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Abstract: Atom transfer radical polymerization (ATRP) equilibrium constants (Katrp) Were determined using
modified Fischer's equations for the persistent radical effect. The original Fischer's equations could be
used only for low conversion of Cu' to X—Cu'' and consequently for relatively low values of Karre. At higher
conversion to X—Cu'" (>10%) and for larger values of Katrp (>1077), modified equations that take into
account the changes in catalyst and initiator concentrations should be used. The validity of new equations
was confirmed by detailed kinetic simulations. UV—vis spectrometric and GC measurements were used to
follow the evolution of X—Cu' species and the initiator concentration, respectively, and to successfully
determine values of Katrp for several catalysts and alkyl halides. The effect of structure on reactivities of
ATRP components is presented.

Introduction There are two general methods to determine the value of
Katrp. First, Karrp can be determined from polymerization
kinetics, when an excess of the-Xu' species is used and the
concentration of all other species does not change significantly,

provided that values df, are knowre3

Atom transfer radical polymerization (ATRP) is one of the
most successful controlled/living radical polymerization (CRP)
techniques and has been employed to produce many well-
defined functional (co)polymers with predefined architectue.
ATRP is based on dynamic equilibration between dormant and
active species catalyzed by redox active transition-metal com-
plexes, such as Cu coordinated to various N-based ligarids.
Radicals are formed from dormant alkyl halides (RX) by
activation with Cli species Ka.y), after which they can either
self-terminate k), be deactivated by reaction with the-XCu'
speciesKgeac), Or propagate in the presence of a monorkg: (

The degree of control in ATRP is strongly affected by the
position of the equilibriumKatre = KacfKdeac) @nd by all rate
constantsKatrp depends on the solvent, temperature, monomer
(i.e., structures of RX and*R and structure of the Cu species.
Several studies have reported measurements of kinetic and
thermodynamic parameters in model and macromolecular
systems:8-22

R, =k MI[P*] = kKarrelMI[ 1]o x [CU[X —CU'] (1)

Alternatively, Katrp can be determined from the rate of
formation of a persistent radical (¥ [X—Cu']) or from
polymerization kinetics (R= (1/kp)(d In[M]/dt)), following the
classic equations derived by Fischer and Fukuda for the
persistent radical effect (PREY.26

= (BkKGrrelo Co) 1

R— KatreloCo l/3t —13
Bk

(13) Matyjaszewski, K.; Paik, H.-j.; Zhou, P.; Diamanti, SMacromolecules
2001, 34, 5125-5131.
(14) Nanda, A. K.; Matyjaszewski, KMacromolecule2003 36, 599-604.

*To whom correspondence should be addressed. Fax: 412-268-6897.(15) Nanda, A. K.; Matyjaszewski, iacromolecule003 36, 1487-1493.

(1) Handbook of Radical Polymerizatiphatyjaszewski, K., Davis, T. P., Eds.; (16) Nanda, A. K.; Matyjaszewski, KMlacromolecule2003 36, 8222-8224.
Wiley-Interscience: Hoboken, 2002. (17) Ohno, K.; Goto, A.; Fukuda, T.; Xia, J.; Matyjaszewskifacromolecules

(2) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990. 1998 31, 2699-2701.

(3) Matyjaszewski, K.; Goebelt, B.; Paik, H.-j.; Horwitz, C.Nacromolecules (18) Pintauer, T.; Braunecker, W.; Collange, E.; Poli, R.; Matyjaszewski, K
2001, 34, 430-440. Macromolecule2004 37, 2679.

(4) Haddleton, D. M.; Waterson, C.; Derrick, P. J.; Jasieczek, C. B.; Shooter, (19) Pintauer, T.; McKenzie, B.; Matyjaszewski, K.; ACS Symposium Series

)

A. J. Chem. Commurl997, 683.

(5) Wang, J.-S.; Matyjaszewski, K. Am. Chem. S0d.995 117, 5614-15.

(6) Xia, J.; Matyjaszewski, KMacromolecules1997, 30, 7697-7700.

(7) Queffelec, J.; Gaynor, S. G.; Matyjaszewski, Macromolecules200Q
33, 8629-8639.

(8) Chambard, G.; Klumperman, B.; German, A. Macromolecules200Q
33, 44174421,

(9) Goto, A.; Fukuda, TMacromol. Rapid Commurl999 20, 633-636.

(10) Matyjaszewski, KJ. Macromol. Sci., Pure Appl. Chert997 A34, 1785~

1801.

(11) Matyjaszewski, KMacromolecule2002 35, 6773-6781.
(12) Matyjaszewski, K.; Nanda, A. K.; Tang, Wlacromolecule2005 38,
2015.

1598 = J. AM. CHEM. SOC. 2006, 128, 1598—1604

854; American Chemical Society: Washington, DC, 2003, 130.

(20) Pintauer, T.; Zhou, P.; Matyjaszewski, &. Am. Chem. So@002 124,
8196-8197.

