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Abstract

We report the synthesis of first generation dendritic homopolymers consisting of either poly(butadiene) (PB) of 1,4-microstructure or poly-
(isoprene) enriched in 3,4-microstructure (at least 55% PI; 4). The main aspect was the synthesis of polymers exhibiting high molecular and
compositional homogeneity. The preparation of these materials was achieved via anionic polymerization techniques in combination with chlor-
osilane chemistry. The molecular characterization of the final dendritic materials was made via size exclusion chromatography (SEC), membrane
osmometry (MO), dilute solution viscometry and 'H nuclear magnetic resonance (NMR) spectroscopy, leading to the conclusion that they can be
considered as model polymers. The conformational properties of the synthesized dendritic polymers were studied by means of analytical theory
and Monte Carlo simulations using coarse graining models with the same number of segments. The radii of gyration and the length of the
branches of zeroth and first generations were calculated via lattice, off-lattice algorithms, and renormalization group techniques. The theoretical

findings were compared with the respective results of star polymers with the same functionality and equivalent branch lengths.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Advances in synthetic polymer chemistry and nanotechnol-
ogy applications of polymers lead to the necessity of designing
complex architectures in order to combine the observed prop-
erties of more simple structures. Such complex architectured
polymeric materials are the dendritic polymers which can be
considered as a new type of materials (since they have been
evolved approximately two decades ago), exhibiting unique
potentials, reasons that made them useful in many applications
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[1]. A dendritic structure is considered as an architecture in-
cluding random hyperbranched, dendrigrafts and dendrimers.
It is of great importance to differentiate these polymeric mate-
rials according to their divergences in properties and behavior.
Extreme differences in properties can be attributed to the gen-
eration; therefore a large dependence on the complexity of the
studied macromolecule is being observed. According to a very
recent literature [2] there is a clear distinction in the dendritic
polymers depending on the number of generations; therefore
when the generation is 0—2 they are called “cascade mole-
cules” and when the generation is higher than 2 they are con-
sidered as ‘“‘dendrimers”. Their synthesis, despite the
generation number, is rather difficult and time-consuming. This
is a major disadvantage of such materials, leading to a rela-
tively small number of papers referring to the synthesis or
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characterization of dendrimers. There are reported attempts of
producing dendritic materials but most of the times this re-
sulted in complex structured polymers with lack of symmetry
and uncontrolled branching degree [3—8]. Other attempts led
to materials with wide molecular weight distribution [9,10],
which cannot be considered as model polymers.

The successful synthesis of dendritic homopolymers has
previously been reported. First Al-Muallem et al. [11—13]
have reported the synthesis of dendritic polystyrene of the
(S48"),4 type. They worked on the basis of anionic polymeriza-
tion and used 4-(chlorodimethylsilyl)styrene or 4-(chloro-
methyl)styrene as linking agent, under inert gas atmosphere,
following a one-step synthetic technology. Based on that
work and high vacuum techniques Chalari and Hadjichristidis
[14] were able to synthesize first generation dendritic homo-
polymers consisting of polystyrene or poly(isoprene) (exhibit-
ing ~90% 1,4-microstructure), exhibiting both molecular and
compositional homogeneity.

In this paper, we refer experimentally to the synthesis and
molecular characterization of first generation dendritic homo-
polymers of poly(butadiene) (with ~92% 1,4-microstructure)
and poly(isoprene) (with increased 3,4-microstructure), with
narrow polydispersities. A first generation dendritic homo-
polymer is exhibited in Scheme 1.

The differences in the microstructure of the reported den-
dritic polymers are expected to lead to a very different behavior
in melts and blends which is one of the issues discussed in this
work. It is expected that in dilute solutions these differences
will be negligible, and thus coarse graining models can be
used to satisfactorily describe their conformational properties.

The conformational behavior of dendritic homopolymers
has been studied extensively via Monte Carlo [15—20] and an-
alytical methods [21—23]. The interest of the theoretical stud-
ies is mainly concentrated on three of their properties useful
for daily applications. First, the dendritic macromolecules
can have a high surface and numerous terminal ends. This

Scheme 1.
homopolymer.

Schematic presentation of a first generation dendritic

leads to high density of the end groups leading to enhanced
catalytic activity or high reactivity generally, depending on
the aimed task. The second useful property comes from the
density fluctuations and cavities, which are positive for the
use of these materials as carriers of small molecules. This sec-
ond property is often combined with their third property of the
capability of an increased permeability to the interior of a mac-
romolecule. The Monte Carlo studies, however, are mainly
limited in the study of dendrimers with very short branches,
which are almost hard spheres. In this work, we study the syn-
thesized dendritic polymers of first generation, which consist
of flexible macromolecular branches in order to find how the
branch length affects their above mentioned properties. We
employ off-lattice (pivot algorithm) and lattice simulations
(bond fluctuation model) as well as renormalization group the-
ory using our previous experience on studies concerned with
macromolecules of complicated architectures [24—27]. The
conformational properties of the first generation dendritic
polymers are compared with the respective properties of star
polymers in order to investigate how this complex architecture
influences the sizes of various parts of the dendritic macromol-
ecule. Both analytical and computational models have advan-
tages and disadvantages, but the combination of these methods
is expected to give a clear view of their properties.

