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Enthalpies for thegs-scission reactions,'BC(Z)SR — R'SC(Z)=S + *R (for R, R = CH3, CH,CHs, CHx-

CN, C(CH;).CN, CH,COOCH;, CH(CH;)COOCH;, CH,OCOCH;, CH,Ph, C(CH),Ph, and CH(CH)Ph and

Z = CHjs, H, CI, CN, CF, NH;, Ph, CHPh, OCH, OCH,CHs;, OCH(CH;),, OC(CH)3, and F) have been
calculated using a variety of DFT, MP2, and ONIOM-based methods, as well as G3(MP2)-RAD, with a view
to identifying an accurate method that can be practically applied to larger systems. None of the DFT methods
examined can reproduce the quantitative, nor qualitative, values of the fragmentation enthalpy; in most cases
the relative errors are over 20 kJ mband in some cases as much as 55 kJfadlhe ROMP2 methods fare

much better, but fail when the leaving group radical) (R substituted with a group (such as phenyl or CN)

that delocalizes the unpaired electron. However, provided the primary substituents on the leaving group radical
are included in the core system, an ONIOM-based approach in which the full system is studied via ROMP2
(or SCS- or SOS-MP?2) calculations with the 6-313(3df,2p) basis set and the core system is studied at
G3(MP2)-RAD can reproduce the corresponding G3(MP2)-RAD values of the full systems within 5%J mol
and is a practical method for use on larger systems.

1. Introduction kinetic scheme and often make additional simplifying assump-
tions (such as the steady-state assumption), and these are a
potentially large source of systematic error. For example,
weight and architecture in free-radical polymerizatiofihe depending upon the type of data measu_red and t_he associated
lmodel-based assumptions used, alternative experimental values

process can be used to generate complex macromoleculafor the equilibrium constant in cumyl dithiobenzoate mediated
architectures such as comb, star, and block copolymers for use q y

S . . C . lymerization of styrene at 60C differ by 6 orders of
in bioengineering and nanotechnology applicatid@antrol is polym 4 - . .
achieved by protecting the majority of the propagating species magnitude** Computational chemistry offers an attractive

from bimolecular termination through their reversible trapping tsotjt'ort] tgitrgsdﬁmt;:emv{,i?; I ?Irlows fror t:]e I'(?r?'\;;dlﬁl :jeallcglonsd
into a dormant thiocarbonyl compound as follows: 0 be studie ectly, outrecourse to Kinelic modet base

assumptions. However, to study systems that are large enough

Py Se s S.-.8. Sy 8. R to be of relevance to free-radical polymerization, reliable low
MU TR ST RER = T MU cost theoretical procedures are required.

z In an earlier study,we examined the performance of a wide

A delicate balance of the rates of these various reactions isrange of theoretical procedures for studying radical addition to
required, so as to ensure that the dormant species is orders o£=S bonds. In general we found that low-cost methods, such
magnitude greater in concentration than the active species, ands B3-LYP/6-31G(d), provided an excellent approximation to
the exchange between the two forms is rapid. The reactivity of high-level CCSD(T)/6-311G(d,p) geometries and frequencies,
the RAFT agent must thus be tailored to match the reactivity provided transition structures were corrected via an IRCmax
and stability of the polymeric propagating radical; information approach. Indeed, provided the energies are calculated at a
on the mechanism, kinetics, and thermodynamics of theseconsistent level of theory and transition structures are corrected
individual steps can greatly assist in the design of optimal RAFT Via IRCmax, the reaction barriers and enthalpies*@ir; +
agents. S=CRR (R, R = H, CHg) vary by less than 1 kJ mol,

As in any complex multistep process, the kinetics and regardless of whether low levels such as B3-LYP/6-31G(d) or
thermodynamics of the individual reactions are difficult to study HF/6-31G(d) or higher levels such as CCSD(T)/6-3G(d,p)
via experimental approaches without recourse to kinetic model- are used for the geometry optimizaticnkikewise, provided
based assumptions. This is because the experimentally observthe recommended scale factors are usetle zero-point
able properties of the process are not the rates and equilibriumvibrational energy (and hence the frequency calculations) at
constants of the individual reactions, but rather the overall these lower levels of theory agrees to withir2.kJ mol? of
polymerization rate, the average molecular weight distribution the CCSD(T)/6-31+G(d,p) calculation8.However, in contrast
of the resulting polymer, and the concentrations of some of the t0 geometries and frequencies, high-level composite methods
major species. To infer the individual rate and equilibrium Wwere found to be necessary for accurate absolute barriers and
constants from these measured quantities, one has to assume €nthalpies, with calculations at the ROMP2/6-313(3df,2p)
level of theory offering reasonable performance for larger
* E-mail:mcoote@rsc.anu.edu.au. systems. However, this original assessment focused on the
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The reversible-additionfragmentation-transfer (RAFT) pro-
cess is an important new method for controlling the molecular
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SCHEME 1 measured at the lower level of thed&This approximation is
Ho H, My " Gome . valid provided that the low level of theory measures the
HC onConConCicnx N GH:X substituent effect accurately. We recently demonstrated that an
' lH;‘0=CHX : H,C= CHX ONIOM-based approach, in which the core system (as illustrated

