OFFICE OF NAVAL RESEARCH
CONTRACT N00014-94-1-0101

R&T CODE 31321075
Technical Report #44

CONTROLLED RADICAL POLYMERIZATION WITH DENDRIMERS
CONTAINING STABLE RADICALS

by
T. Shigemoto, K. Matyjaszewski, M. Leduc, J.M.J. Frechét

Published
in the

Macromolecules, 29, 4167 (1996)

Carnegie Mellon University
Department of Chemistry
4400 Fifth Avenue
Pittsburgh, PA 15213

June 12, 1996

Reproduction in whole or in part is permitted for any purpose of the United States Government

This document has been approved for public release and sale;
its distribution is unlimited.

1 99 60 62 1 0 0 8 DTIC QUALTTY IHEPRUTED L




Form Approved

REPCRT DOCUMENTATION PAGE OMB No. 0704-0188

i Puom- report AG Sur3en TOF ITIS (TCRCHICR ST :ATCIMALON 5 2stmates 1S Jverage ! ~our Der response, indluding the time fOr reviewing instructions, searcning existing aata sources,
3 oaaimere s ars aIRTANING TRE 2313 neeged, INA (STMDIRTING ANG (eview:ing The cotlection of trformation. Sena comments re?ardmg this burden estimate or any other aspect of this
Collartion ot Nt NI ATON, INCIUAING SLE5EsT:0Ns 1O reduaing this Durden. 1o Washington Heagauarters Services, Directorate for tnformation Operations and Reports, 1215 Jefferson
Dases Fihwvay, Swis 1208, ArtiegIon, 73 $2202-4302. ang 10 tne Dftiea o Management anc Sudget, Paperwork Reduction Preject (0704-0188), Washington, DC 20503.

T. AGENCY USE ONLY (Leave 0lank) {2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
Technical Report #44

4. TITLE AND SUBTITLE S. FUNDING NUMBERS
Controlled Radical Polymerization with : N0004-94-1-0101
Dendrimers Containing Stable Radicals

6. AUTHOR(S)
T. Shigemoto, K. Matyjaszewski, M. Leduc, J.M.J. Frechet

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
Department of Navy
Office of Naval Research
800 North Quincy Street

Arlington, VA 22217-5000

N0004-94-1-0101

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. Zz%mzeag;%%o&wggﬁ
Department of Navy
Office of Naval Research
800 North Quincy Street

{ Arlington, VA 22217-5000

Technical Report #44

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

12, ABSTRACT ‘Maximum 200 wares)
: TEMPO-based stable radicals were attached to dendrimers of variable size and used to control radical
polymerization of styrene, vinyl acetate and (meth)acrylates. Thermal polymerization of styrene with [G-2]-TEMPO
proceeded in a similar but not better controlled manner than with TEMPO alone. In the polymerization of styrene
initiated with BPO, the kinetics and the molecular weigh/conversion relations showed the same tendency as with
TEMPO, though the polydispersity was higher than in the absence of dendrimers. This indicates that homolytic
cleavage occurs at the reaction temperature, monomer can diffuse inside the cavity of dendrimer, and polymer is at
least partially compatible with dendrimer. Model reactions indicate that the higher observed polydispersities could

! not be ascribed to transfer to benzyl hydrogen atoms. Therefore, the higher polydispersities could originate from the
self-initiated polymerization of styrene outside of the dendrimers as well as the slow exchange of these chains with
chains attached to dendrimers. To evaluate the effect of self-initiation, vinyl acetate, methyl methacrylate, and n-
butyl acrylate were used, however, the resulting polymers were incompatible with the dendrimers. The growing
chains are easily released from the cavity of the dendrimers into solution, and their return into the cavities of the
dendrimers was not fast enough to control the polymerization. The results of the polymerization in decalin solution
indicate that polymerization of these monomers is better controlled but only at the early stages of the
polymerizations. The subsequent precipitation of polymers attached to the dendrimers prevent further
polymerization. These results suggest that the main reason for the higher observed polydispersities is not
termination between growing chains but either decomposition of alkoxyamines or self-initiation occurring
simultaneously with the slow propagation.