(21) Tang, W.; Nanda, A. K.; Matyjaszewski, Klacromol. Chem. Phy2005
206, 1171-1177.

(22) Tsarevsky, N. V.; Pintauer, T.; Matyjaszewski, Rolym. Prepr.2004
45(1), 1067.

(23) Matyjaszewski, K.; Patten, T. E.; Xia, J. Am. Chem. Sod 997 119
674—680.

(24) Zhang, H.; Klumperman, B.; Ming, W.; Fischer, H.; van der Linde, R.
Macromolecule2001, 34, 6169-6173.

(25) Fischer, HChem. Re. 2001, 101, 3581.

(26) Goto, A.; Fukuda, TProg. Polym. Sci2004 29, 329-385.

10.1021/ja0558591 CCC: $33.50 © 2006 American Chemical Society



Determination of Equilibrium Constants for ATRP ARTICLES

Scheme 1 X~—Cu' complex was monitored at timed intervals. The concentration
M of the deactivator generated in the system was calculated using values
Kact m of the extinction coefficients for the Gucomplexes determined
R-X+CulL, 5 R* + X-Cu'lL, separately. The spectroscopic measurements were performed on a
. ot Lambda 900 (Perkin-Elmer) UV/vis/NIR spectrometer. Other combina-
Concentration: | (o4 R Y . . Lo L
tions of alkyl halides and Cwomplexes were studied in a similar
. . ke ) fashion.
R+R —— R-R + R-H/R" The experimental procedure used to determine the valuksab
Concentration: R R P by GC is similar to that in our previous publication detailing the

determination okac.*?

Simulation. The Predici program (version 5.0) was used for kinetic
modeling3*® It employs an adaptive Rothe method as a numerical
. strategy for time discretization. Concentrations of all species can be

e . . ; ollowed. Calculations were performed on a personal computer and
termination step:*” For consistency, all other equations derived oo approximately 35 min to complete.

by Fischer and Fukuda were modified accordingly. This method
of determination oKatrp is especially useful for model systems
where the values df; are diffusion controlled (in the range of Determination of Katrp by UV —Vis Spectrometry Using
ke~ 2.5 x 10° M~1 s71).2829This procedure is less applicable  Fischer's Equation for PRE. A. Lower Values ofKatrp. The
when polymeric ATRP initiators are used because the termina- equilibrium constant for ATRP could be determined using the
tion rate constant is chain-length depend€nt? analytical solution proposed by Fischer for the persistent radical
In this paper, we report a procedure for the determination of effect36:37In the absence of a monomer, the ATRP equilibrium
Katre Using the classic Fischer’s approach which, however, (Scheme 1) simplifies to three elementary reactions: activation
failed for large values oKatrp When significant amounts of  (ka.), deactivation Kqea), and terminationky). In this case, the
X—Cu'" were formed. Therefore, we derived new equations for rate of formation of the deactivator (the persistent radical,
these systems, which were successfully tested using kineticX—Cu' species) and the rate of loss of the generated transient

The symbols in eq 2 are clarified in Scheme 1. It should be

Results and Discussions

simulations. They also gave a deeper insight into why Fischer’s radical are given by the following expressions:

original equations have limited validity. The newly determined

Katrp Values helped to correlate structures of the ATRP reagents

with their reactivities.

Experimental Section

Materials. Ethyl 2-bromoisobutyrate (EtBriB, 99%, Aldrich), bro-
mopropionitrile (BrPN, 97%, Aldrich), 1-(bromoethyl)benzene (PEBT,
98%, Aldrich), benzyl bromide (BzBr, 98%, Aldrich), methyl-2-
bromopropionate (MBrP, 99%, Acros), methyl chloroacetate (MCIAc,
99+%, Aldrich), acetonitrile (MeCN, Aldrich, 98%, HPLC grade),
N,NN',N",N"-pentamethyldiethylenetriamine (PMDETA) (8%, Al-
drich), 2,2-bipyridine (bpy) (99%, Aldrich), C'\CI (99.995%, Aldrich),
and CUBr (99.999%, Aldrich) were used as received. Tris[(2-pyridyl)-
methyllamine (TPMA) was synthesized according to a literature
proceduré? Prior to use, all liquid reagents and the solvents were
deoxygenated by bubbling with nitrogen for at least 2 h.