2. Experimental part
2.1. Materials

All samples were prepared via anionic polymerization using
high vacuum techniques in evacuated, n-BuLi washed and ben-
zene rinsed glass vessels. Analytical information on the high vac-
uum technique as well as the purification procedures for the
monomers (butadiene, isoprene), solvents [benzene, tetrahydro-
furan (THF)] and initiator (sec-BuLi) to the standards required
for anionic polymerization have been described in detail else-
where [28]. 4-(Chlorodimethylsilyl)styrene was synthesized
from p-chlorostyrene and dichlorodimethylsilane through
a Grignard reaction, under high vacuum techniques. p-Chloro-
styrene was purified by distillation over CaH, and was stored at
—20°C in sealed ampules. The magnesium (Aldrich) used in
the Grignard reaction was dried in a vacuum oven at 40 °C for
two days in order to completely remove any humidity traces prior
to use. The magnesium was activated via 1,2-dibromoethane
(Fluka) in THF. The completion of the reaction and the successful
synthesis of the required 4-(chlorodimethylsilyl)styrene
(CDMSS) was observed via gas chromatography—mass spectros-
copy (GC—MS), where no traces of the initial reactants were
obtained. Through the GC—MS technique we were able to com-
pletely comprehend the yield of the reaction. More details of the
whole Grignard synthesis process are given elsewhere [14].

2.2. Polymer synthesis
2.2.1. [(PB),PB]; (Ist G-hPB-10K)

The poly(butadiene) living chain was synthesized by
polymerizing 10 g of butadiene (0.135 mol) with sec-BuLi
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(0.1 mmol), in 150 ml of benzene at room temperature for
24 h. The molecular weight of the living chain was approxi-
mately 10,000 g/mol. It was divided in two ampules (approx-
imate concentration of the living chain PBLi" was
0.05 mmol in each one). The first quantity was added dropwise
in the CDMSS solution (0.05 mmol in 10 ml of benzene) lead-
ing to the formation of the macromonomer. The addition of the
poly(butadiene) living chain was accomplished via titration
and controlled by collecting aliquots during the reaction.
SEC experiments were performed to verify the progress of
the titration reaction. The solution was then added in the sec-
ond ampule containing the remaining living chain in order to
link the two chains creating the macroinitiator. Polymerization
of 7 g or 0.9 mol of butadiene is initiated by the macroinitiator
and completed within 24 h. After the completion of the poly-
merization, trichloromethylsilane (0.025 mmol) is added in the
flask and the linking reaction is left to be completed for 25
days. Again, SEC instrumentation is used to control the reac-
tions leading to the precursors, the intermediate and the final
products.

2.2.2. [(PI);Pl]; (1st G-hPI-10K)

The difference in the synthesis of the first generation homo-
poly(isoprene) is the fact that during the synthesis of the initial
PI“VLiP chain a small amount of THF is used in order to
alter the microstructure of the segments. The polymer synthe-
sis is accomplished by following the steps described above for
the [(PB),PB]; case.

2.3. Molecular characterization

The GC—MS instrument was equipped with a split/splitless
injector and an MDN-5 column (Supelco) was used for sepa-
ration (30 m x 0.25 mm i.d., 0.25-pum film thickness). The
temperature program for the GC-17A interfaced with a
QP5000 MS was as follows: the GC oven temperature started
at 100 °C, after 3 min the column was heated at 10 °C/min to
280 °C. The total run time was 21 min. The mass spectrometer
started its run 3 min after the injection where by the mass
ranging from 50 to 500 was recorded. The control of the
GC—MS system and the evaluation of the chromatograms re-
ceived were carried out by means of CLASS-5000 Version
1.24 Chromatography Software (Shimadzu Chem. Lab. Anal-
ysis System and Software).

The molecular characterization was carried out by size ex-
clusion chromatography (SEC), membrane osmometry (MO)
and vapor pressure osmometry (VPO). The number-average
molecular weights (M) (higher than 15,000 g/mol) of the pre-
cursors and the final products were measured with a Gonotec
Membrane Osmometer (MO) Osmomat 090 at 35 °C. Toluene,
distilled over CaH,, was the measuring solvent. The M, values
for the MO measurements were determined from the /7/c
versus ¢ plots (m is the osmotic pressure and c is the concen-
tration). Square root plots were used in order to minimize the
curvature due to the third virial coefficient. More details are
given elsewhere [29]. In all cases the correlation coefficient
was better than 0.99. Number-average molecular weights

(M,) (lower than 15,000 g/mol) of the precursors were mea-
sured with a Gonotec Membrane Osmometer (MO) Osmomat
070 at 50 °C in toluene, which was calibrated with a benzyl
solution to determine the consistency of the instrument.

SEC was calibrated with eight PS standards
(M, : 4.3—3000 kg/mol) and always prior to calculating the
polydispersity indices of the unknown materials. A series of
standard PS solutions were tested in order to examine the
accuracy of the instrumentation.