in Scheme 1) was studied at G3(MP2)-RAD and the substituent
effect at ROMP2/6-312G(3df,2p), provided an excellent
prototypical reactionsCHz + S=CRR (for R, R = H, CHg), approximation to standard G3(MP2)-RAD for the propagation
so that the results could be benchmarked against both experimenteaction in radical polymerizatiof?. In the present work, we
and high levels of theory, such as W1n our more recent  design and evaluate an ONIOM-based method for studying
studies of practical RAFT-related systeffsye have noted that  RAFT polymerization.
the ROMP2/6-311G(3df,2p) method can suffer large errors  |n what follows, we calculate enthalpies for tfiescission
for reactions involving delocalized radicals, such@is,Ph and reactions, RSC(Z)SR— R'SC(Z)=S + °R, using a variety of
*C(CHy)LCN. It is therefore necessary to find a more accurate pET, MP2, and ONIOM-based methods, as well as G3(MP2)-
low-cost method that remains suitable for these “problematic” RAD, with a view to identifying an accurate method that can
systems. be practically applied to larger systems. To ensure a compre-

The purpose of the present work is to identify and benchmark hensive testing of the various methods, a wide variety of
reliable low-cost theoretical procedures for studying the addi- sypstituents are considered, including combinations of'Rs R
tion—fragmentation processes in RAFT polymerization. Three CH, CH,CH;, CH,CN, C(CH;).CN, CH,COOCH;, CH-
main classes of method are examined: DFT-based methodscH,)COOCH;, CH,O0COCH;, CH,Ph, and CH(CKH)Ph and Z
MP2-based methods, and ONIOM-based methods. Density= CH, H, CI, CN, CR, NH,, Ph, CHPh, OCH, OCH,CHs,
functional theory (DFT) is now widely used as a computational OCH(CHy),, OC(CH)s, and F.
chemistry tool and is found to provide reasonable accuracy at
modest computational cost for a wide range of chemical 5 Theoretical Procedures
systems? In our original study, we found that the popular hybrid
DFT methods, B3-LYP and MPW1K, weneot suitable for Standard ab initio molecular orbital theory and density
studying the energetics of these radical addition reacfions. functional theory (DFT) calculations were carried out mainly
However, a number of “new generation” functionals (including using the GAUSSIAN 03 software, though MOLPRO 20023
BB1K,1! MPW1B9512 MPWB1K,2 and BMK!3) have since was utilized for restricted open-shell coupled cluster calculations.
been developed, and appear to provide improved results for theEnthalpies were calculated for the varigiscission reactions.
kinetics and thermodynamics of other types of chemical To allow for a consistent comparison between the various
reactions, though problems in their treatment of relative bond methods, all geometries were optimized with B3-LYP/6-31G-
dissociation energies (and hence relative radical stabilities) and(d) and all corrections for the zero-point vibrational energies
hydrogen abstraction barriers and enthalpies have been recentlyvere calculated using scafdB3-LYP/6-31G(d) frequencies.
noted!415With the growing interest in applying DFT methods As noted above, our previous assessment studies (both for
to problems in free-radical polymerization, it is of interest to radical addition to &S bond8and for a range of other radical
evaluate their performance for the RAFT systems. reactiond*23 indicate that, due to substantial systematic cancel-