General Procedure for the Determination of Equilibrium Con-
stants. A portion of 7.17 mg (0.05 mmol) of CBr or 4.95 mg (0.05
mmol) of CUCI was added to a Schlenk flask joined to a quartz UV

cuvette, and then the Schlenk flask was carefully sealed. The flask was

evacuated and back-filled with,Nive times. A portion of 10 mL of

MeCN was added to the flask via a nitrogen-purged syringe through

the side arm. PMDETA (10.4L, 0.05 mmol) was then added through
the side arm of the flask via a;Nburged microsyringe. The contents

dR

d kactlc - kdeacRY - ZktRZ

®3)

%_T = kacth - kdeacRY = ((jj_? + 2ktR2

The two coupled differential equations have been solved
analytically by Fischef® He concluded that the increase of
concentration of the deactivator (Y) should be a linear function
of t3, and the loss of the transient radical (R) should be
proportional tot=13 (eq 2). For equimolar concentrations of
ATRP initiator and catalyst, this dependence should be valid
in the time interval defined by eq 4, if eq 5 is also fulfilléuE®
For nonequimolar conditions, both equations should be modi-
fied, as shown in Appendix | in the Supporting Information.

4,/kK
\/E A/'IZ'RP <t< a 1
3l oKact 6K atrpklo
Katrp < Kgead ¥

Thus, in the above time regime (eq 4), a plot of Y (i.e.,

(4)

®)

were stirred until a colorless solution was obtained. The corresponding [X —~CU']) vs t3 can be used to determit@rre, provided that

alkyl halide (purged with nitrogen, 0.05 mme{ 0.1 mmol) was then
transferred to the Schlenk flask via a-purged microsyringe. The
absorbance at a wavelength corresponding tdtheof the generated

(27) Buback, M.; Egorov, M.; Gilbert, R. G.; Kaminsky, V.; Olaj, O. F.; Russell,
G. T.; Vana, P.; Zifferer, GMacromol. Chem. Phy002 203 2570-
2582.

(28) Fischer, H.; Henning, FAcc. Chem. Red.987 20, 200-206.

(29) Fischer, H.; Radom, LAngew. Chem., Int. EQ001, 40, 1340-1371.

(30) Barner-Kowollik, C.; Buback, M.; Egorov, M.; Fukuda, T.; Goto, A.; Olaj,
O. F.; Russell, G. T.; Vana, P.; Yamada, B.; Zetterlund, FRiB8g. Polym.
Sci. 2005 30, 605-643.

(31) Shipp, D. A.; Matyjaszewski, KMacromolecule00Q 33, 1553-1559.

(32) Shipp, D. A.; Matyjaszewski, KMacromolecules1999 32, 2948-2955.

(33) Tyeklar, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin,
K. D. J. Am. Chem. Sod.993 115 2677-89.

a value ofk; for the radical termination reaction is known. The

termination of two small radicals, without any unusual steric

effects, is governed by diffusion limitdg(= 2.5 x 10° M1

s 1 at ambient temperature in most organic solvetftdySome

variation ink; will introduce small errors in the overall analysis.
To test the accuracy of the analytical solution for the persistent

radical effect (eq 2) in determiningarre, a kinetic simulation

(34) Wulkow, M. Macromol. Theory Simull99§ 5, 393-416.

(35) Lutz, J.-F.; Matyjaszewski, KMacromol. Chem. Phy2002 203 1385~
1395.
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Figure 1. Simulation of the formation of XCu' to determineKarrp via
Fischer's equation (Y v8/3): Kaet= 1.0 M1 571, Kgeact= 5.0 x 10’ M1
sl k=25x10°M1s1 Cy=0.005M,Ilp=0.1 M (dotted line), 0.05
M (broken line), and 0.005 M (solid line).

Table 1. Initial, Final, and Least-Square Fit of Katrp from Figure
1a

G Iy

(M) (M) Katrp Kare (initial)  Karre (final) Karre (av)

dotted line 0.005 0.1 2.6 108 2.31x 10® 1.07x 108 1.49x 108
broken line 0.005 0.05 2.2 108 2.36x 1078 1.30x 108 1.65x 1078
solid line  0.005 0.005 2.& 108 2.37x 1075 1.69x 108 1.88x 1078

a2 The Katre (initial), Katre (final), and Katre (av) were obtained by
least-squares fitting for the first 20 points, the last 20 points, and the overall
plot, respectively.

was conducted using Predici 5.0 kinetic simulation softwére.
The rate constants used in the simulations vkgge= 1.0 M1
Sﬁl, kdeact= 50x 100 M1g? (KATRP =2.0x 1&8), andkt

= 25 x 1® M1 s Figure 1 shows the plot of the
concentration of the XCu' complex (Y) vstl for different
initial concentrations of the Cwwomplex Co) and alkyl halide
(lo). KaTrp vValues were calculated from the initial slop&s{rp
(initial)), final slopes Katrp (final)), and least-squares fits of
the whole data set availabl&/{rrp (av)) according to eq 2
(Table 1). ThekaTrp values for low concentration of the initiator
(Ip) were close to the real value of 2:0 1078, At higher I,

and also when more Y was formed, these values became lower

In fact, no constant value dfarrp could be observed for any
of these systems.

