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ABSTRACT: Dendritic polystyrene with hydroxyl functional groups at each branch point was synthesized using
convergent living anionic polymerization. The polymer samples were formed by the slow addition of a 1/10
molar mixture of 4-vinylstyrene oxide/styrene to living polystyryllithium chains in a benzene/THF solution. The
4-vinylstyrene oxide contains both a vinyl group, which can undergo anionic vinyl addition polymerization, and
an epoxide moiety, which can undergo a ring-opening addition reaction to result in an unreactive or terminated
lithium alkoxide. The extent of generational growth for the dendritic polymers was calculated by molecular weight
analysis and by titration of hydroxyl groups to determine generations as high as 3.8 and polymers with up to 14
hydroxyl groups situated at the branch points. Addition of LiCl to the benzene/THF solutions containing
polystyryllithium chains resulted in the highest generational growth of the polymers. The polymers were
characterized using gel permeation chromatography coupled with a MALLS detector, 'H NMR spectroscopy,

and differential scanning calorimetry.

Introduction

The interest in highly branched polymers has resulted in the
development of numerous methods for the synthesis of stars,
combs, dendritic polymers, and polymers with more complex
architectures.'”® Dendritic polymers can be classified as either
dendrimers, dendritic polymers, or polymers with a branch-on-
branch topology but which also contain a significant molecular
weight between branch points. Examples of dendritic polymers
with oligomeric chains between branch points include comb-
burst polymers,'® arborescent polymers,''~'® dendrigraft poly-
mers,'*"** block-graft polymers,** inimer—comonomer poly-
mers,>> 3% dendrimer-like stars®® *® and other dendritic
polymers,*” ! polymers by TERMINI,**>* and, in our own
work, polymers produced by convergent living anionic polym-
erization.> %0

Convergent living anionic polymerization is a technique that
is based on in-situ chain-end functionalization and polymeri-
zation. A coupling agent, or branching monomer, is designed
to contain both a terminating group, which can quickly and
quantitatively react with the growing polymer chain end, and a
polymerizable vinyl group that can add to a growing chain to
maintain a living reactive site. For example, in the living anionic
polymerization of styrene, a coupling agent such as vinylbenzyl
chloride (VBC) or 4-(chlorodimethylsilyl)styrene (CDMSS) can
quantitatively react with a living chain end to produce a vinyl-
functionalized macromonomer.’”*° If that macromonomer is
formed in the presence of other reactive polymer chains, addition
to the vinyl group occurs to result in a branch. The addition of
a comonomer along with the coupling agent results in a dendritic
polymer with comonomer units between the branch points. We
have used this technique to synthesize dendritic polystyrene
homopolymers and copolymers as well as other more complex
polymer architectures.>

Continuing to investigate this method of in-situ chain-end
functionalization as a route to branched polymers, we have
begun the study of coupling agents that can introduce a
functional group at the branch point. In this paper, we report
the synthesis of dendritic polystyrenes using a coupling agent,
4-vinylstyrene oxide, which contains both a polymerizable vinyl
group and an epoxide functional group. The epoxide is proposed
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to be capable of termination of a living anionic chain through
a single ring-opening addition reaction. The ring opening of
the vinyl-functionalized styrene oxide results in a lithium
alkoxide chain end, which under the reaction conditions is an
effectively terminated chain. The vinyl group is available for
addition with remaining living anionic chains, and the sequence
of macromonomer formation and polymerization with slow
addition of coupling agent can be effected. Copolymerization
with added styrene and final acidification of the alkoxide groups
results in dendritic polystyrene with hydroxyl functional groups
at each branch point.

