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ABSTRACT: Nitroxide-mediated “living” radical polymerization with bisalkoxyamine 2,5,5,8,8,11-hexamethyl-
4,9-(1-phenylethoxy)-3,10-diphenyl-4,9-diazadodecane produces polymers of controlled length and narrow
molecular weight distributions at temperatures ranging from 70 t6®C1®olymerizations were run successfully

with styrene (St)tert-butyl acrylate (BA), and dimethylacrylamide (DMA). EPR measurements of the homolysis

of this bisalkoxyamine and monoalkoxyamine 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane at
temperatures ranging from 85 to 105 give rate constants for the bisalkoxyamine that are approximately twice
as large as those for the monoalkoxyamittt NMR investigations of the decomposition of both alkoxyamines

at 125°C show enhanced decomposition for the bisalkoxyamine. EPR decomposition studies’@t dr2@he
corresponding bis- and mononitroxides 2,5,5,8,8,11-hexamethyl-3,10-diphenyl-4,9-diazadodecane-4,9-bisnitroxide
and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide also show accelerated bisnitroxide decomposition. Low-
temperature EPR studies of the bisnitroxide reveal an unusually strong radidadal interaction, suggesting
enhanced stabilization of the intermediate mononitroxide formed during polymerization by interaction with the
proximalN-alkoxyamine. The transient mononitroxide is postulated to be stabilized by delocalization of the unpaired
electron density over five atoms.

et al3140-43 synthesized several structurally divetdalkoxya-
mines for use in NMRP with an emphasis on increasing the
nitroxide steric bulk and examining the effect of cyclic nitroxide
ring size. In some cases, control was achieved at temperatures
as low at 70°C. Charleux has effected polymerization of methyl
methacrylate and methacrylic acid by NMRP at-@&D °C with

Introduction

Controlled free radical polymerization techniques, such as
nitroxide-mediated radical polymerizatiot (NMRP), atom
transfer radical polymerizatioh,}” and reversible addition
fragmentation transfé®-24 provide the opportunity to prepare
a variety of well-defined macromolecules with designed archi- Y 5 : ;
tecture<®s The radical nature of the intermediates makes these the addition of small amounts of styreffe?> Greci and Bertin
methods very chemoselective, allowing polymerization in the Nave recently developed a new class of nitroxides for the

presence of many functionalities without the need for protecting Plymerization of methyl methacrylate at 100.%°
groups. These “living” techniques provide control over the Recently we reported bisnitroxide-based initiator 2,5,5,8,8,-

molecular weight of the resulting polymers and maintain low 11-hexamethyl-4,9-(1-phenyle_thoxy)-3,%O-d_iphgnyl-4,.9-diaza-
polydispersities-28 The use of unimolecular initiators allows ~ dodecanel (Figure 1) for use in NMRP! This bidirectional
for the preparation of a variety of morphologies including linear initiator effect_s poI_ymenzatlon ina well-controlled manner at
polymers, graft polymers, and star polym&$IMRP forms 120°C; there is a linear correlation between molecular weight
polymers devoid of metal contaminates. The use-dfydrogen and conversion and gooo! pontrol of polydispersity With. a variety
bearing nitroxides53%-32 allows the formation of block copoly- of monomers. The addition of a second B block is facile,
mers with a variety of olefin monomers using a single nitroxide '€Sulting in symmetrical ABA triblock copolymers, with the B
as the mediating agent. Despite the great promise of NMRP, block inserted into the center of the macroinitiator. The design
most NMRP applications to date require relatively high tem- of this bisalkoxyamine was based on the parent monodirectional
peratures: typically between 120 and 1851 2,2 ,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) ini-
In the past several years significant effort has gone into the tiator 2.4 Interestingly, although the structures of these two

development of nitroxide-based initiators that effect controlled INitiators are similar, it was observed that polymerizations run
polymerization at temperatures lower than the typical conditions
Ph yph Ph
_0

of 120°C. Jadme et aP334screened a series of nitrones for in
N7<\>( N)<\>< o°
N N
Ph—

situ nitroxide formation for the polymerization of styrene,
styrene/acrylonitrile mixtures, and dienes at 200 Addition- Ph/H/ Ph)Y

ally, they were successful with the polymerizationteft-butyl
methacrylate in water at 80C .35 Catala et aP®37 extensively
studied the polymerization of styrene, ethyl acrylate, aibdity!
acrylate at temperatures as low as’@0using a stablg-sulfinyl

nitroxide. Hawker et at® demonstrated that a nitroxide capable
of intramolecular H-bonding is an efficient way to accelerate

the polymerization of styrene and acrylate monomers. Studer
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Figure 1. Bisalkoxyaminel, parent TIPNO-based initiatd, bisni-
troxide 3, 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO)
4, and 2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidie
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with bisalkoxyaminel reached significantly higher percent
conversions than those run with initiat@ under identical
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ity) were recorded every 30 s, and EPR spectra of mononitroxide
4 (4.03 mM) were recorded every 60 s. These experiments were

conditions. Investigations using a macromolecular monodirec- un at 120°C. _ . o
tional nitroxide initiator demonstrated that nitroxide size is not EPR spectra;hgt VtVelgeouée(? to deterlmtl_ne)th& interspin distance
responsible for this enhanced ratéderein is demonstrated the N 1 Were recoraed a rozen solution). Microwave power
ability of 1 to carry out low-temperature polymerizations with Was 0-2 mW for full field and 100 mW for half-field spectra. The

. S field was swept 300 G in 83 s with a time constant of 327 ms. The
a selection of monomers. To probe the reason that this initiator

. . . field was modulated at 100 kHz at an amplitude of 1 G.
is effective at low temperatures, electron paramagnetic resonance \wvr studies. Following the procedure of Cameron et #a