Figure 2 shows the plot for Y ([¥Cu']) vs t¥3for an actual
reaction between [CBr/PMDETA], = 100 mM and [PEBY
=5 mM in MeCN at 22°C. Kargrp calculated from the initial
slope wasKatrp 2.94 x 1078 but one can observe a

t‘IIG (s113)

Figure 2. Experimental determination &arrp via Fischer’s equation (Y
vstl3): [Cu'BI/PMDETA]o =5 mM, [PEBrp = 100 mM, in MeCN at 22
°C.

4.0x10°

3.5x10°
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Figure 3. Experiment for the determination 8ftrp via Fischer's equation
(Y vs t¥3); [CU'Br/TPMA]o = [EtBriB]o = 5 mM, in MeCN at 22°C.

reactions) yielded a value &fatrp = 1.38 x 10~7. The least-
squares fit of all data gaviéatrp = 3.35 x 107",

Similar or even more pronounced curvatures were observed
for all systems which involved more reactive ATRP reagents
and proceeded to higher Ceonversions. These observations
prompted us to carry out another kinetic simulation because,
for the simulation shown in Figure 1, a relatively small value
of Katre (2.0 x 1078) was used, and the reaction proceeded to
low conversion of Cl(<35% ofCp). Simulations were carried
out for large values oKarrp as well as for lower values of
Katrp OVer a longer reaction time, and both were driven to high
Cu conversion, as shown in Figure 4. In all cases, the plots of
Y vs t13 are nonlinear and curvature becomes easily detectable
when the conversion of Cis higher than~30%. The calculated

progressively more pronounced curvature at longer reaction i, from the initial slope, the final slope, and the least-squares

times. The equilibrium constant calculated from the final slope
wasKatrp (final) = 1.40 x 1078, if all the experimental points
were used, a value ¢fatrp (av) = 2.06 x 108 was determined.

B. More Reactive Systems with Higher Values oKatrp.

fit of all data is listed in Table 2.

According to Fischer's equation (eq 4), the plots should be
straight over a very wide time range; i.e., 1.88 < t18 <
77.83s3 for kae=1 M~1sL Ip=Cyo=5mM, andKatrp =

An increased curvature in Fischer's plots was observed for fastero » 10-7 (for the first system) and 0.3§/3 < t13 < 49.03s13
reactions, for example, when EtBriB was used in the reaction for k,,=1 M~1s%, 1= 0.1 M, Co = 5 mM, andKatrp = 2

with CUBI/TPMA (Figure 3). This figure was obtained by
following the reaction of an equimolar (5 mM) amount of

x 1078 (for the second systend§:3°
The requirement (eq 5) proposed by Fischer for the validity

reactants. The initial slope (probably measured before the quasi-y¢ eq 2 is fulfilled for both systemskgeact= (Kac/Katrp) = 5

equilibrium was established) gave a valuekafrrp = 2.53 x
1076, The final slope (which could be affected by side

(38) Hungenberg, K. D.; Chen, C. C.; Zhang, F.; Wulkow, M.; Stubbe, G.;
Nieken, U. DECHEMA Monographien2001, 137, (7th International
Workshop on Polymer Reaction Engineering, 2001),-2345.
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x 1 or5x 100 M 1slandk =25x%x 10° M~1s1 je,
Katrp (2 x 1078) is much lower than the ratiByeacldk; (5 x
104 or 5 x 1073, respectively}>36

(39) Fischer, HJ. Am. Chem. S0d.986 108 3925-7.
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_ R _ 7 _ Ratios
—_—k =1M 1s - Kyree = 210 - 1,/C,=5/5 mM 210
- - 1 - - - .0x =
0.004 k., =1M's" K__ =2x10".1/C =100/5 mM /‘.1-. Eor el
. / s, s .
P ~ -
- 8 / - .
P 1.5x10™ 1 N \‘ 9
0.003- e ] | T Kugpe=2x10 N
—_ P - / = = RY/IC .
§ - 1.0x10° - - - RvilC
s -
0.002 7 RYIIOC0
/ 9
7 5010 YIC, = 29.6%
0.001- 7 o O%
/
0.0 r T T r : r
10" 10° 10" 10® 10° 10* 10° 10°
0.000 T T
0 20 40 60 t(s)
13 1/3,
to(s) Figure 5. Various concentration ratios obtained from Predici simulations

Figure 4. Simulation for the determination &atrp via Fischer’s equation usingKatrp = 2 x 1078, kaq= 1 M1 s%, andk = 2.5 x 1P M~1s L
(Y vs t13) for a fast (solid line) and a slow (broken line) reaction proceeding lo = Co =5 mM.
to high conversion of Cuk; = 2.5 x 1® M~1s1,
assumption dY/d> —dR/d, new equations were derived for