Experimental Section

Materials. All glassware used in reactions was heated in an oven
at 150 °C overnight, assembled hot, and flame-dried under argon
purge. All solvents, sodium hydroxide, potassium carbonate, and
lithium chloride were acquired from Fisher Scientific. 2,6-Di-tert-
butyl-p-cresol was obtained from MCB Chemicals. All other
chemicals were obtained from Aldrich. Benzene was washed with
concentrated sulfuric acid, then with 1 M sodium hydroxide, and
finally with water and dried with CaCl before distillation under
argon from blue sodium benzophenone ketyl. HPLC grade THF
was distilled under argon from blue sodium benzophenone ketyl.
Styrene was washed with 2.5 M sodium hydroxide solution, then
washed with water, and dried with MgSO, before being distilled
from CaH, under reduced pressure (500 mTorr). Dimethyl sulfoxide
(DMSO) was distilled from CaH, under reduced pressure (500
mTorr). Styrene oxide was distilled from CaH, under reduced
pressure (500 mTorr) immediately before use. sec-Butyllithium (1.3
M) in cyclohexane from Aldrich was used without further purifica-
tion. Flasks containing LiCl and N,N,N',N'-tetramethylenediamine
(TMEDA) were put on a vacuum line in the presence of phosphorus
pentoxide at 100 mTorr for 24 h. Pyridine was dried over calcium
hydride and distilled under argon. Acetyl chloride was distilled
immediately before use. All other chemicals were used as received.
Gas-tight syringes were kept in a desiccator under reduced pressure.
Immediately before use, the syringes were heated with a heat gun
and purged with argon. Metered syringe injections were performed
with a Model 100 kd Scientific syringe pump.

4-Vinylbenzaldehyde. 4-Vinylbenzaldehyde was prepared by a
Wittig reaction similar to a procedure reported by Le Bigot.®'
Methyltriphenylphosphonium bromide (71.45 g, 0.200 mol) and
potassium carbonate (35.0 g, 0.253 mol) were added to a 1 L three-
necked flask fitted with a mechanical stirrer, a reflux condenser
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with argon bubbler, and a thermometer. The solids in the reaction
vessel were mixed thoroughly. Terephthaldicarboxaldehyde (26.83
g, 0.200 mol) was dissolved in 200 mL of dioxane and 3 mL of
water. The solution was added to the reaction flask, and the reaction
mixture was refluxed for 4 h with vigorous stirring. The solution
was cooled to room temperature and filtered through a coarse frit
glass funnel. The filtrate was cooled, and the solvent was removed
by rotary evaporation. The resulting solid was extracted with three
100 mL portions of hexane. The hexane volumes were combined,
and the solvent was removed by rotary evaporation. Approximately
10 mg of 2,6-di-tert-butyl-p-cresol (BHT) was added to the resulting
yellow oil, which was then distilled at 60—65 °C at 100 mTorr.
The resulting colorless liquid (16.5 g, 61.5%) was fractionally
vacuum distilled several times (each time from BHT) to remove
starting material and any 1,4-divinylbenzene impurity. The pure
product (8.2 g, 30.1%) was sealed under argon and stored at —25
°C. 'H NMR: [0, CDCI; relative to tetramethylsilane (TMS) at 0
ppm]: 5.41 (d, 1H), 5.88 (d, 1H), 6.73 (dd, 1H), 7.51 (d,2H), 7.81
(d, 2H), 9.95 (s, 1H).

Trimethyloxosulfonium Iodide. Trimethyloxosulfonium iodide
was prepared by the procedure of Kuhn and Trischmann.®* A 250
mL reaction flask containing a stirbar was fitted with a condenser
and an argon inlet. DMSO (53.3 g, 0.68 mol) and methyl iodide
(100 mL, 1.60 mol) were added to the reaction flask and refluxed
under argon for 3 days. The dark brown solution was cooled, and
the resulting yellow precipitate was filtered, washed with chloro-
form, and dried in a vacuum oven. The light yellow solid was
recrystallized from water. The resulting white crystals (63.52 g,
42.3%) were crushed and dried in a vacuum oven in the presence
of phosphorus pentoxide.

4-Vinylstyrene Oxide. Sodium hydride (1.64 g, 0.068 mol) and
trimethyloxosulfonium iodide (12.50 g, 0.0684 mol) were added
to a 500 mL three necked round-bottom flask containing a stir bar,
a reflux condenser, an addition funnel, and a thermometer. DMSO
(100 mL) was added very slowly to the flask with vigorous stirring
to minimize the amount of foam generated as the hydrogen gas
evolved. After the addition of the DMSO, the reaction was allowed
to stir for an additional hour at room temperature. 4-Vinylbenzal-
dehyde (7.50 g, 0.057 mol) was dissolved in 20 mL of DMSO and
was added dropwise to the solution over a 30 min period. The
solution was heated to 50 °C for 1 h and then was quenched with
150 mL of water. The solution was extracted with three 100 mL
portions of ether. The extracts were combined and dried with
MgSO,, and the ether was then removed by rotary evaporation.
The resulting light yellow oil was distilled at 45—50 °C at 80 mTorr
to yield the product (4.46 g, 53.8%). The product was sealed in a
round-bottom flask using a rubber septum. The flask was purged
with argon and stored at —25 °C, whereupon the liquid solidified.
Elemental Analysis: Caled for C1oH;,0O: C, 82.16%; H, 6.89%; O,
10.94%. Found: C, 82.39%; H, 6.79%; O, 10.82%. 'H NMR: [4,
CDCl; relative to tetramethylsilane (TMS) at O ppm]: 2.79 (dd,
1H), 3.14 (d, 1H), 3.84 (d, 1H), 5.24 (d, 1H), 5.73 (d, 1H), 6.70
(dd, 1H), 7.23 (d,2H), 7.38 (d, 2H).