Second-order MgllerPlesset (MP2) theory offers an alterna- lation of error, low levels of theory such as this yield reliable
tive low-cost approach to studying larger chemical systems. As geometries and frequencies, even when their predictions of the
noted above, in our previous studies of radical addition+o C  reaction energetics are poor. Improved relative energies were
S bonds:89 standard (restricted open-shell) MP2 theory was then calculated using a range of methods including various DFT,
found to provide the best low-cost performance, except when MP2, and ONIOM-based methods, as well as G3(MP2)-RAD.
the reactions involved highly delocalized radicals. Recently, two For the open-shell species, all DFT calculations were carried
modifications of MP2, namely spin-component-scaled MP2 out using unrestricted wave functions, whereas the ab initio
(SCS-MP236 and scaled-opposite-spin MP2 (SOS-MP2) have calculations used restricted open-shell wave functions.
been introduced to provide an improvement over the perfor- In the present work we treat G3(MP2)-RAD as our bench-
mance of standard MPZ.Initial testing of these methods has mark level of theory. This high-level composite procedure aims
produced very promising resul@l’and it is therefore of interest  to approximate URCCSD(T) calculations with a large triple-
to evaluate their performance for the “problematic” RAFT basis set via additivity approximations, and has been demon-
systems. strated to provide “chemical accuracy” (ca. 5 kJ mpwhen

The ONIOM method of Morokuma and co-work&rsffers assessed against large test sets of thermochemicatdata.
another possible strategy for obtaining accurate energetics at ehave previously assessed the performance of this method for
modest computational cost. In this method, one first defines a studying the kinetics and thermodynamics of a variety of radical
“core” section of the reaction that includes all forming and reactions, including radical addition to=€S double bonds,
breaking bonds, and the principal substituents attached to themradical addition to &C bonds?® bond dissociation energi€s
In forming the core system, deleted substituents are replacedand hydrogen abstractiéfin general, the errors in this method
with “link atoms” (typically hydrogens), chosen so that core are small (usually less than 5 kJ m#l when compared with
system provides a good chemical model of the reaction center.both higher-level procedures (including G3X-RAD and W1) and
For instance, in the oligomeric propagation reaction,sCH also reliable gas-phase experimental data. For the specific case
CHXCH;CHXCH,CHXCH,CHX* + CH,=CHX, the core of radical addition to &S bonds the errors are slightly larger
could be modeled a€H,X + CH,=CHX (see Scheme 1). The  (ca. 11 kJ mot?), but the relative errors are negligible@.5
core system is studied at both a high level of theory and also atkJ mol1). Thus, for accurate absolute values, the G3(MP2)-
a lower level, while the full system is studied only at the lower RAD values could themselves be corrected to “approximate”
level of theory. The high-level barrier (or enthalpy) for the full W1 values via an ONIOM-based approach (see below) in which
system is then approximated as the sum of the high level barrierW1 is used to study the reaction core (i.¥cHz; + S=CH,)
(or enthalpy) for the core system and the substituent effect, asand G3(MP2)-RAD to study the substituent effects. We have
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recently shown that calculations at this “W1-ONIOM” level are
capable of reproducing experimental equilibrium constants for
radical addition to thioketones to within a factor of"2n the

present work, we search for a low cost method that can be used

as a substitute for the G3(MP2)-RAD component of this
calculation for larger systems, either directly or in combination
with G3(MP2)-RAD as an additional ONIOM layer. For the
sake of clarity, in the present work we compare our results
directly with the G3(MP2)-RAD values.

The DFT calculations were performed using the 6-8Gt
(3df,2p) basis set and a variety of hybrid functionals. These
include the popular B3-LYP methdd, and a number of
relatively new functionals, including KMLYP® BB1K,1
MPW1B9512 MPWB1K 2 and BMK 13 These latter functionals
have been specifically optimized to give improved performance
for studying the thermodynamics and/or kinetics of chemical
reactions. KMLYP is a hybrid 2-parameter functional in which

the exchange functional is a mixture of Slater exchange and.

exact exchange (55.7%). This method differs from the other
DFT methods in that it includes an additional empirical

correction term, somewhat analogous to the higher-level cor-
rection (HLC) term in the G3-based methods, which depends
on the number of unpaired electrons and the number of lone
pairs. However, it should be noted that, unlike the G3-methods,

this HLC term does not cancel from the fragmentation enthal-
pies, and makes a substantial contribution (32.3 kJ Hab

the results. The other new functionals are hybrid meta-GGA
functionals, which depend on the kinetic energy density. The
BB1K!! functional is based on a hybrid version (called B1B95)
of Becke’s BB95 functional® but with the fraction of HF
exchange reoptimized for the prediction of kinetics. MPW1B95
and MPWB1K both comprise the modified Perdew and Wang

1991 exchange functional and Becke’'s 1995 meta correlation

functional, the difference being that the former was optimized
for thermochemistry, whereas the latter was optimized for
kinetics? The BMK functional is somewhat different to the

others, as it simulates a variable exact exchange. This is achieve

by the combination of exact exchange (42%) and terms
depending on the kinetic energy density. This combination is
intended to lead to a “back-correction” for excessive HF
exchange in systems where that would be undesifdble.

