibility, as reported else-
where.®? If [nals > 0, then dendrimers A and tria-
zine B are compatible, whereas [n4]z < 0 implies
that dendrimers A and triazine B are incompatible.
Accordingly, G;, Gp, and TATC are compatible
(0.0065, 2.1012, and 2.1256 kg/mol).

1/m(2.303)log m, versus m

Plots of 1/m(2.303)log n, versus m (Fig. 5) show a
linear relation due to an effect of the structure of the
dendrimer and markers on the water structure, with
G, greater than G; (Table II). The 1/m(2.303)log n,
limits and slopes for G; are considerably lower and
higher than those for G,, with greater molecular
motion for the stabilization of water-dendrimer
complexes, indicating the frictional forces affected
by the concentration. The markers show positive
slopes with a best dependence of 1/m(2.303)log n;,.
Their D values are positive; perhaps chloride and
—OH groups influence the frictional forces at higher
concentrations.***?

[Minn]

The [Ninn] value is associated with the shape and
size and is very low (Table V). Like P°, [Minnl implies
weaker heteromolecular forces with water. However,
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very high B’ values indicate a very high influence of
the composition on heteromolecular forces. Perhaps
the composition considerably influences Newtonian
flow and rotational motions of molecules. The
markers show an order of reaction in terms of [N;nn]
as follows: bovine serum albumin > egg albumin >
lysozyme. However, the B’ values are higher than
those of the dendrimers, the integrity of the hydro-
dynamic spheres being strengthened with the com-
position of the markers. The activation energies are
in the order of G, > TCTA > G; at 298.15 K because
of molecular resistance to viscous flow due to unex-
pected very high rotations and reorientations. Thus,
the activation energy depicts innumerable reorienta-
tions, electronic motions, and vibrations of glycerate.
The spherical G; dendrimer with three branches of
glycerate develops higher Newtonian forces or stron-
ger frictional/torsional forces on adjacent layers of
laminar flow. These forces increase many times for
G, generation, which shows greater rotational and
electronic rearrangement due to the greater activa-
tion energy and B’ values of the molecules. The
[Ninn] and [n] values for G, are slightly higher than
those of G; with flow dynamics similar to those of
G,. Hence, the larger the branching is, the higher the
hydrodynamic volume is.

Barrier energy of the dendrimer molecules

The barrier energy was computed by Eyring’s
method with the n values from the equation:

Barrier energy = kT (log[n] —logm —logh)  (12)

where m is the concentration (mol/cm?), k is Boltz-
mann’s constant, T is the absolute temperature, and
h is Planck’s constant (Table VI).

Radius of the dendrimer molecules

The radius
equation:

was calculated with the Einstein
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TABLE VII
Experimental and Literature Values of p, Vy, and n at 303.15 K

p+ (10° kg/m3)

Vet (107° m®/mol) n+ (0.1 kg m s

g % Literature Experimental Literature Experimental Literature Experimental
Bovine serum albumin 0.0010 0.99641 0.99642 64,907.39 64,907 .41 0.7895 0.7894
0.0014 0.99622 0.99621 65,070.20 65,070.19 0.7992 0.7993
0.0018 0.99619 0.99619 65,116.27 65,116.27 0.8085 0.8085
Egg albumin 0.0010 0.99625 0.99625 39,890.08 39,890.08 0.7614 0.7614
0.0014 0.99623 0.99622 39,970.16 39,970.14 0.7769 0.7770
0.0018 0.99623 0.99623 40,010.54 40,010.54 0.7917 0.7917
Lysozyme 0.0010 0.99634 0.99633 39,850.97 39,850.95 0.8039 0.8040
0.0014 0.99621 0.99621 39,977.65 39,977.65 0.8041 0.8041
0.0018 0.99607 0.99607 40,054.00 40,054.00 0.8065 0.8065
The data were taken from ref. 19.
Ny = (10nr3mc) /3m (13) tion. v/V is a dimensionless value, as mentioned in

where 7 is the radius of the spherical molecule, m is
the mass, and m. is the mass concentration. Thus, by
this simple theory, n;, is predicted to be linear ver-
sus ..

