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A quantum chemical study is presented reportingntbelynamic and kinetic data
obtained at various levels of theory for a setamhpounds and reactions related to in-situ
Nitroxide Mediated Polymerization (NMP). In-situ NMis a newly developed method
allowing the synthesis of well-defined polymer Idhseon a reversible
recombination/dissociation reaction. BMK/6-311Gjd,;5 shown to be the most
appropriate level of theory for the dissociatioraations involved. In particular,
influences of the nitrone structure on reactioartiodynamics and kinetics can be
described well. Furthermore, this study offers sidban which other nitrone compounds
may be evaluated for their use in in-situ NMP.
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1. Introduction

Controlled radical polymerization (CRP) is a promgspolymerization technique that
enables to produce well-defined, end-functionalizgalymers at less stringent
experimental reaction conditions than living iopmlymerization. An interesting and
polyvalent CRP method is Nitroxide Mediated Polyir&ion (NMP) [1]. The
control of the NMP process is based on a reversieBleombination between
propagating species ¢Pand nitroxide with the formation of alkoxyamireeé Figure
1), resulting in a low radical concentration andnée, leading to a suppression of
undesired termination reactions. A recently devetbpgype of NMP is in-situ
Nitroxide Mediated Polymerization (in-situ NMP) [2jh which the nitroxide and
alkoxyamine are formed in the polymerization mediitself, based on precursors
such as nitrones (RN(O)=CHR, R = alkyl group), o0str compounds (RN=0O, R =

alkyl group) etc.



In this work, a quantum chemical study is presemgpdrting thermodynamic
and kinetic data obtained at various levels of thdor a set of compounds and
reactions related to in-situ NMP. The selectionaofost-efficient method to study
these compounds and reactions was done by compasfstalculated ab initio data
with experimental data or with values obtained frdnigh level benchmark
calculations. Subsequently, the most appropriatel lef theory was applied to the
calculation of nitroxide- and alkoxyamine-formingactions of a typical initiating
system comprising 2,2’-azobisisobutyronitrile (AIBNstyrene and a nitrone.
Following nitrones were considered: N-tert-butylsopropylnitrone (iPBN), N-tert-
butyl-a-tert-butylnitrone (BBN), C-phenyl-N-tert-butylngne (PBN), 5,5-dimethyl-1-
pyrrolidin-N-oxide (DMPO). It is shown that the seted level of theory captures
well the difference in reactivity of these nitrones
2. Computational procedures
All calculations have been performed with eithez @aussian03 suite of programs
[3] or the Turbomole computational package [4, 5]. An extensive setD&T
functionals is applied. Generalized Gradient Appr@ation (GGA) functionals are
considered: B3LYP, B3P86, BHandHLYP, BMK, MPW1PW8ahd BB1K. The
newly developed double hybrid exchange-correlafiorctional, B2-PLYP, and the
dispersion-corrected method, B97-D, are also usdding to the scarceness of
experimental data, calculations are also performusthg high-level composite
methods, G3B3, and complete basis set method CB%-@Rlculations on the
B3LYP, B3P86, BHandHLYP, BMK, MPW1PW91, BB1K levels theory are
combined with various Pople split-valence basis:set311G, 6-311G(d,p) and are
calculated with the Gaussian03 package (also apite the composite methods).

Turbomole is used for single point energy calcoladi with B2-PLYP (basis sets:



cc-pVQZ and QZVPP as suggested by Grimme [6]) a@d-B (with the TZVPP
basis set) on B3LYP/TZVPP optimized structures.

For G3B3 and CBS-QB3, the default scaling fact@sduare 0.96 and 0.99.
For the B2-PLYP method, a scaling factor of 0.9applied on the B3LYP/TZVPP
calculated frequencies, as suggested by GrimmeFd].all other DFT methods, a
scaling factor of 0.99 is selected, which is clesdhe value of 0.9877 advised by
Andersson and Uvdal [7] for scaling DFT/trigfleZPVEs. Standard enthalpies of
formation, molar entropies, bond dissociation elpilea and rate coefficients are
calculated.
3. Resultsand discussion
From the results of the level of theory study, pprapriate method is determined to
describe compounds and reactions involved in wn{SiMP by comparing calculated
data with experimental data and benchmark commmali data, obtained with
composite methods. The test set of the level obrihetudy consists of initiator-
related compounds such as AIBN and benzoyl perofO) and their radicals
(structures 1-6 in Figure 2), nitrones, nitroxidesl alkoxyamines (structures 7-13 in
Figure 2), and also monomer- and polymer-relatedcsires, such as styrene,
benzene, ethyl benzene and corresponding radetalgiures 14-20 in Figure 2).