The ROMP2 relative energies were also computed with the
6-311+G(3df,2p) basis set. In addition to standard ROMP2, two
recent modifications of second-order Mghdrlesset theory,
namely spin-component-scaled MP2 (SCS-MPahd scaled-
opposite-spin MP2 (SOS-MP2j,were also employed. Both
methods are based on the idea that the correlation enEgy (
can be split into two components:

E.=Est+ E; 1)
whereEs is the contribution from opposite-spin electron pairs,
whereas same-spin electron pairs contributétorhe original
idea by Grimmé&® was to approximate the correlation energy
by applying separate scaling factors for the two contributions:

E.~ psEs + prEr 2

The scaling factorsps = %5 andpr = /3) were obtained through
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in an efficient way, SOS-MP2 offers the possibility of signifi-
cantly reduced computational cost for larger systems (compared
with standard MP2), as it is possible to formulate it as a fourth-
order (rather than fifth-order) methddBoth modifications of
the standard MP2 method have proven to work well for the
prediction of enthalpies and barrier heights for a variety of
chemical systems, and give accuracy comparable to that of
QCISD(T)16.17.31
For the “disubstituted” systems (i.e., systems in whacth

Z and R are not Chj, enthalpies were also calculated via
ONIOM, using G3(MP2)-RAD for the core system and either
ROMP?2 or the various DFT methods for the full system. In the
B-scission reaction, C}$C(Z2)S—R — CH3SC(Z)=S + *R, the
core system for the ONIOM calculation should ideally include
the full Z-substituent (as this is typically a functional group such
as phenyl) and all of the-substituents on leaving*Radical.
However, for certain RAFT-agent substituents, such core
systems are currently too large for practical G3(MP2)-RAD

alculations. So two smaller core systems were designed, one
the “R-core”) in which alla-substituents on the leaving' R
radical are included but the Z-group is replaced with a;CH
substituent, and one (the “Z-core”) which the leavirtg&ical
is replaced with methyl but the Z-group is included in full (see
Scheme 2). We also considered a simpler system (thes=*CH
core”) in which both the R- and Z-groups were replaced with
methyl. For those systems for which full G3(MP2)-RAD
calculations are possible, we compare the results obtained via
ONIOM using the alternative core types, to establish whether
any of them are suitable for the larger systems.

3. Results and Discussion

Fragmentation enthalpies for R(Z)SR— R'SC(Z=S +
*R were calculated using a variety of DFT, MP2, and ONIOM-
based methods, as well as G3(MP2)-RAD. Table 1 shows the
enthalpies for systems in which the R-group is varied%R
CHs, CH,CHs, CH,CN, C(CH;).CN, CH,COOCH, CH-
(CH3)COOCH;, CH,O0COCH;, CH,Ph, C(CH),Ph, and CH-
(CH3)Ph), while R = Z = CHs. Table 2 shows the enthalpies
for systems in which the 'Ryroup is varied (R= CHg, CH,-
CHjs, CH,CN, C(CH)2.CN, CH,COOCH;, CH(CH;)COOCH;,
CH,OCOCH;, CHyPh, and CH(CH)Ph), while R=Z = CHs.

fitting to experimental enthalpies of formation but justified Table 3 shows the enthalpies for systems in which the Z-group
theoretically in a qualitative manner. The SOS-MP2 method of is varied (Z= CHjs, H, Cl, CN, CF, NH,, Ph, CHPh, OCH,

Head-Gordon and co-workéfsimplifies the SCS-MP2 splitting ~ OCH,CH3;, OCH(CH),, OC(CH)s, and F), while R= R’
scheme by including the opposite-spin components only. A CHs. Table 4 shows results for systems in which both R and Z
slightly larger scaling factops = 1.3 is used to compensate are nonmethyl. It should be noted that the effects of these
for the absence of explicit same-spin correlation. If implemented substituents on the kinetics and thermodynamics of the RAFT
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TABLE 1: Effect of Level of Theory on the Calculated Enthalpies for CH 3SC(CH3)S—R — CH3SC(CH3)=S + ‘R