(EPR) studies were perf(_)rm_ed to dete_rmlne the dlssomatlc_)n ratesolution of bisalkoxyamine initiatot in p-xylenedio (90 mM of
constantsKy) and the activation energieg4) for the homolysis initiator; 180 mM of alkoxyamine functionality) was placed in an

of 1 as compared t@. In addition, the rates of decomposition NMR tube fitted with a Young’s tap. The tube was degassed with
of the alkoxyamines were examined By NMR, and the rates  three freeze/pump/thaw cycles and closed under argon. The sealed
of decomposition of the corresponding bis- and mononitroxides tube was placed in the NMR cavity preheated to 125 Spectra
2,5,5,8,8,11-hexamethyl-3,10-diphenyl-4,9-diazadodecane-4,9-Were recorded every 30 min for 16 h. The three vinyl resonances
bisnitroxide @) and 2,2,5-trimethyl-4-phenyl-3-azahexane-3- of styrene abt) 6.74, 5.77, and 5.26 ppm and the methine resonance

nitroxide @) were examined by high-temperature EPR. Inter- ©f the alkoxyamine at approximatety 4.9 ppm were integrated

. ) ) and used to calculate the relative amounts of styrene (S) and
estingly, evaluation of the.lqw temperaturg EPR ;pectr&_a]f alkoxyamine (A). The same procedure was repeated using TIPNO-
130 K revealed a surprisingly large spigpin interaction

oo N based initiator2 and TEMPO-based initiatds.
between the two nitroxide moieties. These results suggesta new geaneral Polymerization Procedure A representative example

mode of stabilization for the key intermediate mononitroxide. s as follows: a mixture oN-alkoxyaminel (18.9 mg, 0.0291

mmol, 1.00 equiv), styrene (2.0 mL, 17.46 mmol, 600.0 equiv: 300
equiv relative to moles oN-alkoxyamine functionality), and 0.5
mL of DMF was degassed in an ampule by three consecutive
freeze-pump-thaw cycles and sealed under argon. In addition,
bisnitroxide 3 was used in polymerizations wittBA, nBA, and
DMA (0.6 mg, 0.002 mmol, 0.05 equiv). The vial was heated to
use. 2,2,6,6-Tetramethylpiperidinoxy (TEMPO) (98%, Acros Or- 70°C until the solution became just slightly viscous, 7 days in this
ganics), tert-butylbenzene (99%, Alfa Aesar), armxyleneds example. After cooling, a small aliquot was taken for a criide
(Sigma Aldrich) were used as received. Polymerizations were NMR spectrum to calculate percent conversion based on integration
carried out in sealed ampules. The synthesis and full characterizationof the remaining monomer vs polymer peaks. For styrene, the
of 1 and 3 have been previously reportéti2, 4, and 2,2,6,6-  integration from 6.9 to 6.3 ppm (one dd representing 1H in the
tetramethyl-1-(1-phenylethoxy)piperiding) (are also reporteti4® unreacted monomer and a broad peak representing 2H in the
For EPR experiments, nitroxid&was purified by flash chroma- polymerized monomer) was compared to the integration from 5.9
tography (90:10 hexanes/ethyl acetate), and compolmndsvere to 5.2 ppm (two dd, representing 2H in the unreacted monomer).
all synthesized within 48 h of use. A conversion of 45% was observed in this case. The remainder of

Analytical Techniques.NMR spectra were recorded at 500 MHz  the polymer sample was dissolved in a minimum amount 05-CH
(Varian) as noted in CDGIGel permeation chromatography (GPC)  Cl (unless otherwise noted below), and the specified ice-chilled
was performed using a Waters apparatus equipped with five Styragelprecipitation solvent (610 mL) was added dropwise. The resulting
columns (300x 4.6 mm, 5um bead size), HR 0.5 (pore size: 50 precipitated polymer was separated by decantation, and volatiles
A, 0—1000 Da), HR 1 (pore size: 100 A, 166000 Da), HR 2 were removed in vacuo. This precipitation procedure was repeated
(pore size: 500 A, 50020 000 Da), HR 4 (pore size: 10000 A, two times to give 800 mg of purified polymer which was analyzed
50—100 000 Da), HR 5E (linear bed, mixed pore sizes, 200& by both*H NMR and GPC (number-average molecular weight
10° Da). Tetrahydrofuran (THF) was used as the eluent at a flow M, = 34 500 g/mol, polydispersity indet,/My) = 1.20, where
rate of 0.35 mL/min at ambient temperature. A refractive index My = weight-average molecular weight). Polymers were precipi-
detector was used and the molecular weights were calibrated againstated as follows: polystyrene (PS) with methanol, poly(dimethy-
seven polystyrene standards ranging from 2000 to 156 000 Da. lacrylamide) (PDMA) with hexanes, polgft-butyl acrylate) (FBA)

EPR Experiments.EPR measurements were taken on a Bruker was dissolved in THF and precipitated with 50% aqueous methanol,
EMX spectrometer fitted with a variable temperature probe and and poly@-butyl acrylate) (RBA) was dissolved in THF and
SHQ cavity. All samples were run in capped EPR tubegeit: precipitated with methanol.
butylbenzene. Freshly synthesized samples were prepared for all Time Studies. For polymerization time studies, the desired
experiments. The microwave frequency was 9.44 GHz and power amounts of initiator, monomer, and free nitroxide were combined
was 0.2 mW. The field was swept 75 G in 10.5 s with a time to form a homogeneous solution. This mixture was divided evenly
constant of 41 ms. The field was modulated at 100 kHz at an among several ampules, and each ampule was sealed under argon
amplitude of 0.5 G. after three cycles of freez@pump-thaw. The ampules were

For C—O bond homolysis experiments, EPR spectra of bis- suspended simultaneously in a temperature-controlled oil bath and
alkoxyaminel (0.601 mM of initiator; 1.20 mM of alkoxyamine  were removed after various time intervalsi NMR spectra of
functionality) and TIPNO-based initiato2 (1.20 mM) were aliquots of the crude polymerization mixtures were taken, and
recorded every 15 s. Air was used as a radical scaveéfgdre integration of the peaks was used to determine percent conversion
evolution of nitroxide was monitored by calculating the second and [M]y/[M], the ratio of the initial monomer concentration to the
integral of the EPR signal at each time point. These values were final monomer concentration. After precipitating the polymers, GPC
converted to concentrations with the use of standardized calibrationwas used to determine the number-average molecular wéigkic
curves from freshly prepared solutions of TEMPO (0.603 and 0.308 and the polydispersity index, PDI.

mM). The experiments were repeated (including the standardized ABA Triblock Copolymers. In a typical procedure, 50 mg
curves) with the temperature fixed at 358, 363, 368, 373, and 378 (0.012 mmol) of the BBA macroinitiator was combined with 0.500
K. The initial slopé? of a plot of nitroxide concentration vs time g (4.80 mmol) of styrenenia 5 mLglass ampule. The ampule was
was used to determirig. The derivation of this initial slope method  sealed under argon after three cycles of fregaeamp-thaw. It was
for a bisalkoxyamine is given in the Supporting Information. heated at 70C for 6 days. The resulting ABA triblock copolymer

For nitroxide decomposition experiments, EPR spectra of bis- was dissolved in THF and precipitated with methahd} € 22 400
nitroxide 3 (2.02 mM of initiator; 4.04 mM of nitroxide functional- ~ g/mol, polydispersity indexMy/M,) = 1.29).