14. SUBJECT TERMS 15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT
OF REPORT Of THIS PAGE OF ABSTRACT

NSN 7540-01-280-5500 ) Standard Form 298 (Rev. 2-89)
Prescribed by ANS! Std 239-18

298-102




GENERAL INSTRUCTIONS FOR COMPLETING SF 298

Tne feport 2

Zocumentation Page (RDP) is used in announcing and cataloging reports.

it is important

=nzt tnis information be consistent with the rest of the report, particularly the cover and title page.
'ns ructions for filling in each block of the form follow. Itis important to stay within the lines to meet

opugal scanmng requ:rements

eis b A e

Block 1. Aagency Use Only (Leave blank).

Blocik 2. Repcrt Date. Full publication date
inciucing dav, month, and year, if available (e.g. 1
jan 28). Mustcite atieast the year.

Block 3. Type of Report and Dates Covered.
State whether reportisinterim, final, etc. If
appiicable, enter inclusive report dates (e.g. 10
Jun 87 -30Jun 88).

Block 4. Title and Subtitle. Atitle is taken from
the part of the report that provides the most
meanirgful and complete information. When a
repertis prepared in more than one volume,
repeat the primary title, add volume number, and
inciude suct'*!e for the specific volume. On

ciassifiag documents enter the title classification
ia car.ntreses
Block 5. Fundina Numbers. Toinclude contract

and grant numbers; may include program
element number(s), project number(s), task
number(s), and work unit number(s). Use the
foliowing labels:

C - Contract PR - Project
G - Grant TA - Task
PE - Prcgram WU - Work Unit

Accession No.

Element

= N o
; . Avrrar(el
2NCLL 2. Adinors

i. iamefs) of person(s)

: the report, performing
ced with the content of the

comacer, thissnouid foilow

anizauen Name(s) and

T»‘e"o-r"'m Craanization Report
er the unique alphanumeric report
ned oy the orgar‘lzat'on

™

nitoring Agency Name(s)
olanatory.

arinaiNo
znc Addressies). Seif-ax

3lccik 1D, foonsorinc/Monitoring Agency
Regeort Numzer. (If known)

8lock 11. Suoplementarv Notes. Enter
information notinciuded elsewhere such as:
Prepared in cooperation with...; Trans. of...; To be
cublishedin . When areportisrevised, include
astatement whether the new report supersedes

or suppiements ine otder report.

Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any
availability to the public. Enter additional
limitations or special markings in all capitals {e.g.
NOFORN, REL, ITAR).

See DoDD 5230.24, “Distribution
Statements on Technical
Documents.”

DOE - Seeauthorities.

DOD -

NASA - See Handbook NHB 2200.2.
NTIS - Leaveblank.
Block 12b. Distribution Code.

DOD - leavebiank.

DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical
Reports.

NASA - Leave blank.

NTIS - Leaveblank.

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14. Subject Terms. Keywords or phrases
identifving major subjects in the report.

Block 16. Price Code. Enter approoriate price

code (NTIS cnly).

8locks 17.-19. Securitv Classifications. Self-
explanatory. Enter U.S. Security Classification in
accordance with U.S. Security Regulations {i.e.,
UNCLASSIFIED). If form contains classified
information, stamp ciassification on the top and
bottom of the page.

Block 20. Limitation of Abstract. This block must
be completed to assign a limitation to the
abstract. Enter either UL (uniimited) or SAR (same
as report). An entry in this block is necessary if
the abstract is to be limited. If blank, the abstract
is assumed to be unlimited.