Synthesis of Linear Polystyryllithium. A 125 mL round-bottom
flask containing a stirbar and sealed with a rubber septum was
flame-dried and purged with argon for 20 min. To the flask were
added 35 mL of benzene and 2.2 mL of styrene (19.2 mmol) using
a gas-tight syringe. sec-Butyllithium (1.5 mL, 2.0 mmol) was then
added using a gas-tight syringe. The solution was allowed to stir
for 2—4 h. The desired amount of tetrahydrofuran (either [THF]/
[PS™Li*] = 15 or [THF)/[PS Li"] = 60) was then introduced using
a gas-tight syringe. A sample of the linear polystyrene (3.5 mL)
was subsequently removed for analysis and injected into argon-
purged methanol. The polystyryllithium solution was used in
subsequent reactions as described below.

LiCl or TMEDA was added in some of the experiments. In these
cases the additive was placed into the reaction flask after the flask
was removed from the oven and before the addition of solvent or
styrene. The flask was placed on a vacuum line for an additional
3 h at 100 mTorr. After purging with argon, the flask was sealed
with a rubber septum.
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Addition of Styrene Oxide: End-Capping. A stoichiometric
amount of styrene oxide (0.24 g, 2.0 mmol) was introduced all at
once to the polystyryllithium using a gas-tight syringe. The reaction
was allowed to stir for 5 h and was then terminated by adding
several drops of argon-purged glacial acetic acid. The polymer was
precipitated into methanol, recovered by filtration, and dried in a
vacuum oven.

Fast Addition of 4-Vinylstyrene Oxide: End-Capping. 4-Vi-
nylstyrene oxide (0.28 g, 2.0 mmol) was injected into the poly-
styryllithium solution all at once using a gas-tight syringe, and the
solution was allowed to stir for 5 h. The reaction was terminated
by adding several drops of argon purged glacial acetic acid. The
polymer was precipitated into methanol, recovered by filtration,
and was placed in a vacuum oven to remove any residual solvent.

Slow Addition of 4-Vinylstyrene Oxide: Synthesis of
Dendritic Polymers. A solution of styrene (2.2 mL, 19.2 mmol),
4-vinylstyrene oxide (0.28 mL, 2.0 mmol), and benzene (3 mL)
was transferred to an argon-purged gas-tight syringe. The solution
was introduced to the polystyryllithium solution over 4—6 h, using
a metering syringe pump. The progress of the reaction was followed
qualitatively by the change in color of the solution. The red-orange
color typical of polystyryllithium faded with the addition of coupling
agent solution to a very pale yellow and eventually became
colorless. The reactions were terminated with argon-purged glacial
acetic acid, and the polymer was precipitated into methanol. The
polymer was isolated by filtration and dried in a vacuum oven.

Characterization. Molecular weights and polydispersity indices
were determined by gel permeation chromatography (GPC). The
measurements were performed on a HP model 1084B liquid
chromatograph equipped with a Waters R401 refractive index
detector and a Wyatt Technologies MiniDAWN multiangle laser
light (MALLS) detector. The separation was achieved using THF
as the eluent (flow rate of 1.0 mL/min) and two HP Plgel mixed D
columns. The dn/dc (refractive index increment) of the polymers
was determined to be 0.192 using an ABBE refractometer. "H NMR
spectroscopy was performed on samples dissolved in deuterated
chloroform using a Chemagnetics CMX Infinity 400. Glass transi-
tion temperatures (7,) were determined by differential scanning
calorimetry (DSC) on a Perkin-Elmer Pyris 1 instrument using Pyris
software. The samples were scanned twice at 10 °C/min from 50
to 135 °C. The T, was determined as the midpoint of the slope
based on the extrapolation of the baselines from the second heat.
Elemental analysis was performed by Huffman Laboratories
(Golden, CO).