"H NMR determination of the composition and the micro-
structure of the materials was carried out in CDCl; at 30 °C
using a Bruker AVANCE II spectrometer. Data were processed
using UXNMR (Bruker) software. The typical microstructure
which is characteristic of anionic polymerization of butadiene
in benzene (92 wt% — 1,4 and 8 wt% — 1,2) was observed for
the PB dendritic homopolymers. For the poly(isoprene) corre-
sponding materials a microstructure was observed different
from that of the usual anionic polymerization of isoprene in
benzene. Since a small quantity of polar solvent was used
(THF, <1 ml), the microstructure of PI was calculated to
be approximately ~55wt% — 3,4, 15wt% — 1,2 and
30 wt% — 1,4. The lower 1,4-content is due to the delocaliza-
tion of the negative charge among the three final carbons of the
living chain (loose ion pairs). Additionally "H NMR was used
to confirm the synthesis of 4-(chlorodimethylsilyl)styrene after
the conversion of the Si—Cl group to Si—OH and exhibited the
following results: 7.40—7.60 (C¢Hy), 6.70—6.80 (CH,=CH ),
540—-5.90 (CH,=CH), ~2.20 (—Si—OH) and 0.20—
0.35 ppm ((CH3),—Si—), leading to the expected ratios of
the protons after integration.

The viscometry measurements were accomplished by using
a type Oc Ubbelohde suspended level dilution viscometer (suit-
able only for toluene) at a thermo stated water bath of 35 °C.
Toluene is a common good solvent for PB and PI chains. The
solvent was refluxed over CaH, for 24 h and was fractionally
distilled prior to use.

3. Experimental results and discussion

The Grignard reaction necessary to synthesize the linking
reagent for preparing the first intermediate product is shown
in Scheme 2. The success of the reaction has appeared to be
rather crucial for the completion of the polymerization reac-
tions and the preparation of the final dendritic homopolymers.
GC—MS and 'H NMR studies were made in order to com-
pletely control the final product of the Grignard reaction, after
distillation, leading to large purity (higher than 99%).

First, a living polymer chain (PB‘Li‘"” or PI"Li") was
reacted selectively with the chlorosilane group of 4-(chlorodi-
methylsilyl)styrene and the equivalent macromonomer was
produced. The synthetic strategy of the macromonomers is
the addition of stoichiometric amount of the living chain in
the solution of the coupling agent. The macromolecular seg-
ment is terminated by the reaction of the living end with the
chlorosilyl group and LiCl is being produced. This is followed
by the slow addition of the previously described macromono-
mer into the solution of the second living chain (PBLi™" or
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THF
CH,=CH + excessMg —— > CH;
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Br Br
Cl

=CH

CL,Si(CH,),
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MgCl CH3—?i—CH3
cl

Scheme 2. Synthesis of the Grignard reagent.

PI“VLiP), whose functionality leads to the addition through
the vinyl bond of the initial macromonomer. The substitution
of the chlorosilyl group is easier than the addition of the vinyl
bond and this is the reason why the second addition is much
slower [30]. The necessary amount of monomer is then poly-
merized leading to the monofunctional zeroth generation
homopolymer, as observed in Scheme 3.

The addition of living chains to CDMSS leading to the
macromonomer was achieved through end capping with 2—3
monomeric units of styrene. With this approach the living
ends were altered to PS”Li™" leading to better control of
the linking reaction.

It should be pointed that in the case of PI all the polymeric
chains where of the same microstructure (increased 3,4-), but
in the case of the PB the first two chains where exhibiting the

CH,=CH CH,=CH
+ LiCl
PB or PI
SI—CH3 CH;— Si—CHj3
Macromonomer
CH,=CH NS CHy—CHOLI
NN LIt
PB or PI
CH;— Si—CHj,

H;—Si—CHs

+Bor)y

TN CHy—CHON AN 7 i+

CH;—Si—CH;

Scheme 3. Synthesis of the macromonomer and the functional zeroth genera-
tion homopolymer.

usual microstructure of 92% — 1,4 and 8% — 1,2. When the
necessary amount of the butadiene was added to synthesize
the monofunctional zeroth generation homopolymer, due to
the existence of THF, the microstructure was altered and
was increased in 1,2-content. An experiment for creating a sim-
ple PB homopolymer with the presence of small amount of
THF was made in order to study and calculate the micro-
structure. We found from '"H NMR that the microstructure
was approximately 60% — 1,2 and 40% — 1,4. Therefore, the
dendritic PB polymers synthesized in this work may be con-
sidered as copolymers instead of homopolymers. This is due
to the fact that alternation of the microstructure may differen-
tiate the Flory—Huggins interaction parameter, x, between the
two different chains, as previously reported in the literature by
Cohen and Willfong [31]. They have calculated y for different
diene pairs, obtaining room temperature values of 0.081 and
0.048 for 1,4-PI/1,4-PB and 1,4-PI/1,2-PB, respectively. A
set of experimental results have also been reported, in the
aforementioned literature, for the particular binary system
1,2-PB/1,4-PB, where x is predominantly different from zero.