Experimental Section

General Materials and Methods. Styrene (St) (99%, Acros
Organics)tert-butyl acrylate (BA) (98%, Aldrich),n-butyl acrylate
(nBA) (99+%, Acros Organics), and dimethylacrylamide (DMA)
(99%, Aldrich) were distilled under vacuum immediately before
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Sample Procedure for Thermal DecompositionA PS sample 0.3
(50.0 mg, 0.0025 mmolM,, = 20 300 g/mol) was dissolved in 2 .
mL of p-xylene and heated to 13C for 16 h in a flask fitted with
a septum with a needle open to air. The majority of pheylene 025
was removed by vacuum distillation. GPC analysis of the concen- *
trated sample gavil, after cleavage= 11 200 g/mol. 02 |
. . = .
Results and Discussion s .
Low-Temperature Polymerization Studies. Initial lower S, 015
t ; i ° =
emperature studies were run with initiatbrat 110°C and =
90 °C with styrene,tert-butyl acrylate, andh-butyl acrylate £ 01 PPA ¢
(Supporting Information). Polymerizations with acrylates and
acrylamides were carried out with 5% added free binitroxdde
in order to ensure a sufficient concentration of the persistent 0.05 -
nitroxide radical during the first moments of polymerization.
Polydispersities less than 1.5 and good correlation between the
i . . 0 r T T
molecular weights calculated froitH NMR integrations,
Mnnumr, and the experimental molecular weights measured by 0 3 6 9 12
gel permeation chromatographi,cpc were observed for time (days)
polymerization times b?f h or longer. Following these suc- Figure 2. Polymerization oftert-butyl acrylate with initiatorl at
cessful results, polymerizations of styretext-butyl acrylate, 70 °C. The ratio of the initial monomer concentration fMp the
and dimethyl acrylamide were run at 7C. The results are ~ monomer concentration [M] at some later time was calculated from
shown in Table 1. 'H NMR integrations of the crude polymer samples.
Table 1. Bulk Polymerizations of Styrene (St)tert-Butyl Acrylate 25 3
(tBA), and Dimethylacrylamide (DMA) with Bisalkoxyamine 1
(Figure 1) at 70°C 5
x
mono-  time monomer  Mnnmr® X Mn.epd x %) 3
meR  (days) %conY  10“4(g/mol) 10*(g/mol) PDEF = £
St 4 30 1.96 1.81 1.31 =) 1T 2
St 5 45 2.90 2.68 1.23 ) b
St 6 45 2.90 3.04 1.21 o >
St 7 45 2.90 3.45 1.20 & ©
St 8 56 3.59 3.51 1.20 < 13
St 9 69 4.40 4.24 1.18 o
St 10 61 3.88 4.09 1.19 10 -
St 11 65 4.14 4.61 1.18
tBA' 4 10 0.86 1.15 1.54
tBA 5 10 0.86 1.06 157 115
tBA' 6 11 0.94 1.22 1.58 5 |
tBA' 7 16 1.33 1.34 1.55
tBA' 8 17 1.38 1.52 1.58
tBAf 9 20 1.59 1.78 1.60
tBA' 10 17 1.37 1.97 1.55 0 , , . : 1
tBA' 11 24 1.95 2.23 1.64
DMAf 4 41 2.50 1.69 1.44 0 5 10 15 20 25
DMAS 5 38 2.30 1.55 1.44 3
DMA' 6 47 2.84 2.15 1.42 Mp nur x 10° (g/mol)
DMA' 7 55 3.31 217 1.49 Figure 3. Evolution of M,epc (number-average molecular weight
DMAT 8 57 3.46 2.04 1.52 determined by gel permeation chromatography and calibrated with
DMAT 9 69 4.17 2.43 1.47 polystyrene standards) and polydispersity indik/M,) as a func-

tion of Mynwr (Molecular weight calculated fromH NMR) for
the polymerization otert-butyl acrylate at 70°C with bidirectional
initiator 1.

2600 equiv used? Percent conversion calculated #y NMR integration
of crude polymer¢ Molecular weight calculated from percent conversion
determined byH NMR. 4 Number-average molecular weight measured by
gel permeation chromatography (GPC) and calibrated with polystyrene

standards® Polydispersity indexNlw/Mp) from GPC.f 5% of bisnitroxide 1.30); however, somewhat higher polydispersity indices are
3 was added (St styrene,lBA = tert-butyl acrylate, DMA= dimethyl- evident for bothtert-butyl acrylate (PDI= 1.54-1.64) and
acrylamide). dimethylacrylamide (PDi= 1.42-1.52).
. . - A proof of “livingness” is the ability to add a second block.
These results at 78C provide evidence for “living” poly- 1,5 ' ABA triblock copolymers were prepared at %D with

merizations. The polymerization dertbutyl acrylate is a  piqakoxyaminel. GPC traces for one example are shown in
representative example. (Plots for the polymerization of all three Figure 4, where an internal B block of styrene was added to an
monomers can be found in the Supporting Information.) A linear block }nacroinitiator of polyert-butyl acrylate) prepared at
relationship exists between In([MJM]) and time (Figure 2), 70°C. There is an increase in molecular weight and a decrease
indicating that there are no significant termination events during ;.. e polydispersity index of the resultant ABA triblock
polymerization. In addition, the molecular weights basedtbn copolymer.