It was found that the standard enthalpies of folonedre best described by the
composite G3B3 method with a Mean Average Deviatiom experiment, MALRy,
of 4.2 kJ mot. This composite method, however, is only applieatr the small
molecules. Hence, G3B3 is used only as benchmasxtend the test set for the
evaluation of the other methods. The Mean Averageiddions of the enthalpies of
formation from benchmark G3B3 data are given inufeg3. Considering only the

DFT methods, the B2-PLYP/cc-pVQZ method is cledhg best performing with a



MAD ¢y, Of 6.4 kJ mof and a MAD from G3B3 benchmark results of 14.6 kd'm
For larger systems, however, the MP2 contributeothe B2-PLYP results scales with
N® (N being the number of basis functions), wheregsilar DFT methods scale with
N3. The order of increasing performance for the ragdFT methods is BMK/6-
311G(d,p), MPW1PW91/6-311G(d,p), B97-D/TZVPP. Molkamntropies have also
been calculated and evaluated. It can be seerhbatifference between the various
methods is rather limited and will therefore notdiscussed in further detail.

Considering dissociation (recombination) reactiorBond Dissociation
Enthalpies (BDEs) are calculated for the followiggctions: GHsCOO-OOCGHSs,
NC(CHs)2,C-NN-C(CH;).CN, CH,COO-OOCCH, H,NO-H, TEMPO-H, TEMPO-
CHCH;C¢Hs, H-CHCH;CgHs, H-CgHs, H-CH,CH3;CHCsHs, The Mean Average
Deviations of the BDEs from experimental data akemin Figure 4. For reaction
enthalpies, BMK/6-311G(d,p) is found to outperforai other methods with a
MAD ¢y, 0f 9.5 kJ mot.

As shown in Figure 1, the mechanism of NMP is basada reversible
recombination/dissociation reaction. Hence, itXremely important to describe the
thermodynamics of this kind of reactions well. Fois, BMK/6-311G(d,p), the best
performing DFT method for the prediction of BDE uised.

Kinetic and thermodynamic data obtained with thekB684311G(d,p) level of
theory are reported on reactions typical for theating system of an in-situ NMP as
proposed by Sciannamea et al. [8] In this studg, ftrmation of a nitroxide by
addition of an AIBN radical (NC(Ck).Ce) to the following nitrones is reported: N-
tert-butylo-isopropylnitrone (iPBN), N-tert-buty-tert-butylnitrone (BBN), C-
phenyl-N-tert-butylnitrone (PBN), 5,5-dimethyl-14pglidin-N-oxide (DMPO). In

Table 1, the reaction enthaIQMHgddition, the equilibrium coefficienK and kinetic



parameters (pre-exponential fact&y activation energye, and the rate coefficient
kiorwarg fOr the forward reaction) for the addition of NG{¢).Ce to nitrones are given.
Note that the rate of formation of the nitroxides o be sufficiently high to obtain an
amount of nitroxides that is able to trap presadiaals reversibly and, hence, control
the polymerization. From Table 2, it is clear thatoxide formation increases in the
series: BBN < iPBN < PBN < DMPO.

The recombination/dissociation reactions of themked nitroxides with an
AIBN radical (NC(CH).Ce) and with GHsCeHCH,C(CH;),CN are also
investigated. The reaction enthalpies and equilibrcoefficients are given in Table
2. A high value of the equilibrium coefficient cesponds with a stable alkoxyamine
and leads to a slow polymer growth resulting inypars with a low number average
molar mass. Hence, a trade-off is required betwaesufficiently fast nitroxide
formation and a not too slow dissociation rate led formed alkoxyamines. From
Table 2, it can be seen that the nitroxides forfneth DMPO are rapidly trapped but
that the formed alkoxyamines decompose slowly asy tlare very stable.
Polymerization with DMPO as precursor for the nitdes can thus be expected to
proceed slowly. For the other 2 nitrones (BBN aR&N), in which the phenyl-
substituent (PBN) is replaced by a tert-butyl gr¢BBN) or isopropyl group (iPBN),
steric effects are more important than for the atgyhenyl group in PBN. The higher
steric constraints caused by substitution of thenghgroup by an isopropyl group in
iIPBN can be clearly seen in the kinetic and therynadhic parameters: a less stable
nitroxide is formed at a slower rate. This resuita lower amount of nitroxide (and
thus also alkoxyamine) formed and in a polymer withigher number average molar
mass. This effect is even more pronounced in te cathe tert-butyl substituent in

BBN as can be seen in Table 1. These steric eféeetalso seen in the stability of the



alkoxyamines: alkoxyamines formed from iPBN and BRiXe less stable and
decompose easily (Table 2).