Jable 2. Initial, Final, and Least-Square Fit of Karee from Figure Y as shown in eq 7 (detailed derivation is included in Appendix
Il of the Supporting Information).
kac
(Ve 5171) Karre Kare (initial) Karep (final) Karre (av) For Co = lo
solid line 1.0  2x107 1.17x 10 1.05x 108 1.14x 107 1,Co |2 1 2 lo—Y
brokenline 1.0 2108 151x 108 9.12x 10720 4.73x 1079 5 + In +
Co—lo) \Clo—Y)  1Co(Co—1g) \Co— Y
aThe Katre (initial), Katre (final), and Katre (av) were obtained by
least-squares fitting for the first 20 points, the last 20 points, and the overall 1 =9 KZ t+ ¢
plot, respectively. 12C.— V) = 2kKzrret + C
0 0
C. Previous Derivations of PRE Equations. Previous Wherec' = 1Co V3 1 + 2
derivations of an persistent radical effect relied on the establish- Co— o COZ|0 1,Co(Co — 1)
ment of an equilibrium between active and dormant species. |
For nitroxide-mediated polymerization (NMP), the activation =2 + 1 7)
process is unimolecular, but for ATRP, activation involves the Co IOZC0

alkyl halide initiator () and the Clcatalyst C). Both Fischer . o
and Fukuda assumed that the concentrations of the initiator and Note that X was used in the derivation insteadkpbecause

the catalyst changed insignificantly compared to their initial Rt = 2kR2.
values26:36 Thus, a new functior=(Y) (where Y is the only variable)

can be used to calculatearrp:

kdeacRY = kactl OCO (6) 2
F(Y) = 0~0 1 2
In eq 6, the deactivation rate {Rq= KdeacRY) in ATRP or Co—lof \CM1,—Y)  16Co(Co— 10)
NMP is proposed to be equal to the initial rate of activation lo—Y 1
(Kacl0Co in ATRP 0orkacdo in NMP) and should remain constant In(C — Y) 2 (8)
throughout the time range defined by eq 4. Equation 6 can be 0 16(Co—Y)

rewritten aKatrp = Kaclkdeact= (RY/10Cop), which suggests that
Katrp should only depend on the product of R and Y or that
the product of R and Y should be constant over the stated time
range in eq 4.

A plot of F(Y) vs t should be a straight line, and the
equilibrium constant for the reaction can be calculated from

the slope Katre = 4/slope/Xk;) with the intercept oft".
Figure 5 shows three different concentration ratios (RY/ An even simpler equation was derived for the equimolar case.

RY/IoC, and RYIoCo) as well as the reakarre value (2 x ForCo=1lo
1078) used in the simulated ATRP. It is clear that both the ratios COZ Co 1
RY/10Cp and RYIoC deviate from the real value &farrp. This -
is observed even for the relatively slow reactions and for low 3(Co—Y)* (C,—Y)? Go—Y
conversion of Cuto X—Cu' (<30%). On the other hand, RY/ wherec”’ = 1 )
IC approacheXarrp after 10 s (when rates of activation and 3C,
deactivation are balanced) and is then almost identical to the
real Katrp value. Therefore, for the derivation of correct ~ The functionF(Y) is now defined as
equations describing evolution of Y and Ratrp = RY/IC )
should be used instead Bhrrp = RY/15Co. E(Y) = Co _ Co 1
A ; : . ()= + (10)
D. Derivation of New Equations for the Persistent Radical 3C,—Y)® (C,—-Y)? G—Y
Effect. On the basis of the above conclusions along with the
stoichiometric requirement, i.dg — | = Co — C =, and the and a plotF(Y) vs t should be a straight line; the equilibrium

= 2kKarret "

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1601
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F(Y) Yic, Table _3’. Simulation of Various Katrp Values via the New
2.00x10° 1.0 Equations?
3 k k WG
17107 Jos o, 15 WY () K)o G ©6) s
1.50x10°1 1 1.0 5x10* 100/5 2.0x 105 1.97x 105 815 —1345
1.25x10° ] 06 2 1.0 5x10* 5/5 2.0x10° 1.96x 105 66.5 —2370
19 3 1.0 5x10°F 100/5 2.0x 106 1.93x 106 8.15 5.46
1.00x10°4 4 10 5x10° 5/5 2.0x10° 1.97x 10° 66.5 62
, {oa 5 10 5x10° 100/5 2.0x 107 1.94x 107 8.15 8.15
7.50x10° 6 10 5x10° 5/5 2.0x107 1.98x 107 66.5 66.5
5.00x10% 7 1.0 5x107 100/5 2.0x 108 1.98x 108 8.15 8.15
) J0.2 8 10 5x100 5/5 2.0x108 1.99x 108 66.5 66.5
2.50x10%1 9 1.0 5x10 100/5 2.6<10° 1.99x 109 8.15 8.15
0.00 oo 10 10 5x10® 5/5 2.0x10° 1.99% 10° 66.5 66.5

00 20x10° 40x10° 6.0x10° 8.0x10° 1.0x10° acy, (€ or ¢') is the theoretical value of the intercept calculated using
t(s) the expressions far or ¢” in eq 7 or 9, respectively. The numbers in italics
Figure 6. Simulation for the determination d€atre Via new equations are those that differ from the theoretically predicted values (cf. Appendix
(FOY) VS 1) kae=1 M-15L k = 2.5 x 10° M1 5L, Karge = 2.0 x 1.
1077, Ig = Co = 5 mM, Katrp(calcd) = 1.98 x 1077, intercept= 66.5

113 1/3,

entry 6 in Table 3). F(Y to(s")
fenty ) v 0 5 10 15 20 Y 5
8.25 T T T 3.0x10°

constant can be calculated from the sloligrkp = +/slope/X,)
with an intercept ott".