NMR percent conversions and the experimental mole_cular As demonstrated in the initial report of initiatb#*” monomer
weights obt.alned by GPC correlat.e well (Table 1 and Figure pqition occurs at both ends of this symmetrical initiator.
3), suggesting an absence of chain transfer events. The poly-gjgirectional growth can be confirmed by several methdse
dispersity indices are very low for polystyrene (PSI1.18- Because the final polymer contains a central bisnitroxide,
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PBA
M, Gpc =4100
PDI=1.57

PrBA-b-PS-b-PBA
Mn,GPC = 22,300
PDI =1.29

1 Ll T 1 1 1 1
30 32 34 36 38 40 42
elution time (minutes)

Figure 4. Addition of a polystyrene B block to a polgrt-butyl
acrylate) A block macroinitiator to give an ABAtBA-b-PSb-PtBA
triblock copolymer.

Scheme 1. Thermolytic Cleavage of a Polymer Containing an
Internal Bisnitroxide

)\( Fh Ph
PhW o~ N7<\>( J;idww

130°C
16 h
p-xylene
Ph
2 decomposed
WM bisnitroxide

thermolytic cleavage of the alkoxyamine—© bonds under
conditions that result in nitroxide decompositidyield poly-
mers of half the original molecular weight (Scheme 1).
Presumably, the reaction occurs to form terminal olefins on the
polymer chains and hydroxylamine functionalities on the
bisnitroxide®15460 Under these reaction conditions, the hy-
droxylamines most likely undergo oxidation to nitroxides and
further decompositio? Thus, polystyrene and polgt-butyl
acrylate) samples prepared at 90 and°@were heated to
130°C in p-xylene overnight to effect cleavage at the center.
The results of these thermolytic cleavage reactions confirm
symmetrical bidirectional growth (Table 2). An example GPC
trace is shown in Figure 5.

Table 2. Central Cleavagé of Polymers Prepared with
Bisalkoxyamine Initiator 1

original after cleavage
Mn,cpd x Mn,cpd x
monomer 1074 (g/mol) PDF 1074 (g/mol) PDF
St 2.03 1.16 1.12 1.17
tBA® 2.09 1.38 1.49 1.42
st 0.80 1.24 0.33 1.62
tBAf 0.78 1.43 0.52 1.63

aSamples were heated as 1.2 mM solutionspirylene for 16 h.

b Number-average molar mass measured by gel permeation (:hromatograph)5J

(GPC) and calibrated with polystyrene standafdolydispersity indexi\./
My) from GPC before cleavagé Polydispersity indexNl,/M;) from GPC
after cleavages Original polymers were prepared at 9. f Original
polymers were prepared at 70. (St= styrenetBA = tert-butyl acrylate).

As a control, polymerizations with the parent monodirectional
TIPNO initiator 2 were also investigated at 7€ with styrene,
tert-butyl acrylate,n-butyl acrylate, and dimethylacrylamide.
The polymerization of styrene was successful. However the
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after cleavage
Mn,GPC = 1],200

before cleavage
Mn,GPC = 20,300

30 32 34 36

elution time (minutes)

38 40

Figure 5. Cleavage of internal bisnitroxide polystyrene sample
prepared at 90C by heating to 130C in p-xylene for 16 h. The
resulting polymer is approximately half the original molecular weight
as determined by gel permeation chromatography and calibrated with
polystyrene standards (original sampl®l, = 20 300 g/mol; after
cleavage:M, = 11 200 g/mol).

0.40

Nitroxide concentration (mM)

0.00 . T .

2000
time (s)

Figure 6. Nitroxide concentration measured by EPR as a function of
time for the homolysis of bisalkoxyamine initiatdr(O) and parent
alkoxyamine initiato2 (®) when heated at 363 K itert-butylbenzene

in the presence of oxygen.

3000

other monomers either underwent uncontrolled polymerization
or with 5% added bisnitroxide did not undergo polymerization
at all (Table 3).

Dissociation Kinetics. The ability of bidirectional initiator
1 to effect polymerization at lower temperatures than the parent
initiator 2 motivated a detailed investigation of the kinetics of
bond homolysis. Following the method of Fischer ef&the
rate constants for the dissociation of bisalkoxyaminand
parent initiator2 (Scheme 2) were compared at five different
temperatures, ranging from 358 to 378 K. Freshly synthesized
alkoxyamine initiatord and2 were used in this EPR investiga-
tion in order to ensure the purity of the samples. Oxygen was
sed as a radical scavenger, aad-butylbenzene was used as
the solvent. Because bisalkoxyamiheontains twice as many
nitroxide moieties as parent initiat@r a 0.601 mM solution of

Scheme 2. Alkoxyamine Dissociation Reaction Used To
Determine kq, where NitO Represents a Nitroxide

Ph kq Ph
NitO —< NitOe + . <
air
t-butylbenzene
A (trapped by O5)
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Table 3. Bulk Polymerization with Parent TIPNO-Based Initiator 2 (Figure 1) at 70 °C

monomet time (days) % con¥ MnnmrSx 1074 (g/mol) Mn.cpd x 1074 (g/mol) PDF
St 11 46 2.96 2.98 1.24
tBA 11 1 0.13 0.38 1.54
tBAf 11 0 N/A N/A N/A
nBA 11 92 7.11 8.53 2.02
nBAf 11 0 N/A N/A N/A
DMA 3 83 4.99 1.22 2.46
DMAf 3 68 4.10 1.85 2.16

2600 equiv used? Calculated by*H NMR integration of crude polymer§.Theoretical molecular weight calculated from percent conversion determined
by IH NMR. ¢ Number-average molecular weight measured by gel permeation chromatography (GPC) and calibrated with polystyrene*Rahdiispersity
index (Mw/M,) from GPC.f5% free bisnitroxide3 (Figure 1) added. (St styrenetBA = tert-butyl acrylate nBA = n-butyl acrylate).

Table 4. Kinetic Data for the Homolytic Dissociation of
Bisalkoxyamine Initiator 1 Compared to Parent Initiator 2 in
tert-Butylbenzene

bisalkoxyamine  monoalkoxyamine lit. value for
1 2 2

kass (S74) 1.6x 10 8.3x 107 6.9 x 10752
kse3(s71) 3.3x 10 16x 10+ 1.3x 1042
kses (s71) 5.2x 104 2.3x 10 2.2x 1042
ks7a(s™1) 9.2x 104 4.8x 104 4.0x 10742
ks7s(s™1) 1.2x 1073 6.1x 104 6.9x 1042
Ea (kJ/mol) 113 115 130
A(s™H 5.3 x 10%2 4.7 x 1012 5.6 x 10%

aCalculated using reported valdésof activation energy Ea) and
Arrhenius constantA).