R CHz CHxCHz CH,CN C(CHs).CN CH,COOCH CH(CH;)COOCH; CH,OCOCH; CH,Ph CH(CH)Ph C(CH).Ph MAX MIN MAD
B3LYP 56.8 46.1 137 -—184 28.9 7.8 43.9 —-0.3 —11.0 —269 —-7.4 -62.1 36.2
KMLYP 68.1 60.8 28.2 4.8 48.1 30.8 64.5 17.2 9.1 -038 3.9 -36.0 17.9
MPW1B95 775 674 36.0 8.8 53.7 354 67.8 25.3 15.6 4.8 1334 13.7
BB1K 774 68.1 36.0 9.4 53.4 34.9 68.0 25.7 15.7 4.9 13320.3 135
MPWB1K 82.1 732 414 16.1 59.6 421 74.6 317 22.3 12.3 729 9.6
BMK 76.3 69.3 40.8 18.1 55.7 40.4 66.7 29.2 20.5 11.7 1223.5 10.0
ROMP2 655 77.9 42.1 40.1 59.0 62.1 76.9 47.5 51.9 51.7 16.5 09 72
SCS-MP2 616 719 37.0 31.7 51.9 51.8 69.9 39.3 41.4 38.6 562 39
SOS-MP2 59.7 68.9 34.5 27.5 48.3 46.7 66.4 35.3 36.1 32.1 98 5.0
G3(MP2)-RAD 64.2 69.9 39.7 33.9 58.1 55.9 75.4 34.2 35.9 35.2 0 0 0

a Enthalpies (0 K, kJ molt) were calculated using B3-LYP/6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point
vibrational energy. With the exception of the composite procedure, G3(MP2)-RAD, all energy calculations were performed usingtteEiB2)
basis set. Here “min” and “max” refer to the minimum and maximum deviations from G3(MP2)-RAD, while “MAD” is the mean absolute deviation.

TABLE 2: Effect of Level of Theory on the Calculated Enthalpies for R'SC(CH3)S—CH3; — R'SC(CH3)=S + *CHj3

R CHs CH,CHs CH,CN C(CHy)2CN CH,COOCH; CH(CH)COOCH; CH,OCOCH; CHPh CH(CH)Ph C(CH):Ph max min MAD
B3LYP 56.8 57.7 729 85.4 66.7 68.6 66.5 60.0 633 77.25.1 -18.8 11.9
KMLYP 68.1 68.6 84.1 97.2 79.0 85.3 82.8 745 768 922 625 26
MPW1B95 775 77.7 946  107.4 88.5 94.6 91.6 847 8638 102.7 169 6.3 112
BB1K 774 779 929  106.6 86.8 93.0 90.3 836 855 101.7 161 5.0 102
MPWBIK 821 824 981 1115 92.4 99.2 96.3 89.2 910 107.3 210 11.0 15.6
BMK 763 761 927  103.8 87.6 91.9 87.7 829 838 98.6 133 24 87
ROMP2 655 69.9 83.6 91.4 79.6 83.2 88.2 780 777 925 304 1.7
SCS-MP2 616 658  77.0 86.0 73.6 76.3 81.0 714 711 85922 —7.0 4.4
SOS-MP2  59.7 637 738 83.3 70.6 72.9 774 68.0  67.8 82.64.3 -103 7.4
G3(MP2)-RAD 64.2 680  81.0 90.5 78.1 80.2 85.3 759 781 27 0 0 0

a Enthalpies (0 K, kJ mol) were calculated using B3-LYP/6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point
vibrational energy. With the exception of the composite procedure, G3(MP2)-RAD, all energy calculations were performed usingttB{&EB2h)
basis set. Here, “min” and “max” refer to the minimum and maximum deviations from G3(MP2)-RAD, while “MAD” is the mean absolute deviation.

TABLE 3: Effect of Level of Theory on the Calculated Enthalpiest for CH 3SC(Z)S—CH3; — CH3SC(Z)=S + *CH3

Z CH: H F Cl CN Ck NHz Ph CHPh OMe OEt OPr OBu max min  MAD
B3LYP 56.8 68.9 475 675 1200 881 245 832 595 23.7 235 248 2937 -—128 7.1
KMLYP 68.1 809 56.7 831 137.6 1011 28.7 984 741 28.2 283 309 364 14770 5.3
MPW1B95 775 89.3 655 89.2 1428 109.3 424 1064 83.0 394 394 416 46.6 199 6.7 126
BB1K 774 89.7 656 90.1 1434 108.8 41.1 106.1 82.6 38.2 38.0 401 458 205 54 121
MPWB1K 821 942 702 949 1484 1142 454 1110 879 427 426 450 506 255 9.7 16.9
BMK 76.3 882 64.0 87.1 1399 1061 39.6 1043 811 371 36.6 39.1 449 17.0 39 104
ROMP2 655 77.0 448 715 1281 895 364 943 726 26.7 276 310 352 55.4 2.3
SCS-MP2 616 72.6 427 683 120.7 850 327 884 67.6 243 249 281 3216 7.5 4.6
SOS-MP2 59.7 704 417 66.7 117.0 828 309 855 651 231 236 266 318 97 6.5
G3(MP2)-RAD 64.2 742 502 729 1229 920 357 952 723 29.2 298 334 371 0 0 0