E. Simulations Using New EquationsTo test the validity 12.0x10°
of the new equations, a Predici simulation was carried out for 8.20-
a reaction with a relatively larg&atrp (2 x 1077) under
equimolar conditions, as shown in Figure 6. The ploF¢Y)
vstis linear over a long reaction time and gives the vaddugxp .
= 1.98 x 1077, which is very close to the value #arrp Used 8.154
in the simulation. The intercept value equaled precisely the
predicted one from eq &( = 66.5). The simulations show
that the new derived equations are valid over a very large range
of reaction time (from seconds to essentially infinite time) and . - ) )

Figure 7. Experiment for the determination &farrp via new equations

; . 0
for a large range of activator conversion upt®5% (not shown (F(Y) vs t): [CUBIPMDETA], = 5 mM, [PEBrp = 100 mM, in MeCN

41.0x10°

0.0

0 1000 2000 3000 4000 5000 6000
t(s)

in Figure 6). at 22°C (entry 4 in Table 4).

It should be noted that for the same simulation conditions a v 1
constant curvature was observed using Fischer’s equation (Y FNS 5 4 6 5% 12 12 16 187 ™
~ t13), as shown in Figure 4. Thus, Fischer’s equations are never 2.5x10° 7 5.0x10"
fully obeyed because neithienor C is constant. Therefore, using
these equations, it is not possible to determine preckgfp 2.0x10° 14.0x10°
because evolution of Y v§3 is never linear and changes
continuously. At the very short time, the quasi-equilibrium is 1.5x10°1 13.0x10°

not yet established and, subsequently, the slope of the curve

decreases due to the consumption of the initiator and the 1.0x10°1 120x10°
activator. This is illustrated by the various values Kirrp , .
(initial), Karre (final,) andKarrp (av) shown earlier in Tables 5.0x10°1 11:0x10
1 and 2 and Figures-14. 0.0 00

Results of several other simulations for a constagtand "0 1000 2000 3000 4000 5000
variouskgeactvalues are listed in Table 3 along with values of t(s)
KaTrp calculated using the new equations. All valueKafrp Figure 8. Experiment for the determination ¢fatrp via new equations

calculated from the slope of the plots are withinZ% of those (F(Y) vs t): [CUBI/TPMA]o = [EtBriB]o = 5 mM, in MeCN at 22°C
defined bykac/kieact This indicates that eqs 7 and 9 are valid (entry 7 in Table 4).

over a wide range oKarre values and for a broad range of ysing the new equations. Figures 7 and 8 show the results using
reaction times. It should be noted that for very large values of double-axes plots for the original PRE and newly derived
Katre (@pproaching the limit defined in eq 5) the slopes still equations.

provide correct values dfatrp, but intercepts (shown in italics) As shown in Figure 7, the plot from Fischer's equation does
start to deviate from the theoretical values. This is related to not deviate significantly from linearity because tKgrrp for

the time needed to establish the equilibrium which shifts the cyBr/PMDETA with PEBr is small and the conversion of'Cu
F(Y) function on the time scale (cf. Appendix Il of Supporting  to X—Cu' is <50%. Regardless, it is difficult to determine the

|nf0rmati0n). true value OKATRP (KATRP (Inltla') =2.94x 108, KaTtrp (flnal)
F. Reevaluation of Relatively Small Values ofKarrp =1.40x 1078, Katrp (av) = 2.06 x 1078). However, the plot
Measured Previously via UV-Vis Spectrometry. Two ex- becomes perfectly straight using the new equation and gives