The average number of hydroxyl groups per polymer molecule
was determined by an indirect titration method.®*~%” A weighed
amount of the dendritic polymer (~0.2000 g) was added to 10.0
mL of toluene in a round-bottom flask containing a stir bar. A 0.162
M stock solution of acetyl chloride in pyridine was prepared. 1.50
mL of stock solution was added to the dissolved polymer by
graduated pipet, and the solution was allowed to stir overnight.
Water (10 mL, 0.56 mol) was added to the solution to hydrolyze
any remaining acetyl chloride. The solution was allowed to stir for
2 h. The solution was then titrated with a standardized 1.94 x 1072
M NaOH solution with phenolphthalein as the indicator. A sample
without the polymer was run as a blank. The amount of acetyl
chloride consumed, equal to the amount of acetyl chloride titrated
from the blank minus the amount titrated from the polymer solution,
was used to calculate the hydroxyl concentration. Triplicate titrations
were performed for each polymer and for the blank.

Results and Discussion

Our previous work in the development of a one-pot procedure
for the synthesis of low-polydispersity dendritic polymers has
been previously described.””® In this method, a bifunctional
coupling agent and styrene are slowly and continuously added
to living polystyryllithium. CDMSS and VBC have been
previously used as coupling agents to form dendritic polysty-
renes. Both VBC and CDMSS have a vinyl group and a
substitutable halide (Figure 1). The addition of the coupling
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Figure 1. Coupling agents for the synthesis of dendritic polystyrene
by convergent living anionic polymerization.

agent to the polystyryllithium results in either a substitution
reaction with the halide, resulting in a vinyl-terminated mac-
romonomer, or an addition reaction with the vinyl group, which
results in coupling while maintaining a living chain end. The
structure of the dendritic polymer is somewhat controlled by
the relative rates of the substitution vs addition reactions and
the rate of addition of the coupling agent into the reaction
mixture. The use of a coupling agent with a faster substitution
reaction relative to the addition at the vinyl group results in a
macromonomer, while the slow addition of reagent ensures
subsequent reaction of the macromonomer with an available
living chain to form a coupled polymer. The dendritic polymer
is a result of successive coupling reactions, and the termination
occurs when the final stoichiometric amount of coupling agent
is introduced. Addition of a comonomer, such as styrene, along
with the coupling agent results in a dendritic polymer with
comonomer units between branch points.

4-Vinylstyrene oxide (Figure 1), a bifunctional coupling agent
with an epoxide group and a vinyl group, can also be expected
to form dendritic polymers, although by a different mechanism.
As the 4-vinylstyrene oxide is added to a solution of polysty-
ryllithium, the living polymer chains can either react at the
epoxide functional group of the coupling agent in a ring-opening
reaction or react with the available vinyl group of the coupling
agent. The addition reaction to the epoxide results in a
deactivated polymer chain terminated by a lithium alkoxide,
while the addition reaction to the vinyl group results in a living
anionic chain capable of further reaction. Because the 4-vinyl-
styrene oxide is added slowly, successive coupling reactions
can lead to a multigenerational branched polymer. By adding
styrene along with the 4-vinylstyrene oxide coupling agent,
polystyrene blocks can be produced between functionalized
branch points (Scheme 1).

The 4-vinylstyrene oxide was synthesized (Scheme 2) in a
two-step reaction from terephthaldicarboxaldehyde instead of
direct epoxidation of divinylbenzene because all commercially
available divinylbenzene is a mixture of the ortho, meta, and
para isomers. The terephthaldicarboxaldehyde was converted
to the 4-vinylbenzaldehyde by a Wittig reaction.®’ The aldehyde
of the 4-vinylbenzaldehyde was then selectively epoxidized
using dimethyloxosulfonium methylide formed by the addition
of dimethyl sulfoxide to a sodium hydride/trimethyloxosulfo-
nium iodide mixture.®® The dimethyloxosulfonium methylide
was used in favor of dimethylsulfonium methylide which is more
commonly used for the epoxidation of aldehydes®® because the
dimethylsulfonium methylide also results in the epoxidation of
the vinyl group.®®