Finally the coupling of the monofunctional zeroth genera-
tion homopolymer with (trichloromethyl)silane (CH3SiCl5) is
achieved. In this way the equivalent first generation homopol-
ymer is being synthesized, the synthesis and structure of which
are shown in Scheme 4. The molecular characterization results
form SEC, MO (in some cases of the initial homopolymers
VPO was used) and viscometry are shown in Table 1. The
values given for the M, provided by the combination of
SEC and osmometry and those exhibited from the viscometry
measurements are approximately equal. It should be noted that
in most cases of anionically synthesized polymers the intrinsic
molecular weight calculated by viscometry is approximately
equal to the M,,. The low polydispersity indices exhibited by
SEC experiments and the value My, /M, provided from vis-
cometry (My,) and osmometry (M,) are also similar, leading
finally to the conclusion that the homopolymers, intermediate

NS CHy—CHAN NS T
Cl -3 LiCl
3 + CH;—Si-Cl
CH,;—Si—CH, Cl

Scheme 4. Synthesis of the first generation homopolymer.
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Table 1

Molecular characteristics of the intermediate (initial linear polymer, zeroth generation) and final (first generation) polymers

Sample Total M,, x 10732 Total M, x 1073° M, /M,* Functionality® Total M,, x 1073F <$%> (nm)
PB-10K 10.2 9.8¢ 1.04 - 9.9 17.3
PB-20K 18.6 17.7 1.05 - 17.8 22.1
PI-10K 9.8 9.5¢ 1.03 - 9.4 19.1
PI-20K 21.4 20.4 1.05 - 22.0 25.2
Oth G-hPB-10K 30.6 28.9 1.06 - - -
Oth G-hPB-20K 55.6 52.0 1.07 - - -
Oth G-hPI-10K 29.4 28.0 1.05 - - -
Oth G-hPI-20K 64.2 59.4 1.08 - - -
Ist G-hPB-10K 88.6 82.0 1.08 2.84 86.8 51.2
Ist G-hPB-20K 152.7 141.4 1.08 2.72 150.1 60.6
1st G-hPI-10K 85.5 78.4 1.09 2.80 84.7 55.4
Ist G-hPI-20K 175.8 162.8 1.08 2.74 177.0 68.1
3-arm star (PI)3 59.8 56.4 1.06 2.90 57.2 41.0

hPB and hPI stands for homopolymer PB and homopolymer PI, respectively.
# Calculated from the results obtained from osmometry and SEC.

MO in toluene at 35 °C.

¢ VPO in toluene at 50 °C.

4 SEC in THF at 30 °C with PS standards.

o

f

constant and equals to 2.5 x 10*' when [] is given in dL/g units.

products and the final dendritic polymers synthesized in this
work exhibit molecular and compositional homogeneity. Addi-
tionally, from the viscometry technique the calculation of the
radius of gyration is carried out in order to compare the exper-
imental results with the theoretical predicted values. More spe-
cifically, experimental values of the intrinsic viscosity, [n], of
the initial homopolymers and the final dendritic homopoly-
mers were provided in a common good solvent (toluene,
35 °C). The values were obtained by extrapolation to zero con-
centration of 7,,/C versus C plots and In(7)/C versus C plots
(C: concentration). Despite the fact that intrinsic viscosities
are commonly used we measured the radius of gyration
($?) (given in nm) to verify the calculated values with those
predicted theoretically. The same experiment was carried out
for the three-miktoarm star homopolymer of the (PI); type,
where each arm was ~ 20,000 g/mol in molecular weight.

The functionalities deriving from the molecular character-
ization are provided in Table 1, and indicate a value varying
from 2.74 to 2.84. Thus, the number of dendrons linked to cre-
ate the final dendritic homopolymers is three. It should be
noted that the functionality for the 3-miktoarm star is 2.9,
a higher value due to the simplicity of the architecture when
compared to the dendritic structure.

The achievement of synthesizing the final dendritic samples
relied on the use of the end capping technique, as mentioned
above. When the living chain (PIg])Li(J“) or PBOLI™M) is syn-
thesized a small number of styrenic monomeric units (2—3)
are inserted in order to alter the reactivity of the living ends.
Their restricted movement leads to easier control of the addi-
tion to the 4-(chlorodimethylsilyl)styrene solution in order to
substitute its para-positioned chlorine atom. Due to the fact
that the dienes are less sterically hindered, the adaptation of
the styrene at the end of the second living chain is repeated be-
fore its addition to the linking agent, in order to better control
the addition to the vinyl bond. This approach is different from

¢ Using the equation: (él/[n first G-hpolymer) /(M zeroth G-hpolymer), where hpolymer stands for homopolymer.
Using the equation (S )3/2 = [n]M,,/®, where [7] is the intrinsic viscosity, My, is the average molecular weight per weight of the homopolymer and @ is Flory’s

that reported already by Chalari and Hadjichristidis [14]. Bet-
ter control of the synthesis and less termination phenomena
were observed in our case as shown in Fig. 1, where the
SEC chromatograms of initial, intermediate and final products
are exhibited.

It is clearly understood from the chromatographs at Fig. 1
that in order to obtain the final dendritic homopolymers, as
pure as possible, fractionation techniques were adopted using
a solvent (toluene)/non-solvent (methanol) system. As indi-
cated in Fig. 1 the fractionation worked successfully since
rather easily the final first generation homopolymers were
separated from all other products.