periments shown previously in Figures 2 and 3 were reevaluatedKatrp = 3.27 x 1078,
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Table 4. IaEXperimental Determination of Katrp via the New independently using the procedures published e&flitie value
Equations Kgeact= 7.7 x 1P M1 s 1 was calculated fronKatrp andKacg
A hiCo Ci and the valud; = 2.5 x 10° M~1 s~1was based on a diffusion-
no. ligand (nm) initiator (mM)  (corc’) Cexp Karrp o :
- controlled limit. The values of Y calculated from eq 9 perfectly
1 bpy 745 EtBriB  100/5 8.15 8.15 3.93107° . . .
2> PMDETA 745 BrPN 1005 812 812 589107 overlapped with both the experimental and the simulated values.
3 PMDETA 745 EtBriB  100/5 8.15 8.15 7.46 102 However, the values calculated from eq 2 (i.e., Fischer's
g Emggﬁ ;ig EEE: 18?1/3 32'}15 32"114 g'gigg equation) deviate strongly from the experimental values and
6 PMDETA 745 MBrP 100/5  8.15 8.15 3.95610° even exceed the maximum possible valuegax¥= Co. Thus,
7 TPMA 985 EtBriB 5/5  66.5 66.5 9.6510° the newly derived eq 9 (as well as eq 8 for the nonequimolar
8 TPMA 985 PEBr 5/5 66.5 66.5 4.5810° o )
9 TPMA 985 PECI 33.3/1.7 24.4 24.4 8.6010°7 Case) can be Successfully used for determlnaUOKﬁfqp n
10 TPMA 985 BzBr 100/5  8.15 8.15 6.3810°7 ATRP. Fischer’s eq 2 should not be used for the determination
7 . .
E mm ggg mgg iggg g-ig g-gg ig igs of Karre, especially for systems with large valueskfrrep.
13 TPMA 985 MCIP  33.3/17 24.4 24.8 4.6710°® G. Katrp Values for Various Catalysts and Initiators
i‘s‘p QA,\?SSETE/L\‘ 985 EEttE‘fr'ig 1/2/65 fg-? ‘125‘?07 153; ig: Measured by UV—Vis Spectrometry. Using the aforemen-

tioned procedure, we studied various ATRP initiating/catalyst
a CuBr was used for alkyl bromide, and @l was used for alkyl chloride systems, and the corresponding equilibrium constants were

initiators, respectively. Solvent- MeCI, é?mggrat“re: 22+ 2°C determined in acetonitrile at 2% 2 °C. The results are
' summarized in Table &Katrp ranges from very small values
Y (M) (3.93 x 107° for EtBriB with CuBr/2bpy) to very large values
1.0x10* - (1.54 x 1074 for EtBriB with CUBI/MesTREN). As discussed
R ." before, the intercept values agree with predicted values, unless
8.0x10" .‘-' very large values oKatrp are reached (e.g., entry 14).
sox10°] ™ The values oKatrp reported in Table 4 illustrate the strong
L Yinex = G =5 mM effect of ligand, halogen, and alkyl groups. For example, values
4.0x1o"-_' o bt of KATRpfor EtBriB increase from 3.9% 107° for CuBr/2bpy
W v (entry 1 in Table 4) to 7.46 1078 for CUBr/PMDETA (entry
2.0x10° 5 3in Table 4), to 9.65¢ 107 for CUBI/TMPA (entry 7 in Table
4), and to 1.54x 104 for CuBr/MesTREN (entry 14 in Table
0.0 , . . . . 4). Thus, the relative activity of the catalysts derived from the
0 1000 2000 3000 4000 5000 ligands increases in the order bpy (¥) PMDETA (20) <
tis) TPMA (2500) < MesTREN (40 000). These results are in very
Figure 9. V"J‘f”aﬂotr;]gfnzv‘v’ﬁet fl?;t?;:rrv(())ma%pf%imes?r;ﬁl)étfigonm( Fis)Ch[g: good agreement with previous measurements and estitfatés.
g?ﬁﬁﬁgﬂ)': r[%TBriB]OZ 5 nqu, in MeCN at 22°C: ko= 62.4 M- 151 Three structural features of alkyl halides affect their reac-

Katrp = 9.65x 107%, ki = 2.5 x 10° Mt s (entry 7 in Table 4). The tjvities and equilibrium constants. Generally, tertiary alkyl
solid line is drawn at the maximum possible value of Y, i.&nax= Co. halides are more active than secondary alkyl halides, which are
more active than primary alkyl halides. Indeed, Kxgrp value

for EtBriB (entry 3 in Table 4) is 20-fold larger than that for
MBIP (entry 6 in Table 4) when CBr/PMDETA is used as
the catalyst and is 30-fold larger than that with' BuTPMA
(entries 7 and 11 in Table 4). Th&rrp value for PEBr (entry

8 in Table 4) is 7 times larger than that for BzBr (entry 10 in
Table 4) with CIBr/TPMA as the catalyst.

To check the validity of the newly derived equations over a
range of conditions, experiments were carried outKafrp
ranging from~10-9to as high as~10~* for both nonequimolar
and equimolar reactions. When determining Kagp value,
high conversion to X Cu' may be reached. The concentration
range of the Cuspecies Co) is limited because of its relatively
low solubility. Therefore, an excess of initiatdip) over the

Cu species was used for reactions with relatively sializp Another important parameter is the nature of the radical
(slow reactions) values, whereas equimolar concentrations ofStabilizing group. The most stabilizing is the nitrile group,
lo and Co were used for reactions with relatively laré@rrp followed by the phenyl and then by the ester groups. Thus, the