2 Enthalpies (0 K, kJ mol) were calculated using B3-LYP/6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point
vibrational energy. With the exception of the composite procedure, G3(MP2)-RAD, all energy calculations were performed usingttB{&iB2h)
basis set. Here “min” and “max” refer to the minimum and maximum deviations from G3(MP2)-RAD, while “MAD” is the mean absolute deviation.

process have been discussed elsewh&?&;36 in the present ~ mol~ but the errors remain nonsystematic and span a range of
work we are concerned solely with the effect of level of theory nearly 10 kJ moi?. Likewise in Table 3, which shows the effects
on the accuracy of the results. In what follows we compare the of the Z-group, the MADs are greater than 10 kJ mMdior
performance of the DFT, MP2, and ONIOM-based procedures most of the DFT methods and for those having lower MADs,
against our benchmark level of theory, G3(MP2)-RAD. the errors still span a range of over 10 kJ ol Not
Performance of DFT. On the basis of the results in Tables surprisingly, when the R and Z groups are both varied (Table
1-4, none of the DFT procedures examined provide an adequate4), an even larger range of errors are observed (ca32kJ
substitute for G3(MP2)-RAD. For example, in Table 1 itis seen mol™1).
that the mean absolute deviations (MADs) exceed 8 kJ ol It is difficult to identify which of the DFT methods tested
for all of the methods examined (B3-LYP, KMLYP, MPW1B95, shows the “best” performance. KMLYP shows the smallest
BB1K, MPWB1K, and BMK), and for the popular B3-LYP  MADs for the systems in which'Rr Z are varied, but still has
method, the error is as much as 36 kJ mMolOf even greater errors that span a range of more than 20 kJthil the latter
concern is the fact that the errors in all of the DFT methods are case, and over 30 kJ mdlwhen R is varied. The newer DFT
highly nonsystematic, spanning ranges of greater than 25 kJmethods (MPW1B95, BB1K, MPWB1K, and BMK) have better
mol~1in all cases (and as much as 55 kJ mah the case of “all-round” performance, but still have MADs over 10 kJ mbl
B3-LYP). In other words, these procedures cannot be used toin most cases, and relative errors of the order of-30 kJ
study the effect of substituents (in this case the leaving group mol~1. For the toughest systems, those in which both R and Z
R) on the fragmentation reaction. In Table 2, which shows the are nonmethyl, BMK tends to perform slightly better than the
effects of the more remote Rubstituent, the errors are generally other DFT methods, having an MAD of 7.8 kJ mglbut even
smaller, but the MADs still exceed 9 kJ mélfor all of the in this case the errors span a range of 20 kJHdlhe main
methods except KMLYP. In this case the MAD is just 2.6 kJ conclusion that may be drawn from these data is that all of the
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TABLE 4: Effect of Level of Theory on the Calculated Enthalpiest for CH3SC(Z)S—R — CH3SC(Z2)=S + *R for R = CH,Ph
(Bz), CH,OCOCHj3 (VAc), and (CH3),CN and Z = CN, F,and OCHs