Radius of gyration (Rg) of the dendrimers

For many synthetic polymers, the chains tend to
adopt a tight, ball-like configuration in solution, and
an average structure is defined by Rg:

RY = (mM)/K’ (14)

where M is the molar mass and K’ is a constant. For
a polymer with a random-coil conformation, the
theory predicts that Rg o M2 Tt predicts a
dependence of [n] on M as follows:

] = K'M'/? (15)

This is applied to polymer solutions under what
are known as theta conditions.**

Shape determination

The shape of our dendrimers was determined as
follows:

Ny = (n/Mg) —1=250/V (16)

where v is the volume occupied by all the spheres
and V is the total volume of the solution in the vis-
cometer bulb. Einstein® reported v/V < 2.5 for
spherical particles and v/V > 2.5 for nonspherical
particles. For dendrimers, v/V is less than 2.5 (Table
VII) and remains almost constant. Hence, the den-
drimers are spherical in shape, with no change in
the viscous flow without any preferential orienta-

eq. (15). Our experimental values (Table VII) fall in
the range of 0.2810-1.3114 for SG, TCTA, G;, TCTA,
and G, for concentrations ranging from 0.01 to 0.08
mol/kg. This implies no stable conformation in the
dendrimer geometry. Contrary to the v/V values of
Gy, the values for G, (Fig. 4) are slightly higher
with almost similar trends, with a slightly higher
increase with the concentration, whereas the magni-
tude for both dendrimers remains less then 2.5
because of the consistency in the shape. The chains
are propagated in a mathematical manner, bifurcat-
ing into two chains, and the shape remains spheri-
cal, forming a denser and more complicated
structure.

Surface tension analysis

v was calculated as follows:

y = (n"py")/(np") (17)

where n° and 7 are the drop numbers of the solvent
and solution, respectively; p and p’ have the usual
meanings; and v’ is the surface tension of water. The
vy data were least-square-fitted against and extrapo-
lated to m = 0 for limiting values from the following
equation:

y=7"+Sm (18)

where y° is the limiting surface tension and S is the
slope, whose values for SG, TCTA, G;, Gy, and
TATC are higher than that of water by 0.27, 0.42,
0.78, 0.656, and 0.652 x 10~* N/m, respectively. This
indicates stronger surface forces than those of water
due to stronger hydration spheres around the den-
drimer molecules. The values are in the order of G;
> TATC > G, > TCTA > SG, and G; and G, differ
from the order of Vg) and n° values. 7° elucidates a
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state of cohesive and adhesive forces rather than
electrostatic and Newtonian forces,>® whereas the
orders of values of TATC, TCTA, and SG are
the same as those of Vg) and n°. y increases with
the concentration; however, the increase becomes
much lower after a critical concentration. Hence, y
of SG is lower than that of TCTA, G;, G,, and
TATC at the same concentration. Thus, the surface
activity of SG is higher than that of TCTA, Gy, G,,
and TATC because of the slightly stronger ionic
nature of SG molecules versus that of TCTA, Gy,
Gy, and TATC.

CONCLUSIONS

The surface functions of dendrimers control their
properties, and the dendritic encapsulation of func-
tional molecules allows the isolation of the active
site. The structure mimics a structure of active sites
in biomaterials because dendritic scaffolds separate
internal and external functions. A dendrimer can be
water-soluble when its end group is a hydrophilic
group such as —OH. It is possible to design a water-
soluble dendrimer with internal hydrophobicity,
which would allow it to carry hydrophobic materials
in its interior. The dendrimer (redox-active nanopar-
ticles) can be synthesized with the redox molecules
between the nanoparticle cores and the dendritic
wedges; despite their isolation, some of the redox
molecules (CH,OH) remain uncoupled and thus still
reactive. An increase in 1 and a decrease in V, have
been noted. The dendrimers are efficient drug deliv-
ery systems for sending medications to the affected
part inside a patient’s body directly. The presence of
diols at the end chains of a dendrimer assist it in
encapsulating gold nanoparticles, which are pro-
foundly wuseful in photothermal therapy and
imaging.

The authors are very thankful to A. P. Raste, Principal of
Deshbandhu College, for his infrastructural support.
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