Standard Form 298 Back {Rev. 2-89)

*U.S.GPO:1993-0-358-779




Controlled/''Living" Radical Polymerization

with Dendrimers Containing Stable Radicals
Krzysztof Matyjaszewski*, Takeo Shigemoto?, Jean M. J. Fréchetb, and Marc Leducb

(a) Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh,
Pennsylvania, 15213; (b) Department of Chemistry, Baker Laboratories, Cornell University,

Ithaca, NY 14853-1301

Abstract:

TEMPO-based stable radicals were attached to dendrimers of variable size and used to control radical
polymerization of styrene, vinyl acetate and (meth)acrylates. Thermal polymerization of styrene with
[G-2]-TEMPO proceeded in a similar but not better controlled manner than with TEMPO alone. In the
polymerization of styrene initiated with BPO, the kinetics and the molecular weigh/conversion relations
showed the same tendency as with TEMPO, though the polydispersity was higher than in the absence
of dendrimers. This indicates that homolytic cleavage occurs at the reaction temperature, monomer can
diffuse inside the cavity of dendrimer, and polymer is at least partially compatible with dendrimer.
Model reactions indicate that the higher obserqu polydispersities could not be ascribed to transfer to
benzyl hydrogen atoms. Therefore, the higher polydispersities could originate from the self-initiated
polymerization of styrene outside of the dendrimers as well as the slow exchange of these chains with
chains attached to dendrimers. To evaluate the effect of self-initiation, vinyl acetate, methyl
methacrylate, and n-butyl acrylate were used, however, the resulting polymers were incompatibile with
the dendrimers. The growing chains are easily released from the cavity of the dendrimers into
solution, and their return into the cavities of the dendrimers was not fast enough to control the
polymerization. The results of the polymerization in decalin solution indicate that polymerization of

these monomers is better controlled but only at the early stages of the polymerizations. The




subsequent precipitation of polymers attached to the dendrimers prevent further polymerization. These
results suggest that the main reason for the higher observed polydispersities is not termination between
growing chains but either decomposition of alkoxyamines or self-initiation occuring simultaneously

with the slow propagation.




The preparation of well-defined polymers requires living systems in which the
contribution of chain breaking reactions such as transfer and termination can be neglected. Much
interest has been recently focused on the preparation of well-defined polymers by radical
mechanism due to the facile reaction conditions as well as the large number of monomers which
can be polymerized and copolymerized radically. The main obstacle in the synthesis of well
defined polymers by radical processes is the unavoidable bimolecular termination between
growing radicals. However, the contribution of termination decreases with the reduction of
radicals concentration because termination is the second order process in respect to growing
radicals whereas propagation is first order in radicals. If a very low concentration of growing
radicals is used in a conventional radical process either dead-end polymerization or uncontrollable
high polymers are formed. On the other hand, if growing radicals are in dynamic equilibrium
with dormant species then well-defined polymers may be prepared.

There are several systems which provide well defined polymers by radical polymerization.
They are based on the same principle of establishing dynamic equilibrium between dormant
species and growing radicalsl. As dormant species, alkyldithiocarbamates? , alkoxyamines3 ,
organometallic derivatives?, as well as alkyl halides> have been reported. It seems that the
equilibrium position between active and dormant species is mostly affected by the structure of
alkyl group, the corresponding scavenger, and the reaction temperature.

The lability of the bond between alkyl group and scavenger which should be homolytically
(and reversibly) cleaved increases with temperature and most of the controlled radical
polymerizations require elevated temperature (>100 °C). Although the ratio of the rate constant of
propagation to that of termination increases with temperature, leading to better control, the
probability of transfer and decomposition of dormant species increases simultaneously. Thus, a
temperature range must be adjusted to match the requirements of each particular system.

An alternative approach to decrease the rate of bimolecular termination is to use

electrostatic repulsion between the growing species (as in cationic and anionic reactions), or to




increase the viscosity of the medium or to reduce the rate of termination for steric reasons.
Previous work has shown that initiators with increased steric requirements such as dendrimers
may be used to enhance the anionic ring-opening polymerization of &-caprolactone affording
dendrimer- bound polyesters of low polydispersity.0

In this paper we report the preliminary results of attaching nitroxyl radical (TEMPO;
2.2,6,6-tetramethylpiperidine 1-oxyl radical) to the interior of dendrimers’ of variable size and the
use of these novel scavengers in the radical polymerization of styrene. The use of modified
TEMPO as a scavenger in styrene radical polymerization could lead to better defined systems if:

« homolytic cleavage occurs at the appropriate temperature

« monomer can diffuse inside the cavity of the dendrimer

« the polymer is at least partially compatible with the dendrimer

« the proportion of chains generated outside the cavity by self-initiation is small

and/or the exchange reactions between these chains and those connected to the

dendrimers are fast

« the dendrimer does not participate in additional side reactions

Experimental

Styrene was distilled under reduced pressure, and was redistilled over calcium hydride
under reduced pressure just prior to use. \Benzoyl peroxide (BPO) and 2,2’-azobis(2-
methylpropionitrile) (AIBN) were recrystallized from methanol/chloroform and diethyl ether,
respectively. TEMPO substituted dendrimers, [G-2]-, [G-3]-, and [G-4]-TEMPO, were
synthesized by the reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl radical (4-OB-
TEMPO) and [G-2]-, [G-3]-, and [G-4]-bromide, respectively (Scheme-1)8 . 4-Hydroxy TEMPO
was converted to its sodium salt by reaction with sodium hydride and the product was allowed to

react with the corresponding bromides in THF solution. The resulting adducts were purified by

SiO, flash column chromatography.




[Scheme-1]

Molecular weights and molecular weight distributions were determined by gel permeation
chromatography (GPC), using a Waters 510 pump equipped with a 410 differential refractometer
and photodiode array UV detector, using tetrahydrofuran (THF) as eluent with flow rate of 1.0
mL-min-1, and with three ULTRASTYRAGEL columns (100 A, 500 A, and Linear) in series.
The molecular weight calibration curve was obtained using ten polystyrene standards.

All polymerizations were carried out under argon atmosphere. After polymerization was
stopped by cooling to room temperature, the mixture was first diluted with small amounts of
THEF, then poured into methanol. Conversion was determined by GC, using Shimadzu GC-14A
with a wide-bore capillary column. The precipitated polymers were filtered and dried in vacuo at
room temperature overnight. Small portions were analyzed by GPC.

In the experiments with AIBN, a mixture of TEMPO containing dendrimers and AIBN
was heated in toluene at 120 °C for 12 hr to form adducts of TEMPO substituted dendrimer with
isobutyronitrile radical, and then the solvent was removed in vacuo. The residue was dissolved in

monomer, and the mixture was heated to the appropriate temperatures.

Results and Discussion

Polymerization of styrene

The thermally self-initiated bulk polymerization of styrene with [G-2)}-TEMPO (initial
concentration [T],=30 mM)? started at 120 °C after about 12 hr induction period. This is similar
to systems operating in the presence of TEMPO or 4-benzyloxy-2,2,6,6-tetramethylpiperidine 1-
oxyl radical (4-benzyloxy-TEMPO) (Figure 1). These results indicate that polymerizations with
[G-2]-TEMPO proceeded analogously to those with TEMPO or 4-benzyloxy-TEMPO. Radicals

generated by thermal self-initiation of styrenel0 are quenched successfully by [G-2]-TEMPO.




The quenched product undergoes reversible homolytic cleavage and the generated radicals react
with monomer. The resulting growing chains are then trapped with [G-2]-TEMPO at the

appropriate rate at 120 °C.

[Fig-1]

BPO initiated bulk polymerizations with [G-2]- and [G-3]-TEMPO ([I},=30 mM,
[T],=30 mM, 120 °C) showed the same tendency as those with TEMPO and 4-benzyloxy-
TEMPO, however, the polydispersities with [G-n]-TEMPO were slightly higher than those with
TEMPO (Figure 2). The higher polydispersity indicates potential side reactions, self initiated
polymerization of styrene outside of dendrimers, spontaneous chain transfer, or transfer induced

by benzylic hydrogen atoms inside the dendrimers.