To synthesize a dendritic polymer by the desired process,
the reaction of polystyryllithium with the epoxide ring of the
4-vinylstyrene oxide must be quantitative and relatively fast.
The addition of styrene oxide to polystyryllithium can be used
to model the end functionalization of polystyrene with an
epoxide ring and to determine if oligomerization of epoxide
groups will occur. The quantitative end functionalization of
polystyryllithium with styrene oxide in benzene and benzene/
THF solutions was previously investigated by Hasegawa and
Quirk.”®”! The reaction of polystyryllithium with styrene oxide
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was found to be significantly less than quantitative in purely
hydrocarbon solutions.””* The addition of 1.31 equiv of styrene
oxide to a polystyryllithium solution in benzene resulted in
w-hydroxy-functionalized polystyrene (85.3%) and unfunction-
alized polystyrene homopolymer and dimer (14.7%). The dimer
was the result of an electron transfer reaction. The side reactions
that led to the formation of unfunctionalized polystyrene were
in part attributed to polystyryllithium aggregation. The aggrega-
tion of alkyllithium chains in hydrocarbon solutions has been
extensively studied and is known to be decreased by the addition
of THF.”"7® The addition of THF to the benzene solution at
the concentration of [THF]/[PSLi] = 15 resulted in the
quantitative synthesis of w-hydroxy-functionalized polysty-
rene.””

The regioselectivity of attack and epoxide oligomerization
in the polystyryllithium reaction with styrene oxide has also
been determined by Quirk.”"”” MALDI-TOF mass spectrometry
was used to confirm that no amount of styrene oxide oligomer-
ization occurs in the end functionalization of polystyryllithium
in a benzene/THF solution ((THF)/[PSLi] = 15).”' The relative
amounts of primary (47%) and secondary (53%) alcohol, which
result from nucleophilic attack of the polystyryllithium on either
the least hindered or most hindered carbons of the epoxide ring,
were determined by '*C NMR spectroscopy.

In order to further investigate the end-capping reaction of
styrene oxide with polystyryllithium, we performed reactions
at different THF concentrations. Polystyryllithium chains were
synthesized using sec-butyllithium in benzene. An amount of
THF, corresponding to either [THF]/[PSLi] = 15 or [THF)/
[PSLi] = 60, was then added to the polystyryllithium solution.
Although conditions exist in which alkyllithium species will
react with tetrahydrofuran,”® ' polystyryllithium has been
shown to have negligible side reactions with up to 20% v/v
THF in hydrocarbon solvents.’”* The addition of the styrene
oxide (1.1 equiv to BuLi) to the living polystyryllithium chains
was done all at once using a gas-tight syringe. The color of the
solution turned immediately from red-orange, the color of
polystyryllithium, to a light yellow in both cases. The yellow
color continued to fade to colorless for both samples over time.
The sample containing the higher concentration of THF faded
more quickly, in less than 1 h, versus more than 5 h for the
sample with the lower concentration of THF. Samples were
terminated with glacial acetic acid, precipitated into methanol,
and recovered by filtration.

Characterization of the end-functionalized polystyrenes syn-
thesized at both THF concentrations indicated the addition of
styrene oxide to the polystyryllithium. The GPC plots of the
end-capped polymers synthesized at both concentrations showed
no evidence of any high molecular weight shoulder correspond-
ing to dimerization of the initial chains. Figure 2 shows the
GPC traces for the linear and end-capped polystyrene for [THF]/
[PSLi] = 60. A similar result is observed for the reaction with
[THF]/[PSLi] = 15, in agreement with the results of Quirk.”'
'"H NMR spectroscopy was used to confirm that the polystyrene
chains are capped with styrene oxide. The spectra for reactions
at both concentrations were similar and contained peaks in the
region from 2.8 to 4.5 ppm (Figure 3) which correspond to the
methylene and methine protons that result from the ring-opening
reaction of styrene oxide.”®

Experiments were designed to determine whether the reaction
of 4-vinylstyrene oxide with polystyryllithium is faster at the
epoxide than at the vinyl group. Two solutions of polystyryl-
lithium were prepared: one with [THF]/[PSLi] = 15 and a
second with [THF]/[PSLi] = 60. 4-Vinylstyrene oxide ([4-
vinylstyrene oxide]/[BuLi] = 1.1) was added to the polysty-
ryllithium solutions all at once using a gas-tight syringe, and
the reactions were allowed to stir for 2 h. The red-orange color
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Scheme 1. Synthesis of Dendritically Branched Polystyrene with Hydroxyl Groups at the Branch Points by the Slow Addition of
4-Vinylstyrene Oxide and Styrene to Polystyryllithium Chains
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immediately turned yellow for both concentrations and continued
to fade to colorless similar to the end-capping with styrene oxide.