The main difference between the dendritic poly(isoprene)
homopolymers referred previously [14] and those we com-
posed is the totally different microstructure of the poly-
(isoprene) that is synthesized via anionic polymerization

Differential Refractive Index

Elution Volume (mls)

Fig. 1. SEC chromatographs of (A) PB homopolymer with approximate number-
average molecular weight (M,) 10,000 g/mol, (B) (PB),-macroinitiator, (C)
living (PB); zeroth generation homopolymer prior to linking with CH3SiCls,
(D) unfractionated first generation dendritic homopolymer of the [(PB),PB];
type and (E) fractionated first generation dendritic homopolymer of the

[(PB),PB]; type.
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techniques in non-polar environment. The molecular weights
of the samples reported in this paper were approximately
10,000 g/mol and 20,000 g/mol for each branch for both
[(PB),PB]; and [(PI),PI]; types. In our case, especially for
the [(PI),PI]5 type, the addition of just a small amount of polar
solvent (THF) has dramatic effect on the observed microstruc-
ture of the synthesized PI chains. Specifically, in a non-polar
synthesis procedure the resultant microstructure of a PI is
90 wt% 1,4- (70% cis and 20% trans) and 10 wt% 3,4-micro-
structure, whereas in polar environment the 3,4-microstructure
of PI is highly increased (~50—60%) and the 1,2-microstruc-
ture is increased as well (15—25%).

4. Theoretical part
4.1. Monte Carlo simulations

4.1.1. Off-lattice model

We consider a trifunctional dendritic homopolymer of first
generation (Fig. 2). Each of the nine arms contains N beads.
The central unit of the zeroth generation is the common origin
of coordinates and is assigned as unit 9N + 1. Non-neighbour-
ing units interact through Lennard-Jones potentials:

U(Ry)/ksT = 4(¢/ksT) {(U/Rz:f)lz_(”/Rij)()} (1)

where ¢ is the interaction energy between units, R;; is the sep-
aration distance between units / and j and ¢ a steric parameter
considered the same for all units. To reproduce the macro-
scopic state, of good solvent, we adopt previously reported
set of Lennard-Jones parameters (e/kgT = 0.1, 0 =0.8) [32].
This set of values reproduces the universal critical exponent
v=3/5 of the radius of gyration ((S*) ~ N*"). The value
elkgT = 0 corresponds to the ideal (Gaussian) 6 chain without

PR
. .o,

. .
.....

Fig. 2. The mean end-to-end square distances for some specific combinations
of branches and the corresponding angles between them.

interactions between units. The properties of interest are the
mean end-to-end square distances of the arms of the zeroth
and first generations, as well as the angles X, Y, Z illustrated
in Fig. 2. We also estimate the radius of gyration of the whole
dendritic macromolecule and the radii of gyration of each gen-
eration. The high efficient pivot algorithm is used for the
Monte Carlo sampling. It starts by building an initial configu-
ration of moderate energy and then a bead is selected at ran-
dom. If the selected bead belongs to the first generation, the
rest of the beads on the selected arm up to the closest end
are rotated according to three randomly chosen Euler angles.
Otherwise, if the selected bead belongs to zeroth generation,
the rest of the beads on the selected arm and the units on
the following two arms of the first generation are rotated.
The metropolis energy criterion is used to test the acceptance
or rejection of the new trial configuration. Ten independent
runs are performed. Each run attempts 200.000—10° configu-
rations after appropriate thermalization. The properties are
firstly averaged over all conformations in each run, and then
the mean values and the standard deviations are determined
from the 10 independent runs.

4.1.2. Bond fluctuation model (BFM)

In the bond fluctuation model [33] we place a single tri-
functional first generation dendritic homopolymer composed
of ON + 1 units in a simple cubic lattice of length L with
periodic boundary conditions. The distance between adjusted
sites b, is taken as the unit of length. Each unit blocks the other
26 lattice sites contained in the elementary cube and is cen-
tered at the bead location. In this way, the model complies
with the restriction imposed for self-avoiding walk (SAW)
polymers. Bonds linking the beads can have lengths ranging
between 2 and /10, but bond vectors of the type (2, 42,
0) are excluded in order to avoid bond crossing during the sim-
ulation. Equilibration is performed from the initial configura-
tions through elementary bead jump, with displacement
vectors (+1, 0, 0), (0, =1, 0) and (0, 0, +1). Once the move
has been made, the lengths of the new bonds are checked
for compliance with the BFM lengths. To facilitate further
the mobility of dendritic chain, a larger area of blocked lattice
sites is established around the central unit of the zeroth gener-
ation and around the last unit of each arm of the zeroth gener-
ation, which can also be considered as central units of the first
generation arms. The distance between the central units and its
first neighbours is permitted to increase up to 5, instead of the
value /10 established for the other units. The new configura-
tion is accepted if the SAW condition is fulfilled. Typically
5 x 10° Monte Carlo steps are attempted for equilibration fol-
lowed by the same number of steps for the calculation of prop-
erties. As in the case of off-lattice simulations, the properties,
mean values and the standard deviations, are determined from
10 independent runs.

4.1.3. Renormalization group theory (RG)

Following our previous work [26] we write the probability
distribution function of the first generation dendritic polymer
with functionality f and branch length N as:
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PIR(s)] —PO[R(S)]CXP{ — u// ds,ds.0[R(s,) —R(sa/)]},
(2)

where R(s) is the position vector of each point at the contour
length s of the chain considered as a continuous line and
Po[R(s)] is the ideal connectivity term of the Gaussian type.
0 is the d-dimensional Dirac delta function which brings in
contact all pairs of units coming from the same or different
branches and u is the excluded volume interaction parameter.
Our description and analysis is based on the mean end-to-end
square distances of all possible branches, as well as on specific
combination of them (r3), (r), (R3,), (R%,), (R3,) shown in
Fig. 2. By means of the squares of these distances considered
to form triangles, three effective angles are defined as:

x=eos () + (- w20 e

Y =cos™[(2(rg) — (R%o)) /2(r0)] (4)
Z=cos™'[(2(R,) — (R1,)) /2(R5,) - (5)

They can be used in order to specify to a first approxima-
tion, the relative positions of the end of branches, the empti-
ness in the interior of the dendritic polymer and the
capability to carry guest molecules.