1 was used, compared to a 1.20 mM solutior2on this way,
the concentration adlkoxyamine functionalitiewas 1.20 mM
in both samples. The nitroxides which form during these
homolysis experiments decompose at high temperabfres;

alkoxyamine2 in the temperature range studied. This increased
rate of C-O bond homolysis contributes to the ability of
bisalkoxyamine initiatod to mediate polymerizations at faster
rates and lower temperatures than parent initiatischer has
shown through kinetic analysis that the polymerization time of
NMRP decreases with increasikg and control is maintained
as long askgy does not become too large (about1671).51 The
improved polymerization capabilities of alkoxyamines with
acyclic nitroxides such as TIPNO and SG1 have been attributed
in part to their higherky values 1072 s™1) compared to
TEMPO-based alkoxyamines- {0~ s71).50 Using the measured
values ofE; andA and extrapolating to 12TC gives dissociation
rate constants of 5.2 103 and 2.7x 1073 s~ for alkoxyamines
1and2, respectively. The value fdris larger than many values
found in the literatur&-5° but not too large for the polymeri-
zation to lose control.

IH NMR Alkoxyamine Decomposition Studies The relative
rates of decomposition of bisalkoxyamihend parent initiator

therefore, the stable nitroxide TEMPO was used as a caIibration2 in the absence of monomer were determined by the method
standard to convert the second integral of the EPR signal into ¢ £,kuda et a$2 In order to try to simulate the conditions

nitroxide concentration.

As a typical example, Figure 6 shows the concentration of

nitroxide vs time when samples of bisalkoxyaminand parent
alkoxyamine2 were heated at 363 K for 1 h. The-© bond
homolysis of bisalkoxyaminé is significantly faster than that
of parent alkoxyamin@. Similar results were seen at 358, 368,
373, and 378 K (see Supporting Information).

Because the nitroxide that forms during this homolysis
undergoes further decomposition, the value of the rate constant

kg was calculated from the initial slope of the graph of nitroxide
concentration vs time:
()
dt /=0

kd=[A—]O 1)

where [N] is the concentration of nitroxide functionality and
[A]o is the initial concentration of alkoxyamine functionality.
The derivation of eq 1 for a bisalkoxyamine is given in the
Supporting Information.

The calculated rate constantg)( activation energiesk),
and pre-exponential factorg) of 1 and2 are shown in Table

during polymerization, each alkoxyamine was heated in the

absence of molecular oxygen. Repeated homolysis and recom-
bination ensues, with eventual decomposition to form styrene

and hydroxylamine (Scheme %).

Scheme 3. Decomposition dil-Alkoxyamine (A) by Extended
Thermolysis To Give Hydroxylamine and Styrene (S), where
NitO Represents a Nitroxide

— NitOH +

Ph k4 _ Ph
Nit0—< === NitOe + .<
ke no O,

Ph
\

A S

The pseudo-first-order integrated rate law for this decomposi-
tion is given by eq 2:

(A] + (5] _
'”( A )"‘d“t

As shown by Fukud&84the rate constare.may be expressed
as

)

kdec = pdeJ(d (3)

4 along with the literature values for the parent TIPNO initiator wherepqec is the probability of decomposition. This equation

2. The calculatedky values for2 agree well with the literature

accounts for the fact that faster rates of homolysis can lead to

values. The calculated activation energies and Arrhenius fasterapparentrates of decomposition. Because the decomposi-

parameters areery sensitive to temperature. A difference of 1

tion of alkoxyamines into hydroxylamines and alkenes can lead

K in the measured temperature can cause a difference of 5 kJto incomplete monomer conversions and high polydisperiSties,

mol in the calculatedEs and a factor of 10 difference iA.
This might explain the discrepancy between the calcul&ed

smallerpgec Values are desirable in alkoxyamine initiators.
This reaction is conveniently monitored Bid NMR spec-

andA values for2 and the literature values. Thus, caution must troscopy by integration of the signals corresponding to the
be used when comparing values measured by different researchvinylic hydrogens of styrene and the alkoxyamine methine
ers. As seen in Table 4, the dissociation rate constants forproton atd 4.90 (CHCHO) to give the relative amounts of
bisalkoxyaminel are about twice as large as those for parent styrene, S, and alkoxyamine, A. Because bisalkoxyaniine
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Figure 7. Alkoxyamine (A) and styrene (S) concentrations as a Figure 8. Plot of In(([A] + [S])/[A]) as a function of time for
function of time when bisalkoxyamire(O = [A]; O = [S]) and parent  pjsalkoxyaminel (O, [A]o = 180 mM), parent alkoxyamin2 (a, [A]o

alkoxyamine2 (® = [A]; B = [S]) were heated at 125 in p-xylene- = 180 mM; A, [A]o = 90 mM), and TEMPO-based alkoxyamie
dyo in the absence of oxygen. Concentrations were calculatedftbm  (m [A], = 90 mM) upon heating at 125C in p-xylenedso in the
NMR integration values. absence of oxygen. The concentrations of alkoxyamine functionality

. . . . o o [A] and styrene [S] were measured Byt NMR integration values.
contains twice as many nitroxide moieties as parent initiator