Z=F Z=CN Z=0CHz
method R=VAc R=C(CHs).CN R=Bz R=VAc R=C(CH),CN R=Bz R=VAc R=C(CH3).,CN R=Bz max min MAD
B3LYP 31.3 —29.0 —-11.2 1028 32.4 61.8 8.5 —46.7 —32.3 —19.6 —50.1 33.0
KMLYP 454 -9.1 3.0 124.9 61.6 84.4 21.3 —34.4 —-21.9 1.3 —36.0 15.7
MPW1B95 49.0 —4.1 10.2 124.9 60.5 87.8 25.3 —25.1 —-11.1 1.3 -26.7 11.1
BB1K 50.6 —4.7 111 127.1 62.4 89.3 24.8 —27.6 —-12.3 35-29.2 113
MPWB1K 55.8 21 16.6  132.8 69.4 95.3 30.9 —21.2 -6.5 9.2 -228 96
BMK 49.2 3.7 13.0 124.1 69.5 90.4 25.1 —-17.5 -9.2 15 -19.1 7.8
ROMP2 47.8 21.2 22.5 127.7 93.8 106.1 30.4 3.5 10.2 1-388 7.0
SCS-MP2 45.3 13.0 175 1198 82.4 95.2 26.2 -5.2 3.0 6.3 —8.0 438
SOS-MP2 44.1 8.9 15.0 115.8 76.6 89.8 24.6 —9.5 —-0.5 1.5 -11.1 6.0
ONIOM (CHjz-core)
B3LYP 38.6 —21.6 —-3.8 110.1 39.8 69.1 15.9 —39.4 —249 —123 —42.7 256
KMLYP 41.4 —13.0 -0.9 120.9 57.7 80.5 17.4 —38.3 —258 —2.7 —39.9 194
MPW1B95 35.6 —17.4 -3.1 111.6 47.2 74.5 11.9 —38.5 —24.4 —12.0 —40.1 241
BB1K 37.3 —18.0 2.1 113.8 49.1 76.0 115 —40.9 —25.6 —9.8 —425 237
MPWB1K 37.9 —15.9 -13 114.8 51.4 77.4 13.0 —39.2 —244 —8.8 —40.8 223
BMK 37.2 —8.3 1.0 112.1 57.5 78.4 13.1 —29.5 —21.2 —-10.5 —31.1 193
ROMP2 49.7 23.1 24.3 129.6 95.7 108.0 32.3 5.4 12.0 19m9 8.0
SCS-MP2 51.1 18.8 23.3 125.6 88.1 101.0 32.0 0.6 8.8 12222 46
SOS-MP2 51.8 16.6 22.8 123.5 84.3 97.5 31.9 -1.8 7.2 9.3 —34 40
ONIOM (Z-core)
B3LYP 33.9 —26.3 -85 105.7 35.4 64.7 14.0 —41.2 —26.8 —17.0 —47.1 29.3
KMLYP 38.8 —15.7 —-3.5 110.2 47.0 69.7 22.3 —33.4 —20.9 —119 —-355 222
MPW1B95 33.6 —19.5 —-51 105.1 40.7 68.0 15.0 —35.4 —21.3 —17.3 —41.8 259
BB1K 35.2 —20.2 —4.3 106.6 41.9 68.8 15.8 —36.6 —21.3 —15.7 —40.6 254
MPWB1K 35.8 —-17.9 —-34 107.2 43.9 69.8 17.5 —34.7 —19.9 —-15.1 —38.6 24.0
BMK 35.4 —10.1 -0.8 107.1 52.5 73.4 17.2 —25.5 —17.1 —-14.3 —30.0 20.2
ROMP2 53.2 26.6 27.8 125.8 91.9 104.1 36.1 9.2 15.8 15.6 19 85
SCS-MP2 52.7 20.4 249 1252 87.8 100.6 34.4 3.0 111 117 02 51
SOS-MP2 52.5 17.3 23.5 124.9 85.7 98.9 33.5 —-0.2 8.8 10.0 —-1.8 43
ONIOM (R-core)
B3LYP 62.8 23.3 23.4 134.3 84.8 96.3 40.0 5.6 2.2 11.9 20 6.5
KMLYP 56.3 20.0 20.0 135.8 90.7 101.4 32.2 —53 —4.9 125 -69 6.7
MPW1B95 56.6 21.0 19.2 1326 85.6 96.8 32.9 00 -—21 9.0 —23 43
BB1K 58.1 19.8 19.6 134.5 87.0 97.8 32.3 -3.1 —-3.8 109 —4.7 55
MPWB1K 56.6 19.9 19.1 133.6 87.2 97.8 31.7 —3.4 —-3.9 10.0 -5.0 5.3
BMK 57.9 195 18.0 132.7 85.3 95.4 33.8 —-1.7 —4.2 91 —-44 43
ROMP2 46.2 15.0 9.2 126.2 87.6 92.8 28.8 =27 —-3.1 51 —-54 42
SCS-MP2 50.8 15.2 12.4 125.3 84.5 90.1 31.7 —-3.0 2.1 20 —-46 21
SOS-MP2 53.1 15.3 14.0 124.8 83.0 88.7 33.2 —-31 -1.6 22 —47 17
G3(MP2)-RAD  50.9 18.9 135 1236 82,5 88.9 34.2 1.6 0.2 0 0 0

a Enthalpies (0 K, kJ molt) were calculated using B3-LYP/6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point
vibrational energy. With the exception of the composite procedure, G3(MP2)-RAD, all energy calculations were performed usingtteEdB2)
basis set. In the ONIOM based procedures, G3(MP2)-RAD was used for the core system, and various levels of theory were adopted for the substituent
effect. For definition of the R-core, Z-core, and Eebre, see Scheme 2. Here “min” and “max” refer to the minimum and maximum deviations
from G3(MP2)-RAD, while “MAD” is the mean absolute deviation.