In the canonical ensemble the mean end-to-end square dis-
tances are obtained as:

w)={ [orenerre) | /{ [ oroerel} o

where D[R(s)] is the measure of the path integrals, which ex-
presses the integrations over all points of the chain in the con-
tinuous line limit. Expanding the exponential terms both in
numerator and denominator up to the first order of the ex-
cluded volume interaction parameter u, we take expressions
of the form:

(R?) = <R2>0{1 . / / FG, j)didj} )

where (R*), is the ideal chain result. When the unit length is
equal to one, then (13)o, (r1)o, (RGo)o: (RGy)o and (RY,), are
equal to N, N, 2N, 2N and 4N, respectively. The F functions
include the contribution of the dendritic architecture with the
indices 7, j running all over the contour length of the
macromolecule.

5. Theoretical results and discussion

The diagrammatic expressions of the above properties for
the space dimensionality d =4, which give results to order
e =4 —d [24], are given in the Appendix A. Performing the
necessary i, j integrations (Appendix B), we arrive to the
analytical expressions presented in Appendix C. It can be

observed that the mean end-to-end square distance of a branch
of the zeroth generation <r§> increases linearly by enhancing
the solvent quality since the intensity of excluded volume inter-
actions u increases as well. It also increases by increasing the
functionality of the dendritic polymer, with f being to the
power of 3, due to the presence of more interacting units com-
ing from both generations in the vicinity of the branch. The
respective property of a star polymer chain with the same
functionality and the same branch length <R2)Star is also given
in the Appendix C for comparison purposes. In the analytical
expression of (r3) of the dendritic polymer (r3) =
N{1+u[2InN + Fq(f)]}, we find that the constant term
Fao(f) (Fa0(3) =4.571, Fy4p(6) = 30.34) is higher than the re-
spective term Fy(f) (Fy(3) = —0.227, F|(6) = 2.43) of (R*)yu:
of a star polymer branch. This indicates that the branches of
the zeroth generation are more expanded compared to those
of an equivalent star polymer, due to the interactions with
the back folding units of the first generation. The mean end-
to-end distance (r?) of the arms of the first generation shows
the same qualitative behavior with the (3) when the excluded
volume interactions, the functionality and the molecular
weight change. From the analytical expressions of <r§> and
(r?), we find that the branches of the two different generations
are not equivalent. The interior ones are more expanded since
their constant terms are greater than the respective terms of the
outer branches (Fy;(3) = —0.006, F4;(6) =3.30). In the limit
of long arms the logarithmic term dominates over the constant
term In N > > F(f) and the critical exponent of the mean end-
to-end square distances is obtained by means of the fixed point
value u* = ¢/16((r?) = N{1 +u2In N} ~N""") for good
solvent conditions. This exponent is identical to the one we
found in the cases of linear and star polymers. However, the
novelty in the case of dendritic polymers is that the end-to-
end square distances of branches of the outer generations rea-
ches the exponential regime for shorter arms contrary to the
interior generations. This may affect the critical exponents
of conformational properties including all generations such
as the radius of gyration of the whole molecule and especially
the exponents obtained by means of Monte Carlo simulations,
where the arm lengths are very short. The rest of the properties
in the Appendix C are the diameters of the two different
generations (R3,) and (R},) and the respective star polymers
(D2,.), which are necessary for the calculation of the three
angles of interest X, Y and Z presented in Fig. 2.

Special characteristic graphs of the angles are given for the
understanding of their general behavior (Figs. 3 and 4). When
the angle X is large the end beads are mainly in the outside
region of the polymer and they are very active, while for small
values of X they turn inside the polymer matrix and their
activity is hindered. The angle Y between the position vectors
of the two ends of the arms of the zeroth generation indicates
the empty spaces that the interior region can have. For larger
angles Y, larger emptiness in the interior of the dendritic poly-
mer is expected. Hence, the capability to carry guest mole-
cules is higher. The passage of the cargos to the interior of
the dendritic molecule is described by means of the third
angle Z formed by the vectors Ry;. In Fig. 3 the effect of the
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Fig. 3. The dependence of the angles X, Y, Z on the functionality fof the dendritic
chain in good solvent conditions obtained by RG theory (N = 100, u* = 1/16).
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Fig. 4. The dependence of the angles X, Y, Z on the dendritic branch molecular
weight N in good solvent conditions obtained by RG theory (f= 3, u* = 1/16).

functionality f is examined for dendritic polymers with arm
length N = 100.