a 90 mM solution ofl was used, as compared to a 180 mM significant change, indicating that the nonlinearity is not a result
solution of 2. In this way, the concentration @flkoxyamine of increased molecular relaxation times resulting from the
functionalitywas 180 mM in both samples. absence of molecular oxygen or the increase in temperéture.
Figure 7 shows the disappearance of the alkoxyamine The curvature in this plot suggests an alternate decomposition
functionality and the evolution of styrene for bisalkoxyamine pathway for alkoxyamind (or bisnitroxide3), rather than the
1 and parent alkoxyamin2 at 125°C. For bothl and2, the simple mechanism shown in Scheme 3.
decrease in alkoxyamine concentration appears to occur more The rate of decomposition of alkoxyamine into hydroxy-
rapidly than the increase in styrene concentration. The total lamine and styrene can be quantified by looking at the rate of
concentration of alkoxyamine and styrene, [A][S], doesnot formation of styrene, rather than the disappearance of alkoxyamine.
remain constant. This may indicate that either (1) the alkoxyamine This avoids the complication of alkoxyamine decomposition
decomposes through an additional mechanism that does nothrough a different mechanism. An alternative expression of
result in the formation of styrene or (2) the styrene that forms the integrated rate law is
undergoes an additional reaction, such as polymerization. No
broad polymer peaks were detected in the regior-8.2 ppm [Alo _
in the 'TH NMR spectra, indicating that no significant polym- [Al, — [S] = kaed (4)
erization occurs under these dilute conditions. Analogous
decomposition studies using the TEMPO-derived alkoxyamine anq a piot of this relationship for alkoxyamingsnd2 is shown
5 showed a similar deficit in the mass balance (Supporting jn Figure 9. For both alkoxyaminesand?2, this relationship is
Information). However, this apparent loss of material was not |inear, and slopes of the best-fit lines gikg.values of 5.2x
reported by Fukuda, et &.or Fischer et al?? who also studied  10-6 and 2.8x 1076 52, respectively. Thiggecvalue for2 is
the decomposition d. The results in Figure 7 were reproduc-  cjose to the previous value found from eq 2 and Figure 8. Using
ible, even at different alkoxyamine concentrations (Supporting the measured values &, andA, kq at 125°C was calculated,
Information) and extendedr, relaxation times; thus, the  anqeq 3 was used to determine the probability of decomposition
possibility of an alternate decomposition pathway cannot be . (Taple 5). These results show that bisalkoxyarndirie no
ruled out. . _ more likely to decompose into hydroxylamine and styrene than
The kinetics of these decomposition reactions were further harent alkoxyamin@. Their estimateggec values are both on
analyzed by plotting In([Al+ [S])/[A]) as a function of time  the order of magnitude of 16. In contrast, TEMPO-based
(Figure 8, eq 2). If the decompositions are first-order or pseudo- g1koxyamines has apeecvalue near 162, making it~40 times

first-order, this plot will be linear. This is the case for parent ore’jikely to decompose to styrene and hydroxylamine, as
alkoxyamine2 and for TEMPO-based initiatd. Slopes of the  ghown in Scheme 3.

best fit lines givekgec values of 3.7x 10%and 1.6x 10°s71
for 2 and5, respectively. Thégec value for2 was the same at Table 5. Kinetic Data for the Decomposition of Alkoxyamines 1, 2,

In

initial alkoxyamine concentrations of 90 and 180 mM. The value and 5 at 125°C in p-Xylene-dyo in the Absence of Oxygen

for 5 correlates well with the literature value kfec = 4.5 x alkoxy-  Kgeds? Kdeds™t

1075 s71 at 140°C determined by Fukuda and co-workéts. amine (fromeq2) (fromeq4) k/s™ Pdec

However, as is evident in Figure 8, the relationship between 1 52x10° 81x103 6.4x 10

In([A] + [S])/[A]) and time for initiator 1 is not linear. This 2 37x10° 28x10°® 42x10°% (8.8-6.6)x 10°*
5 1.6x 1075 8.0x 1042 2.0x 1072

experiment with initiatorl was repeated with extendety
relaxation times (originall; = 1 s) of 10 and 15 s with no aCalculated using reported vald@sf Ex andA.
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Figure 9. Plot of In([A]o/([A]o — [S])) as a function of time for  Figure 10. Variation of nitroxide concentration with time upon heating
bisalkoxyaminel (O, [A]o = 180 mM) and parent alkoxyamirge(a, of bisnitroxide 3 (M), mononitroxide4 (a), and TEMPO @) at
[Alo = 180 mM; A, [A]o = 90 mM) upon heating at 12 in p-xylene- 120°C in tert-butylbenzene. Scans were taken every 30 to 60 s; only
dio in the absence of oxygen. The concentration of styrene [S] was a small selection of data points are shown for clarity. Nitroxide samples
measured by'H NMR integration values, and [d]is the initial 3 and4 were synthesized, purified by flash chromatography, and stored
concentration of alkoxyamine functionality. in tert-butylbenzene at OC for 1 day prior to use.

of the persistent radical will remain low enough to allow higher
monomer conversions in less time.

The relative rates of decomposition of bisnitrox®/&'IPNO
mononitroxide4, and TEMPO were investigated using EPR.
Freshly synthesized nitroxide samplegert-butylbenzene were
heated at 120C, and the change in nitroxide concentration with
time was measured. Because one molecule of bisnitro3ide
contains two nitroxide moieties, a 2.02 mM solution3ofvas
used, compared to 4.03 mM solutionsdcdind TEMPO. In this
way, the concentration of nitroxide functionality was 4.0 mM
in all samples. As with the homolysis experiments, TEMPO
lwas used as a calibration standard to convert the EPR signal
into nitroxide concentration. Figure 10 shows the concentration
of nitroxide vs time when samples of bisnitroxi@emononi-
troxide 4, and TEMPO were heated at 12C for 2 h. As
expected, the stable nitroxide TEMPO does not decompose at
120 °C: its concentration remains 4.0 mM throughout the
Sexperiment. In contrast, both nitroxid@and 4 undergo an
overall decrease in concentration when heated. BisnitroXide
decomposes almost completely within 1 h, while only 20% of

EPR Nitroxide Decomposition Studies.The curvature of
the plot for bisalkoxayminel in Figure 8 suggests that the
decomposition pathway for this species is enhanced. Decom-
position to form hydroxylamine and styrene as depicted in
Scheme 3 is not the only mode of nitroxide decomposition
(Scheme 4).a-Hydrogen bearing nitroxides work well in
nitroxide-mediated radical polymerization specifically because
of their ability to undergo bimolecular decompositi®f’ at
polymerization temperatures, keeping the concentration of the
free nitroxide low. Fischer has shown kinetically that the rate
of polymerization can be enhanced by the decay of the persisten
radical without adversely affecting the polydispersity or control
of the molecular weight® Additives that cause nitroxide
decompositiohiand persistent radicals with built-in decomposi-
tion pathway&® have both been used to increase polymerization
rates under controlled conditions. As long as nitroxide decom-
position does not simultaneously create a “dead” chain (as occur:
with hydroxylamine and alkene formation), the concentration