The GPC chromatograms of the polymers are presented in
Figure 4. The GPC chromatogram of the reaction with the higher
concentration of THF, [THF]/[PSLi] = 60 (Figure 4a), displays
a small shoulder at lower elution volume, corresponding to a
very small amount of higher molecular weight material that is
twice the molecular weight of the initial chains. The lack of
any significant amount of higher molecular weight material
implies that the reaction of the polystyryllithium chains with
the epoxide is preferred over the reaction at the double bond.
The reaction for the lower concentration of THF, [THF]/[PSLi]

PS

o Lit
PS

= 15 (Figure 4b), led to a multimodal chromatogram containing
a considerable amount of higher molecular weight material. In
this case, reaction was more competitive at both the vinyl group
and the epoxide. '"H NMR spectroscopy was used to examine
the integration ratios of the vinyl peaks relative to the aromatic
polystyrene peaks and showed that the vinyl content of the
polystyrene polymer from the reaction with low THF concentra-

T T T
16.0 18.0 20.0

Elution volume (mL)

Figure 2. Addition of styrene oxide to polystyryllithium chains with
[THF]/[PSLi] = 60. GPC traces for (---) linear polystyrene sample
before addition of styrene oxide (—) sample of chains after addition of
1.1 equiv of styrene oxide.
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Figure 3. "H NMR spectrum of polystyrene polymer capped by styrene
oxide; addition of styrene oxide all at once for [THF]/[PSLi] = 15.

Elution volume (mL)

Figure 4. Addition of 4-vinylstyrene oxide all at once to polystyryl-
lithium: (a) GPC traces for [THF]/[PSLi] = 60 (---) linear polystyrene,
(—) after addition of coupling agent; (b) GPC traces for [THF]/[PSLi]
= 15, (---) linear polystyrene, (—) after addition of coupling agent.

tion was approximately one-fifth that of the polystyrene polymer
from the reaction with high THF concentration, demonstrating
the reaction of the vinyl group in the low THF concentration
reaction. The integration ratio of vinyl protons to aromatic
protons in the macromonomer (Figure S5a) is ~92% of the
calculated value for complete end-capping using GPC-MALLS
determined molecular weights. The deviation from the calculated
value is caused by difficulty in integration of the low concentra-
tion of vinyl protons and some overlap with the aromatic region.

Dendritic polymers were synthesized by the slow addition
of a mixture of styrene and 4-vinylstyrene oxide to polystyryl-
lithium solutions. Reactions were carried out in benzene/THF
solutions with [THF]/[PSLi] = 15 or [THF]/[PSLi] = 60. The
molar ratio of styrene to 4-vinylstyrene oxide was kept at 10 to
1 for each of the experiments. The styrene/4-vinylstyrene oxide
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Figure 5. '"H NMR spectra of polymer after the addition of coupling
agent all at once for (a) [THF]/[PSLi] = 60 and (b) [THF]/[PSLi] =
15.

mixture was introduced into the reaction flask by gas-tight
syringe using a metering syringe pump to control the rate of
addition. The addition time was kept at 4—6 h. Addition over
longer periods of time did not demonstrate an increase in the
molecular weight of the dendritic polymer. The initial red-orange
color of the living chains in the benzene/THF solution initially
became a much darker red color with the addition of coupling
agent and gradually faded as the addition of coupling agent
neared completion. Alkoxide groups were protonated with
glacial acetic acid, and the polymers were precipitated into
methanol.

Lithium chloride ([LiCl]J/[PSLi] = 5) or N,N,N',N'-tetra-
methylenediamine ([TMEDA]/[PSLi] = 1) was added to some
polystyryllithium solutions to determine the effect of additives
on the synthesis of the dendritic polymers. The addition of LiCl
to low polystyryllithium concentrations in THF is known to
reduce the reactivity by shifting the equilibrium toward less
reactive ion pairs.73 However, it has been determined that the
addition of lithium chloride, which is dimeric in THF solutions,
to high polystyryllithium concentrations (>1073 M) in THF has
the effect of increasing the reactivity.®* ®* It was concluded
that at high polystyryllithium concentrations the scavenging of
Li" ions by dimeric LiCl results in an increase in the amount
of free polystyryl anions. TMEDA has also been used to increase
the amount of free polystyryl anions by acting as a ligand for
lithium ions in living anionic polymerization.®