By increasing f, Y is increasing up to f= 8 where the max-
imum free space in the interior of the dendritic polymer is ob-
tained. Further increase of functionality f'leads to lower values
of Y. The same trends are also obtained for the angle Z. The
maximum size of the appropriate guest molecules to enter is
obtained for f= 10, whereas further increase of f leads to
smaller values of Z. The activity of dendritic ends (angle X))
is increased by increasing f since the arms become stiffer,
due to the excluded volume interactions. The maximum value
of X is obtained for f=30 (not shown in the graph). Further
increase of fleads to a dense core, where the excluded volume
interactions are reduced, leading to smaller values of X. In the
limit of large f the excluded volume interactions are canceled
and X approaches the value of the Gaussian chain /2
(1.57 rad). The effect of the arm molecular weight on the three
angles is illustrated in Fig. 4.

For repulsions between units (# > 0) the main tendency of
all angles is to decrease on increasing branch length N. The
explanation of this behavior lies on the existence of a common
origin of the arms of the first generation which force them to
be close in space. Because of the proximity of the branches the
monomeric repulsions expand them towards the outer space
making the interior branches more extended. The extension
of the arms of the zeroth generation permits their ends to
come closer in space thus reducing both the Y and Z angles.
The expansion of the arms of zeroth generation reduces the
density in the interior region and the angle X is also reduced
on increasing N, because the ends of the first generation can
be easily turned into the less dense region of the zeroth gener-
ation. In the limit of infinite branch length the logarithmic
terms dominate over the constant terms F(f) and the nomina-
tor of the Egs. (3)—(5) describing the angles X, Y and Z dimin-
ishes and finally the ideal values of the Gaussian chains /2
(1.57 rad) for all angles is obtained.

To check the validity of the analytical results we perform
extensive Monte Carlo simulation study of dendritic polymers
in good solvent conditions. We use the two different algo-
rithms, pivot and BFM, which have been previously described.
The molecular weights of the arms of the simulated dendritic
polymers correspond to the ones we have synthesized in the
current paper. Using the C, values 5.53 and 4.80 for the bu-
tadiene and isoprene polymers respectively (with particular
microstructure [34]), we found that their arm lengths are equal
to N =30, 63 and 120 segments. The properties of interest are
the same as we have estimated in our analytical study. More-
over, we calculate the radii of gyration of the zeroth generation
and the whole dendritic polymer. In addition, we computed the
radii of gyration of star polymers with functionality f=3 and
branch lengths equal to 30, 60, 63, 120 and 126. From the
properties above, dimensionless ratios, which are independent
of the Kuhn length, are obtained and they are presented in
Tables 2 and 3. In the same tables, we also include the RG
results regarding the dimensionless ratios for the good solvent
conditions (u = u* = 1/16). According to the ratio (r2)/(r?)
(Table 2), the RG results clearly show that the interior branches
are more expanded than the outer branches due to the high
density of units close to the dendritic molecule origin.

These analytical results lie between the ones obtained by
both Monte Carlo simulation algorithms. The BFM algorithm
shows even a higher expansion of the interior branches while
the pivot algorithm finds the two different branches to be of
almost equal length. The same behavior between the analytical
theory and the simulations is obtained for the ratio between the
interior branches of dendritic polymer and the branches of star
polymer with the same functionality and arm lengths. The
interior arms are more expanded, due to the excluded volume
interactions arising from the presence of the exterior branches.
By increasing the arm length this expansion becomes smaller
(about 2%) according to the RG data. However, in Monte
Carlo results the standard deviation is about 1, 2 or 5%
(depending on the algorithm), which is doubled when we cal-
culate the dimensionless ratios. Hence, this decreasing behav-
ior with increasing molecular weight cannot be verified. For
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Table 2

Dimensionless ratios for the macroscopic state of good solvent

Branch length N RG MC_pivot MC_BFM
(1))

30 1.168 0.987 £ 0.094 1.239+£0.014
63 1.158 0.975 £0.075 1.263 +0.038
120 1.150 1.006 + 0.047

2/ (R2,)

30 0.520 0.452 £0.038 0.502 £ 0.008
63 0.519 0.452 £0.039 0.501 +0.022
120 0.518 0.461 £0.026

(r5)/ <Rfm(N)>

30 1.179 1.194+0.12 1.274 £0.018
63 1.168 1.234+0.13 1.241 +0.049
120 1.160 1.203 £0.082

(RG1)/ <R§m(2N)>

30 1.068 1.173 £0.087 1.079 £0.017
63 1.064 1.185 +£0.076 1.075 £ 0.040
120 1.061 1.170 £ 0.075

(82)/ (i)

30 1.10+£0.12 1.100 £0.012
63 1.13+0.13 1.126 +0.043
120 1.110 £ 0.055

(Siende) / (SSariony)

30 1.362 +0.099 1.288 +0.027
63 1.375 £0.090 1.290 £ 0.054
120 1.365 £0.075

Table 3

The values of the X, Y, Z angles for dendritic and star polymers with f=3 for
the macroscopic state of good solvents

Branch length N RG MC_pivot MC_BFM
Angle X

30 1.607 1.747 £0.020 1.696 £ 0.006
63 1.604 1.743 £ 0.017 1.665 £ 0.008
120 1.603 1.735 £0.027

Angle Y

30 1.620 2436 £0.015 1.762 £ 0.007
63 1.618 2.447 £0.015 1.778 £0.015
120 1.616 2.435+£0.013

Angle Z

30 1.601 1.606 £0.014 1.716 £ 0.008
63 1.600 1.606 £ 0.006 1.719 £ 0.009
120 1.598 1.609 £ 0.015

Angle Y (star)