Scheme 4. Key Reactions during Nitroxide-Mediated Radical

Polymerization, where NitO Represents a Nitroxide mononitroxide4 decomposes within the same amount of time.
Nit Although the decomposition kinetics do not follow a simple
O\ﬁpolymer first- or second-order rate law, it is evident that bisnitrox&le
R decomposes at a much faster rate than mononitrakiSéamilar

results were obtained when the experiment was repeated at 2.0
mM nitroxide concentration (Supporting Information).
L kg ( An unusual feature of these decomposition experiments is
R that the initial concentration of nitroxide, as measured by EPR,
NitOe + -ﬁpolymer ka is not equal to 4.0 mM. For mononitroxidg this effect is
R small: the initial measured concentration is 3.9 mM. However,
for bisnitroxide 3, the initial measured concentration is only
1.0 mM. This difference in concentration is too large to be the
result of experimental error. As bisnitroxidewas heated, its
concentratiorincreasedirom 1.0 to 1.8 mM before beginning
Nitr:)ne + to decrease. This unusual behavior is reproducible; a separately
Knpdymer synthesized sample of bisnitroxi@gave nearly identical results
l R (Supporting Information). We hypothesize that some of the
further nitroxide may have converted to hydroxylamine prior to running
decomposition the EPR experiment. Upon heating in the presence of air, the

ke

NitOH NitOH
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A

hydroxylamine is oxidized back to nitroxide. This would explain o .
relative intensity= —
r

9.1\2

the low concentration of nitroxide at the beginning of the (T)
experiment as well as the initial increase in concentration during
the first 15 min. The nitroxide concentration & never whereA = 19.5 for organic radicals, is the interspin distance
reaches 4.0 mM because it decomposes at the same time that it angstroms, and is the spectrometer frequency in GHz.
is being formed. Nevertheless, even withsmaller initial In addition to the appearance of a half-field signal, dipolar
concentration, bisnitroxid& decomposes more rapidly than coupling is also revealed by the line shape of the full field EPR
parent nitroxides. spectrum. In the absence of angular correlation between the

This experiment does not simulate polymerization conditions. diPolar tensor and the nitroxide magnetic tensors, the overall
All EPR samples were exposed to air, and nitroxide concentra-IN€ shape can be expressed as the convolution of the EPR
tions were somewhat higher than those found in a typical SPECtrum of an isolated spin with a dipolar spectral function.
polymerization. Attempts to repeat this experiment in the The peak-to-peak width of the dipolar broadening function

absence of oxygen (by performing freezeimp—thaw on the provides an alternate method to calculate the interspin distance,

EPR samples) led to nonreproducible results. This may be due?s 9Ven by eqs 6 and77.'l'he dipolar broadening f”'.“’“."” was
oo determined by deconvolution of the spectrum of bisnitroxdde
to the inability to completely remove all of the oxygen from

o . with the spectrum of the mononitroxide TIPNCrepresentative
2
th:\e/lsan;_plr(]e ) Nltrltc)jXIde corlmenlt ratl(_)n_s on Ithe °.rdetf oflr i of an isolated spin). The Fourier transform method of Rabenstein
mivl, which would more closely mimic polymerization condi- 5,4 shigé was employed, with the addition of a regularization
tions/%71are more difficult to detect accurately by EPR.

parameter to limit noise. The resulting broadening function is
The enhanced decomposition of bisnitroxi8emay result shown in Figure 12. The majority of the broadening function

from an intramolecular disproportionation reaction by single conforms to the expected “Pake pattern” that results from a pair
electron transféP in the rare event that the bisnitroxide is formed of spins with strong dipolar coupling, superimposed with two
at elevated temperatures. Formation of bisnitroX8deéuring much narrower functions whose structures cannot be resolved.
the polymerization is expected to be more significant at extended Lack of resolution may result from the smoothing effects of
polymerization times. Regardless of the mechanism of decom-noise suppression, distance distributions, or other factors;
position, bisnitroxide8 decomposes faster than parent nitroxide however, these narrower broadening functions often conform

(5)

4, and this may contribute to the enhanced rates of polymeri-
zation observed for initiatot.

Low-Temperature EPR Studies.Both bisnitroxide3 and
mononitroxide4 were examined at low-temperature by EPR.
Bisnitroxide 3 shows a strong interaction at low-temperature,
indicating that the conformation holds both nitroxide moieties
close in space. An indication of strong biradical dipolar coupling
is a half-field absorption signal as well as line broadening at
the full field absorption line shap@:-7> When two radical spins
are held in close proximity, the normally forbidden transition
(Am = 2) becomes allowed and observable in the half-field
region. The integration of this signal normalized against spin
concentration correlates to the interspin distance through the
relationship of 176.73 Figure 11 shows the EPR spectra f
and4. As expected, only bisnitroxid®8 exhibited a half field
signal. The relative intensity (adjusted for difference in micro-
wave power) is 3.2 1073 using eq 5, the nitroxidenitroxide
distance is 4.7 A.

EPR Signal

L 1600 1675 1750 h
3100 3200 3300 3400 3500 3600
Field (G)

Figure 11. EPR spectra of bisnitroxid8 (solid line) and TIPNO
mononitroxide4 (dashed line). Spectra peak heights are normalized.
Inset shows the half-field transition f&; the intensity is not to scale.

to a Gaussian line shapé.The fwhm (full width at half-
maximum) of this Gaussian function can then be used to
calculate a distance using ed%.

_ [resx1d
B

whereB is the Gaussian fwhm in G amdthe distance in A.
The broadening function could only be well fit with a
minimum of three separate functions, each of which corresponds
to a population with different interspin distances. The three
functions are also shown in Figure 12, with their sum super-
imposed on the dipolar broadening function. In addition, this
simulated broadening function was convoluted with the EPR
spectrum of mononitroxidé to yield a simulated spectrum of
the bisnitroxide3, shown in Figure 13.The details of the three

(6)

0 50
Field (G)

Figure 12. Dipolar broadening function. The dipolar broadening
function (dots) was determined by Fourier transform deconvolution of
the bisnitroxide EPR spectrum with the mononitroxide TIPNO spec-
trum. The simulated broadening function (solid line) is the sum of the
three functions shown in the inset. They are, from the top, a narrow
Gaussian (2.25 G fwhm and 9% of total area), a broader Gaussian (20
G fwhm and 30% of total area), and a “Pake” function (150 G wide
and 61% of total area).