[Fig-2]

Polymerization of non self-initiating monomers with [G-n]-TEMPO

In order to prevent self-initiation, methyl methacrylate (MMA), n-butyl acrylate (BA) and
vinyl acetate (VAc) were polymerized. These monomers do not self-initiate or self-initiation is
very slow. The polymerizations were carried out\after [G-n]-TEMPO/AIBN adducts were formed
by heating a mixture of [G-n]-TEMPO and AIBN in toluene for 12 hr at 80 °C.

In the case of methyl methacrylate ({[[G-3]-TEMPO/AIBN adduct] ,=30 mM, in bulk) at 80
°C, no polymerization was observed even after 60 hr. In contrast, the bulk polymerization of
vinyl acetate, a monomer with less steric hindrance than methyl methacrylate, proceeded at 80 °C
with [G-3)-TEMPO/AIBN adduct ([adduct] ;=30 mM), as shown in Figure 3. The kinetic data
shows that its polymerization proceeds faster at the early stages, but the polydispersity is higher

than for styrene. A comparison with the results obtained for styrene, suggests that poly(vinyl




acetate), which is more polar than polystyrene, has a lower compatibility with the dendrimers, and
therefore poly(vinyl acetate) growing chains are released irreversibly from the cavity of the

dendrimers and slowly recombine.
[Figure 3]

This suggests that in order to control the polymerizations it is necessary to keep the
growing radical chains inside the cavity of the dendrimers. Decalin, which is expected to be less
compatible with poly(vinyl acetate) or poly(n-butyl acrylate) than the dendrimers, was therefore
selected as a solvent for the polymerization of vinyl acetate and n-butyl acrylate, in an attempt to

keep chains attached to the dendrimer.
First, the polymerization of vinyl acetate with [G-4]-TEMPO and AIBN was carried out in
decalin at 80 °C ([VAc],=1.0 M, [[G-4]-TEMPO/AIBN adduct],=0.50 mM). The polymer

precipitated after 30 min, and both the polymer yield (12%) and its molecular weight did not
change during later stages of the reaction (43 hr). The number-average molecular weight (Mp)
was about 6,000, and the polydispersity was about 1.1. In the GPC measurement, [G-4]-
TEMPO was observed as the species with molecuiar weight of about 3,600, and the peak
corresponding to the precipitated polymer had UV absorption, suggesting its structure as a
“complex” poly(vinyl acetate)-[G-4]-TEMPO. 'i‘hese results might indicate that the poly(vinyl
acetate) chains could grow in a controlled manner within the cavity of [G-4]-TEMPO, but that
precipitation of a poly(vinyl acetate)-[G-4]-TEMPO complex occurs at the M, 6000 thereby
limiting the growth of the chains

n-Butyl acrylate was also used as a monomer ([BA],=1 M, [[G-4]-TEMPO/AIBN
adduct]=0.005 M, 80 °C). The results are shown in Figure 4. The kinetics indicates that

polymerization terminates before 3 hr. The My and polydispersity/conversion relations remain




nearly constant, independent of the reaction time (M=9000, M,,Mn=1.4). The polydispersity

is much lower than for a typical radical polymerization of n-butyl acrylate. In the early stages of
the process, the polymerization proceeds within the cavity of [G-4]-TEMPO, however, as the
polymerization continues the insolubility of the polymer attached to the dendrimer leads to its

precipitation and termination of the growth process
[Figure 4]

The low polydispersities obtained for both poly(vinyl acetate) and poly(n-butyl acrylate)
suggest that the polymerization can indeed proceed in a controlled manner within the cavity of [G-

4]-TEMPO at least at the early stages of the polymerizations.