(fast reactions) values. A typical plot for a reaction with an Katrevalue for secondary BrPN (entry 2 in Table 4) is 18 times
equimolar concentration ¢§ andCy is shown in Figure 8. The  higher than that for PEBr (entry 4 in Table 4) which is in turn

plot is straight with the intercept being identical to the expected 8 times higher than that for MBrP (entry 6 in Table 4) using
one Eexp= 66.5,cn = 66.5), givingKatre = 9.65x 1076, On CUBr/PMDETA. A similar trend is observed for the TPMA-

the other hand, the plot with Y~ t¥3 shows a pronounced based catalyst. These results are in good agreement with DFT
curvature. Katre (initial) = 2.53 x 1075, Karre (final) = 1.38 calculations of BDEs of various ATRP initiatot3.
x 1077, Katrp (av) = 3.35 x 1077.) The values ofKatrp The third important parameter affectikgrre is the halogen.
obtained for other nonequimolar and equimolar reaction systemsValues ofKarrp for R—Br are 6 to 10 times larger than those
are listed in Table 4 and discussed in the subsequent section.
To illustrate the excellent agreement of experimental data, (40) 1960be't B.; Matyjaszewski, KMacromol. Chem. Phy200Q 201, 1619~
simulations, and values calculated using the new eq 9, they were41) Qiu, J.; Matyjaszewski, K.; Thouin, L.; Amatore, ®lacromol. Chem.
plotted in Figure 9 together with values calculated using the Phys.200Q 201, 1625-1631.

1 (42) Gillies, M. B.; Matyjaszewski, K.; Norrby, P.-O.; Pintauer, T.; Poli, R
classic PRE eq 2. The vallkg; = 62.4 M~1 s~ was measured Richard, P.Macromolecule003 36, 8551-8559.
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for Cl-based systems (entry 8 vs entry 9 and entry 11 vs entry
12 in Table 4). These differences indicate that theBE bond

is relatively weaker than the-&CIl bond in comparison to the
Cu—Br and Cu-Cl bonds. These results are also in good
agreement with previously reported valuesafrp for styrene
polymerization at higher temperaturs.

y=8.14x10°+3.67x10™"°

We are currently studying rate constants of activation for the
same ATRP systems and will be able to calculate rate constants
of deactivation and reach a deeper insight into ATRP systems.
This will allow the correlation of structures of the involved
reagents with the reactivities in both activation and deactivation

1.0x10* 1.5x10* 2.0x10*

t(s)

5.0x10°

processes.

Values ofKarrp reported in Table 4 also indicate that they

are not sensitive to the ratio of reagents (entry 4 vs 5 and entry

12 vs 13 in Table 4). Variations in the ratio provide similar

Figure 10. Experimental determination ¢fatrp using GC via eq 12R(1)
vst): [CUBI/PMDETA]o = 20 mM, [EtBriB]o = 1 mM, in MeCN at 22
°C (entry 15 in Table 4).

The plot is a straight line, and the calculated valu&gfrp

Karre values, and even reversing the excess of the initiator over (6.06 x 108, entry 15 in Table 4) is comparable to that obtained
the catalyst (entry 15 vs 4 in Table 4) still gives the same values by using UV-vis spectrometry (7.46& 1078, entry 3 in Table

of Katrp. The former was measured using GC rather thar-UV

4). GC (or NMR) may have some advantages over-tis

vis spectrometry and required some adjustment of the derivedspectrometry because all products of the reactions can be

equation (vide infra).

H. Evaluation of the Validity of the New Equations for
Determination of Katrp by GC (Cp > o). Analogous to the
procedure of following the concentration of the-Xu' species
(Y) by UV—vis spectrometry, one can monitor the initiator
concentration I by other analytical techniques such as GC,
NMR, HPLC, etc. Similar equations can be obtained by
substituting Y= 1o — | into eq 7.

For Cyo = |g
16Co V[ 1 2 In( | ) N
Co—lof \CA  1Co(Co—1g) \Cot 11
1 2
| = &Kyt + €
|02(C0+ = 1)
Co V3 1 2 l
wherec' = + In—+
(CO - IO) (C02|0 Ioco(co - Io) C0
1
11
|02c0) an

Figure 10 shows a plot used for the determinatioiKgfrp
following the concentration of the initiator by GC, where

1,Co |2
F(I)=(C — ) (%Jr Z_
0~ lof \Cy1  16Co(Co

|
3"le )

1
e
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independently analyzed.

Conclusions

New equations were derived for the evolution of the persistent
radical (Y) over time for both nonequimolar and equimolar
ATRP reactions. From these new equatidfg;rp values were
obtained for several ATRP systems using-Ws spectrometric
or GC measurements. Fischer’s original equations for the
persistent radical effect could be used only for a low amount
of persistent radical formation and consequently for systems
with relatively low Karrp values. For higher conversion and
for more reactive systems, significant deviations from linearity
in tY3 plots are observed. The same methodology can be applied
to NMP and other systems controlled by the persistent radical
effect. In a forthcoming paper, we will analyze in more detail
the kinetics and peculiarities of such systems.
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