100 150 200

-200 -150 -100 -50
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EPR Signal

3200 3300 3400 3500
Field (G)

Figure 13. Simulation of experimental spectrum. The experimental
EPR spectrum of the bisnitroxid&(solid line) was simulated by the
convolution of the TIPNO4 spectrum with the simulated broadening
function (dashed line) from Figure 10. Also shown is the residual signal

(dotted line).

3100 3600

broadening functions are as follows: first, the narrow central
spike was fit with a Gaussian of width 2.25 G. This would be
derived from an interspin distance of over 20 A (eq 6) and is
most likely from a small amount (9%) of monoradical impurity,

arising from either the incomplete oxidation of both nitroxides

Macromolecules, Vol. 41, No. 6, 2008

nature of the nitroxide nor steric congestion around the nitroxide
can explain the enhanced rate of homolysis of initidtor

The EPR data show that61% of the bisnitroxide exists in
a state in which there is significant spispin interaction. The
bisnitroxide is a mixture of two inseparable diastereomers. It is
likely that one diastereomer experiences a closer-sgiin
interaction that the other. To account for the unusually short
nitroxide—nitroxide distance, a chairlike conformatiadhen-
hanced by two Thorpelngold gemdimethyl effect8® places
the two nitroxide groups in close proximity. The other diaste-
reomer may adopt an extended conformaifiprin which the
nitroxide groups are remote. This correlates with the two
nitroxide interspin distances of approximately 5.8 and 9.8 A
derived from the EPR measurements.

The close proximity of the two nitroxide moieties in bisni-
troxide 3 may explain the faster rates of<© bond homolysis
and nitroxide decomposition of bisalkoxyamihes compared
to parent alkoxyaming. We propose that during polymerization,
homolysis of the €O bond is facilitated by stabilization of
the resulting mononitroxide through a synergistic interaction
from the adjacenii-alkoxyamine. The resulting mixed nitroxide
andN-alkoxyamine species0 (Figure 16) resides in a chairlike
conformation where the two NO moieties are held in close
proximity. Resonance structuré$§, 11, and12 can be drawn
in which the active carbon of the remaining polymer chain is
bonded to either NO group. This radical can therefore be

during synthesis or the decomposition of one over time. The thought of as being delocalized over five atoms (including the
next part of the broadening function was simulated with a 20 two nitrogen atoms), as depicted in resonance hybgjdwith
G Gaussian function. This corresponds to a distance of 9.8 A the polymer chain being shared equally between both partial
(eq 6) and is representative of a population (30%) of the nitroxides. This stabilization would lead to a higtkgfor C—O
bisnitroxide with the two spins at a maximum separation, as bond homolysis, in agreement with the experimental findings
depicted by structuréd (Figure 14). The majority of the  presented herein. The near proximity of the nitroxide moieties
broadening function (61%) is well fit with a “Pake pattern” with may also explain the increased rate of nitroxide decomposition.
awidth of 150 G between the inner turning points and representsAn intramolecular decomposition pathway would lead to faster
the two spins in close proximity, as depicted by structure 7 rates of decomposition, as was observed in the EPR experiments.
(Figure 14). Employing eq 7, a distance of 5.8 A is calculated.  This proposed nitroxide resonance stabilization implies that
dissociation of the first nitroxide from the bisalkoxyamine occurs
more easily than dissociation of the second nitroxide. Thus, the
kg values in Table 4 refer to the dissociation of fiist nitroxide
moiety, since the initial slope method (eq 1) was used to
calculateky (see Supporting Information for a detailed deriva-
tion).

This unprecedented mode of stabilization suggests a new
strategy for the design of nitroxides for use in low-temperature

28, = 390 %

pake 2 i

where Bpakeis the distance between inner turning points in G,
g is theg-factor = 2 for nitroxides,B2 = 4635 G/A, andr is
the distance in A.

The interspin distances calculated from the half-field method
and the deconvolution method corroborate the interaction of the
two nitroxides. Previous studies have shown that when both
techniques are applied to the same system, the half-field method
predicts a shorter interspin distance than deconvolution meth-
ods’® One reason for this is that the half-field signal increases

Zh o

in amplitude with closer distances, while the full field signal

Ph

broadens (but retains the same area) and decreases in amplitude.
Therefore, taken together, these two methods describe a majority 6 7

population with an inter-spin distance in the range of-%678

A and a smaller population with a distance in thel® A range.
Implications toward Polymerization. The characteristics of

1in NMRP cannot be explained by existing effects involving

single nitroxides. For example, earlier work from this %&b

showed that macroinitiato8 (Figure 15), which is sterically

similar to the alkoxyamine formed frorh during polymeriza-

tion, effects NMRP at the same rate as the monodirectional

initiator 2. Similarly, the sterically hindered alkoxyamirte
(Figure 15) developed by Studéeffects polymerization of both
styrene andh-butyl acrylate more slowly than bisinitiatd.
Thus, it is clear that neither slow diffusion due to the polymeric

Figure 14. Nonassociated nitroxides with a distance of 9.86fdnd
interacting nitroxides with a distance of 5.8 &)(

MeO,C

Ph Ph
Br% O%N/OK MN/OK
© Ph/K( Ph

8 9

Figure 15. Alkoxyamine initiators structurally similar t: polymeric
initiator 8 containing a macromolecular nitroxitfeand Studer's
sterically congested neopentyl initiat®@*
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Figure 16. Proposed resonance structures of the key nitroxide intermediate during polymerization.

NMRP in which bisnitroxides are conformationally biased or eq 1. This material is available free of charge via the Internet at

covalently restricted to reside in close proximity. Work along

these lines as well as other applications of this strongly

interacting bisnitroxide are currently under investigation.

Conclusion

Bidirectional initiatorl effects the polymerization of styrene,
tert-butyl acrylate n-butyl acrylate, and dimethylacrylamide at
temperatures as low as 7C. The ability to effect NMRP at
temperatures-50 °C lower than those commonly employed will

extend NMRP to applications involving biomolecules and other
heat sensitive substrates. Kinetic studies reveal bidirectional

initiator 1 undergoes homolytic cleavage? times faster that
monodirectional initiator2. When heated in the absence of
oxygen, bothl and 2 are equally likely to decompose into
hydroxylamine and styrene; however, bidirectional initiator

http://pubs.acs.org.
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