From the set of molecules considered, PBN can peat&d to offer the best
trade-off between control and required polymeraatiime. Indeed the initiation
efficiency corresponding with BBN and iPBN is tam, indicating that the amount
of nitroxides present in the medium is not suffitieo reversibly capture the formed
radicals, and the alkoxyamines corresponding withPl® decompose too slowly.

In general, the structural effects on the kineéind thermodynamics of these
addition and recombination reactions are in agre¢méh the experimental findings
of Sciannamea et al. [8]. These authors found EMPO has the highest initiation
efficiency, i.e. the highest yield of nitroxidestbeads to polymers with a lower
number average molar mass, relative to the useBdf & a nitrone and that poor
control is obtained with BBN and iPBN as nitronetence, it can be expected that
the selected computational procedure will allova$sess other nitrone compounds for
their use in in-situ NMP.

4. Conclusions

A level of theory study has been performed on mdéscand reactions related to in-
situ Nitroxide Mediated Polymerization. The BMK/@835(d,p) level of theory is

preferred for the description of reactions. ApptylBMK to investigate the influence
of the nitrone structure on elementary reactionslired in in-situ NMP, shows

significant differences between the various nitsire agreement with experimental

findings.
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Table 1. Formation of nitroxides (in-situ) at 298d€dition of NC(CH),Ce to

nitrone.
Addition of NC(CH;),Ce to nitrone (formation of nitroxide)
Nitrone 0 log
° Ar H addition K (Am3kmol’s?)  E, Krorwarc
N kJ moi*  m®kmol* kJ mo* m°kmorl’s?
iPBN: R'=tB, R"=IP -96.88 7.00 %0 4.09 50.79 1.47 10
BBN: R'=tB, R"=tB -90.26 1.28 f0 4.78 58.62 3.06 19
PBN: R=tB,R"=@  -112.21 1.6610 4.58 2850 3.671b
DMPO -141.17 14219 4.75 7.61 2.49 10




Table 2. Formation of alkoxyamines (in-situ) at 20§1) recombination of
nitroxides with NC(CH),Ce and (2) recombination of nitroxides with
CsHsCeHCH,C(CH;3).CN (initiated styrene).

Alkoxyamine 2)P=
o—p (1) P =eC(CHs),CN  CgHsCeHCH,C(CHs),CN
R'_N%R,, AHY  Kreomn=kdka ArHZ  Kreomio= Kok
R kmol*  mPkmol*  kJ mol* m® kmol*
R=NC(CH,).Ce, R'=tB, R"=iP  -68.67 1.58 80 -94.65 6.01 1
R=NC(CH;).Ce, R'=tB, R"'=tB  -61.81  9.7110 -45.96 3.20 10
R=NC(CH;).Ce, R'=tB, R"=@  -85.03 14630 -66.5 3.01 10

DMPO -116.7 50010 -118.74 7.79 10




dead polymer

o V K o—P
/ © /
R—N + P = R—N
pa— ks pa—
R ks R
+M (monomer)

nitroxide alkoxyamine

Figure 1. Basic principle of NMP: P = propagatiaglical; R, R’, R” = alkyl groups;
M = monomer; k ki k;, k = rate coefficients for propagation, dissociation
(activation), coupling (deactivation) and termioatreactions respectively.
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(12) dimethyl nitrone (13) C-phenyl-N-tert-butyl nitrone (PBN) (14) styrene
(15) 1-methylethyl benzene (16) benzene (17) ethyl benzene
(18) (19) phenyl radical (20)

Figure 2. Test set: initiator-related structure$)1nitrone- and nitroxide-related
structures (7-13) and monomer-related structureshydrocarbons (14-20).
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Figure 3. Mean Average Deviation of enthalpiesarsfrfation from G3B3 benchmark

data.
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Figure 4. Mean Average Deviation of BDEs from expental data.