Table 1 summarizes the results obtained for all coupling
reactions. GPC coupled with multiangle laser light scattering
(GPC-MALLS) was used to calculate molecular weights and
molecular weight distributions for all of the polymers synthe-
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Table 1. Characterization of Dendritically Branched Polymers

initial chains (g/mol)*

branched polystyrene (g/mol)”

M, PS per
run [THF]/[PSLi] additive M, MM, M, MM, OH group (g/mol)” avg gen® avg gen” T,
1 15 none 1230 1.02 12900 1.41 2.5 90
2 60 none 1190 1.03 14 500 1.62 1800 +£ 20 3.0 2.7 90
3 15 LicV 1240 1.03 13 300 1.51 2.6 90
4 60 LicV 1040 1.04 24 800 1.28 1840 + 20 3.8 3.6 93
5 15 TMEDA# 1200 1.02 10 800 1.60 2.3 88
6 60 TMEDA# 1110 1.04 12 000 1.74 1710 £ 40 2.8 2.5 90

“ Determined by GPC-MALLS using THF as the eluent and a dn/dc of 0.192 mL/g. ” Determined by an indirect titration method,** %" measured in
triplicate; only the [THF]/[PSLi] = 60 samples were analyzed. ¢ Calculated according to eq 1. ¢ Calculated according to eq 2. ¢ Determined by DSC at 10

°C/min. / [LiCI}/[PSLi] = 5. ¢ [TMEDAJ/[PSLi] = 1.

sized. The reactions where [THF]/[PSLi] = 60 yielded higher
molecular weight polymers than reactions where [THF]/[PSLi]
= 15. The addition of LiCl to the polystyryllithium solutions
resulted in higher molecular weight polymers than for the
reactions without additives. However, the addition of TMEDA
to the polystyryllithium solutions resulted in a decrease in
molecular weight from reactions without additives.

The extent of coupling, defined by the generational growth
of the dendritic polymers, was calculated using two methods.
The generational growth was determined experimentally by an
indirect titration of the hydroxyl groups and also by calculation
using the molecular weight of the initial chains, the molecular
weight of the final polymer, and the composition of the coupling
agent/styrene mixture.

The molecular weight of polymer per hydroxyl group was
determined by an indirect titration method.®* ¢’ Acetyl chloride
was used to acetylate the hydroxyl groups of the dendritic
polymer dissolved in a toluene/pyridine solution, and then the
excess acetyl chloride was hydrolyzed with water. The solution
was titrated in the presence of phenolphthalein with a standard-
ized NaOH solution. The concentration of hydroxyl groups was
determined by the consumption of acetyl chloride, and the
molecular weight of the polymer per hydroxyl group was
determined by dividing the GPC-MALLS molecular weight by
the number of hydroxyl groups. The value for the average
generation of the polymer was then calculated using eq 1. In
eq 1, G equals the average number of generations, Mg is the
number-average molecular weight of the final polymer, and My
is the number-average molecular weight of polymer per hy-
droxyl group as determined by titration. Table 1 summarizes
the results of the titrations.

G = log(Ms/My)/log 2 (1)

The generational growth of the dendritic polymer was also
calculated using eq 2. The value for the generational growth is
based on the complete consumption of styrene and coupling
agent added to the polystyryllithium solution. In eq 2, G equals
the average number of generations, Mg is the number-average
molecular weight of the final polymer, M, is the number-average
molecular weight of the initial chains, and My is the average
molecular weight of the styrene added between branch points
plus the molecular weight of one unit of coupling agent. For
all of the polymers the value of My was equal to 1186 g/mol
(styrene to 4-vinylstyrene oxide molar ratio of 10 to 1 added to
initial chains). The values for the generational growth are listed
in Table 1. Generational growth calculated from the titration
data (eq 1) agrees reasonably well with the generational growth
calculated from the monomer to coupling agent ratio (eq 2).

G = log(Mg) — log(My+My)/log 2 2)

The chromatograms for run 4 (Figure 6) illustrate the increase
in molecular weight from the initial chains to the dendritic
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Figure 6. Slow addition of coupling agent to polystyryllithium chains
for run 4: (---) GPC traces for linear chains and (—) dendritically
branched chains.