Polymerization of styrene in the presence of benzyl ether

Because the dendrimers contain benzylic hydrogens that might be abstracted by the
growing radicals leading to undesired radical transfer reaction, the polymerization of styrene in
the presence of benzyl ether was studied, assuming that benzyl ether is a relatively close model of
the benzyl ether moieties incorporated into the dendritic structure. ‘

The results obtained for the thermal self-\initiated polymerization of styrene with benzyl
ether ([styrene],=3.8 M, [T EMPO]O=30 mM, [benzyl ether] =3.0 M, 120 °C) are plotted in
Figure 5 together with those obtained with [G-2]-TEMPO. The rate of polymerization with
TEMPO in benzyl ether is similar to that with [G-2]-TEMPO. The molecular weight of
polystyrene formed in the presence of large excess of benzyl ether is only slightly lower than that
obtained with [G-2]-TEMPO. These results indicate that contribution of transfer to benzylic
hydrogens is rather small at the studied range of molecular weights. This is in agreement with the

reported earlier transfer coefficient (cy=0.006 at 60 ©C).11 Up to 40% conversion the effect of




benzyl ether (3 M) should lead to less than 20% reduction in molecular weights and

polydispersities lower than My/Mp<1.3, as observed in Fig. 5.
[Figure-5]

Conclusions

The use of stable radicals attached to dendrimers of variable size was attempted to control
the radical polymerization of styrene, vinyl acetate and (meth)acrylates. The thermal
polymerization of styrene with [G-2)-TEMPO proceeds similarly to the polymerization with
TEMPO alone. In the polymerization of styrene initiated with BPO, the kinetics and the molecular
weigh/conversion relationships showed same tendency as with TEMPO itself, though the
polydispersity was higher than without dendrimers. This indicates that:

« homolytic cleavage occurs at the reaction temperature,

« the monomer can diffuse inside the cavity of dendrimer,

« polymer is at least partially compatible with dendrimer.

Model reactions indicate that the higher polydispersities can not be ascribed to chain transfer
involving benzylic hydrogen atoms. Therefore, the higher polydispersities may be attributed to the
self-initiated polymerization of styrene outside the dendrimers and the slower exchange with
chains attached to the dendrimers. \

To evaluate the effect of self-initiation, vinyl acetate, methyl methacrylate, and n-butyl
acrylate were used. However, these polymers showed incompatibility with the dendrimers. As a
result, the growing chains are easily released from the cavity of the dendrimers into solution, and
their return to the cavities of the dendrimers is not fast enough to control the polymerization. The
results of the solution polymerization in decalin indicate that the polymerization of these
monomers is better controlled but only at the early stages of the polymerizations. The subsequent

precipitation of polymers attached to dendrimers prevents the polymerization to higher molecular




weights.
These results suggest that the main reason of the increased polydispersities is not

termination between the growing chains but either the decomposition of alkoxyamines!2 or self-

initiation that occurs simultaneously with the slow propagation.
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Figure Captions

Figure 1. Bulk self-initiated polymerization of styrene with TEMPO derivatives at 120°C
((TEMPO derivative] ,=0.03 M); @ [G-2]-TEMPO, O TEMPO, A¢ 4-benzyloxy-TEMPO

A. Kinetics, B. Evolution of molecular weights and polydispersities with conversion

Figure 2. Bulk polymerization of styrene with TEMPO derivatives initiated by BPO at 120°C
((TEMPO derivative] ,=[BP0],=0.03 M), @ [G-2]-TEMPO, O [G-3]-TEMPO, 0 TEMPO, B

4-benzyloxy-TEMPO

A. Kinetics, B. Evolution of molecular weights and polydispersities with conversion

Figure 3. Bulk polymerization of vinyl acetate with [G-3]-TEMPO/AIBN adduct at 80 °C
([adduct] ,=0.03 M)

A. Kinetics, B. Evolution of molecular weights and polydispersities with conversion

Figure 4. Solution polymerization of n-butyl acrylate with [G-4]-TEMPO/AIBN adduct in decalin
at 80 °C ((BA],=1.0 M, [adduct] ,=0.005 M)

A. Kinetics, B. Evolution of molecular weights and polydispersities with conversion

Figure 5. Polymerization of styrene with TEMPO derivatives at 120 °C ([styrene},=8.7 M in
bulk and 3.8 M in benzyl ether, [TEMPO derivative] ,=0.03 M); ® TEMPO in benzyl ether, O

[G-2]-TEMPO in bulk, A TEMPO in bulk

A. Kinetics, B. Evolution of molecular weights and polydispersities with conversion
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