30 1.593 1.664 £0.016 1.700 £ 0.007
63 1.592 1.647 £0.024 1.682 £0.011
120 1.591 1.646 £ 0.027

the ratios of the radii of gyration we do not have analytical
results. Nevertheless, the Monte Carlo data shows that the
radius of gyration of the inner generation of the dendritic poly-
mer is greater than the radius of gyration of star polymer
with the same molecular weight. The expansion of the radius
of gyration ((SG)/ (S5, x))) is smaller than the expansion of
the branches ((r§) /(RZ,y))) according to both algorithms. For
the ratio of the radii of gyration of the whole dendritic polymer
with branch length N to the star polymer with branch length
2N (S3enar)/ <S§tar(2N)>’ we have obtained experimental results.
This ratio gives an estimation of the size of dendritic polymer
in comparison with the star polymer. Intrinsic viscosity

measurements of poly(isoprene) dendritic polymer with arm
molecular weight of 10K (30 segments) and poly(isoprene) tri-
functional star with arm molecular weight of 20K lead to a
ratio of hydrodynamic radii of gyration equal to 1.351 (55.4/
41.0, as given in Table 1). The experimental value lies between
the ones obtained by means of the pivot and BFM algorithms
(1.362 and 1.288, respectively) presented in Table 2. This may
indicate that the RG values which are also bounded by the
Monte Carlo ones can be considered to be closer to the real
ones. The different performance of the two Monte Carlo algo-
rithms is more obvious in the estimation of the angles X, Y,
and Z presented in Table 3.

For the angle Y (between the inner arms of dendritic poly-
mer) the pivot algorithm values differ significantly from the
ones obtained by BFM and the RG theory. Such a difference,
however, is not observed for the respective angle Y of star
polymers, where both Monte Carlo and RG results are in
very good agreement. Although the pivot algorithm gives
excellent results in the study of star macromolecules, it has
some problems with the movement acceptance in the case of
the dendritic polymers, especially when the interior units are
chosen. The rotation of the whole sub-tree needs a lot of free
space resulting in large values of Y, and thus it influences the
other macroscopic properties. On the other hand, the BFM
algorithm has some mobility problems with the central units
of the exterior arms. The position of these units (which actually
are the last units of the interior arms) influences mainly the
end-to-end square distances of the interior arms and in some
degree, the other conformational averages. The first order
analytical results have also been criticized for overestimation
of the excluded volume interactions, especially close to the
star centers with f> 6, where the concentration of units is
high enough. However, for our trifunctional dendritic poly-
mers (nine arms) this overestimation should be very small,
increasing only for dendritic macromolecules with high
functionalities.

6. Conclusions

The synthesis of first generation dendritic homopolymers
consisting of either poly(butadiene) (PB) of 1,4-microstructure
or poly(isoprene) with high in 3,4-microstructure (at least
55% PI;4), which was achieved via anionic polymerization
techniques in combination with chlorosilane chemistry was
accomplished. The molecular characterization of the final
dendritic materials leads to the conclusion that they can be
considered as model polymers, since they exhibited high mo-
lecular and compositional homogeneity. The conformational
properties of the dendritic polymers were studied by means
of analytical theory and Monte Carlo simulations using coarse
graining models. We found that the inner arms are more ex-
panded than the outer branches by about 15% for the synthe-
sized dendritic polymers. The activity of the dendritic ends is
increased by increasing the functionality reaching a maximum
value which depends on the branch length. The empty space in
the interior of the dendritic macromolecule and the maximum
size of guest molecules is also a non-monotonic function of the
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dendritic functionality. By increasing the branch length N all the
above quantities are decreasing. At the limit of infinite N, the in-
fluence of the dendritic architecture disappears and the dendritic
polymer reaches the exponential regime behaving as a linear
chain.

Acknowledgements

This research was co-funded by the European Union in
the framework of the program ‘Pythagoras I” of the

Appendix A

“Operational Program for Education and Initial Vocational
Training” of the 3rd Community Support Framework of
the Hellenic Ministry of Education, funded by 25% from
national sources and by 75% from the European Social
Fund (ESF).

L.N.G. would like to thank Prof. A. Charalambopoulos for
helpful discussions. The Laboratory of Mathematical Model-
ing and Scientific Computations of the Department of Mate-
rials Science and Engineering is also acknowledged for
generously providing part of the computer resources used in
this work.

The diagrammatic expressions of the end-to-end square distances of all possible branches (r3), (r?) and (R3,) and the respec-
tive expressions for the diameters of the zeroth generation (R%,) and the whole dendritic chain (R},).
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Appendix B

Forms and values of the diagrams:
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Appendix C

Analytical expressions of the mean end-to-end square distances of all possible branches (r3), (r) and (R3,) and the respective
expressions for the diameters of the zeroth generation (R3,) and the whole dendritic chain (R?,). The diameter of star polymer

chain (D? ) and the mean end-to-end square distance of star polymer arm (R2,,)with length N have been calculated from Ref. [24].

1 1 13 11
(rg) :N{l+u[21nN+f3§+f2<41n3—61n2—ﬁ> +f<161n2—81n3—ﬁ> — 101n2+41n3—§H

1 1 17
rh :N{l+u[21nN+f2<161n2—101n3—12) +f<241n3—361n2—2> - 141n3+201n2—12]}
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