polymer formed by the addition of coupling agent/styrene to
the initial chains. A small increase in polydispersity is found in
going from the initial chains to the dendritic polymer, although
the polydispersities remain rather low compared to other
hyperbranching polymerizations. Polydispersities of the branched
polymers synthesized from 4-vinylstyrene oxide had a range
of 1.28—1.74, which is comparable to previously reported
polydispersities for dendritic polymers synthesized from VBC
using this method of in-situ chain-end functionalization
(M /M, = 1.20—1.88)°" and slightly higher than dendritic
polymers synthesized using CDMSS (M,/M, = 1.13—1.45).%°
The polydispersity is somewhat tied to generational growth. The
growth is related to the amount of coupling relative to the
termination by continuously added coupling agent. If the
stoichiometric amount of coupling agent is reached without
giving sufficient time for larger macromolecules to couple, low
generations will result. Previous modeling of this reaction
demonstrates low average generational growth leads to higher
polydispersity.®® The lower generational growth of the hydroxyl-
functionalized polymer compared with the previously reported
dendritic polymers produced using VBC and CDMSS could be
attributed to the hindrance of reaction at the vinyl group with
a nearby lithium alkoxide group.

Characterization of the molecular weight by GPC-MALLS
relative to elution volume was examined for the dendritic
polymers and compared with polystyrene standards. For all of
the dendritic polymers, a greater elution volume was found for
a given molecular weight than for the polystyrene standards,
reflecting the more compact structure of the dendritic polymers.
Figure 7 displays the log(molecular weight) vs elution volume
data for two of the dendritic samples and the behavior of
polystyrene standards. The effect, if any, of the hydroxyl groups
on the conformation of the polymer is not clear from the data.

The 'H NMR spectrum of the hydroxyl-functionalized
polystyrene polymer is shown in Figure 8. Peaks in the region
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Figure 7. Log(molecular weight) vs elution volume by GPC-MALLS:
(—) behavior of linear polystyrene standards, (O) run 3, and (A) run 4.
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Figure 8. '"H NMR spectrum of hydroxyl-functionalized dendritic
polystyrene polymer for run 4.

0 2.5—4.5 ppm corresponding to the methine and methylene
protons at each branch point are barely visible due to the high
relative amount of styrene units.

The glass-transition temperatures for all of the dendritically
branched polymers were measured by differential scanning
calorimetry. The glass-transition temperature of dendritic poly-
mers can be affected by the molecular weight, composition, and
number of chain ends.*® The polymers synthesized in this study
have similar structure, number-average molecular weight of the
initial chains, hydroxyl groups at branch points, and ratio of
chain ends to molecular weight. The only substantial difference
is the total molecular weight of the polymers, as determined by
generational growth. The glass transition temperatures were
found to increase slightly with molecular weight. The temper-
atures were 88 °C for the lowest molecular weight sample to
93 °C for the highest molecular weight sample. The 7, of
dendritically branched polymers formed by the addition of VBC/
styrene to polystyryllithium has also been measured.’” These
dendritic polymers had a structure where the initial chains, end-
group functionalization, and length of chains between branch
points are roughly equivalent to the polymers in this work. The
range of T,’s of the polymers synthesized by VBC with a
generational growth of 3.9—4.2 was found to be 83—90 °C.
The slightly higher T, of the hydroxyl-functionalized polymers
could be attributed to the presence of hydroxyl groups at the
branch points of the dendritic polymer, as increases in 7, are
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observed in other cases for hydroxyl chain-end functionalization
of dendritic polymers over analogous unfunctionalized dendritic
polymers, presumably due to hydrogen bonding.®® However,
no conclusive statement can be made here as to the effect of
the hydroxyl groups on 7, as the differences could be due to
other factors including molecular weight differences, number
of branch points, and other variations between the samples.

Conclusions

This work presents modification of the convergent coupling
of living chains by CDMSS and VBC, wherein a novel
bifunctional coupling agent introduces functionalization into
dendritic polymers as a consequence of the coupling reaction.
A facile method for the synthesis of well-defined dendritic
polystyrenes containing a hydroxyl functional group at each
branch point has been developed implementing the slow addition
of a bifunctional coupling agent, 4-vinylstyrene oxide and
styrene monomer to living polystyrene in a benzene/THF
solution. The addition of coupling agent to the polystyryllithium
led to a ring-opening reaction at the epoxide, resulting in an
unreactive lithium alkoxide followed by an addition reaction at
the vinyl moiety. The conditions that gave the highest value of
generational growth were obtained with a ratio of [THF]/[PSLi]
= 60 and a ratio [LiCl]/[PSLi] = 5. The presence of hydroxyl
groups was confirmed by titrimetric analysis. The hydroxyl
groups will be exploited to form unique block copolymers that
will be reported in a future publication.
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