DFT methods tested fail to model the absolute and relative and delocalize the unpaired electron regardless of whether there
values of the3-scission enthalpies, and new functionals would is an additional phenyl substituent at the radical center. Indeed,
be desirable for this class of reactions. it is the Z-substituents that have the strongest electron with-

Performance of MP2. In general terms, ROMP2 and its drawing capabilities that also show the largest errors, possibly
variants, SCS-MP2 and SOS-MP2, perform much better than because they interfere with the stabilizing effect of the sulfurs.
the DFT methods. In particular when the leaving group (R) is More specifically, the CN Z-substituent, which interacts cap-
held constant (as in Tables 2 and 3), the MADs for standard todatively and is a strong radical stabilizer has an error of 5.2
ROMP?2 are of the order of 2 kJ mdl However, when the kJ mol~1, while fluorine, which is a strong sigma withdrawer
leaving group is varied (Tables 1 and 4), the MADs rise to 7 kJ and destabilizer of the RAFT adduct radical has an errerm#
mol~%; although lower than their DFT counterparts, these errors kJ molL. Nonetheless, in general, ROMP2 provides an excellent
are still unacceptably high. Closer examination of the results substitute for G3(MP2)-RAD, except when the leaving group
confirms that in fact ROMP2 generally shows excellent agree- is substituted with groups that delocalize the unpaired electron.
ment with G3(MP2)-RAD but breaks down when the radical = The other variants of MP2 show similar performance to
leaving group is substituted with groups such as phenyl or CN standard MP2. They show slightly smaller errors in the
that delocalize the unpaired electron. Interestingly, the accuracy“problem” systems, but at the cost of slightly worse performance
is less affected when such groups are included at the radicaloverall. Since SOS-MP2 can be potentially framed as a fourth
center of the RAFT-adduct radical. For example, the error for order method, it shows some promise as a lower-cost substitute
the phenyl-substituted RAFT-adduct is just 0.4 kJ Tol for ROMP2 in larger systems. However, it is clear that none of
compared with 16.0 kJ mol when it is on the leaving group.  the methods provide a sufficiently accurate substitute for G3-
This is probably related to that fact that all of the RAFT adduct (MP2)-RAD for the chemically accurate treatment of larger
radicals have two thiyl substituents that dominate their stabilities, systems.
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Performance of ONIOM. For a number of RAFT systems, SCHEME 3
including those with “problem” Z-groups (F and CN) and ------------mmmmmmmmmom oo ooy

R-groups (C(CH)>,CN and CHPh) it was possible to calculate - FULL: ROMP2/6.311+G(3df.2Yp) -
.CY

systems in which both R and Z were nonmethyl groups at thei H, x—b’c‘c’CH3 H“C‘c'-x <G o CHs
G3(MP2)-RAD level of theory. These were then compared with §H3C><C\|/Y+ se g XYy == HCo . Ses.$ XY
ONIOM values constructed using either the £tdre, Z-core, | Yox ¢ O § ,
or R-core approach (see Scheme 2) in conjunction with various'--------------------- B £
levels of theory for the substituent effect. Not surprisingly, the - oooooooome :
ONIOM values calculated using the Gidore and Z-core ; CH, T CAPERAD CH,
approaches had very large errors because the problem R- ! H3C\T/Y+ S HyCo . Sun.$

: : - c ¢3¢
substituents were not treated at the high level of theory. X 7 Y7X 5

However, the R-core approach fared better, particularly when
used in conjunction with the MP2-based methods. For example,

using ROMP2/6-311G(3df,2p) to measure the substituent : INNER CORE: W1

effect, the MAD was just 4.2 kJ mol, with maximum '
deviations of around:5 kJ mol™. Moreover, in practice the : .
errors might be expected to be smaller than this because the il :

problem Z-groups (CN and F) are small enough to be included

in the core system, and the effects of the larger substituentssystems. Ideally, one should use a very high-level composite
(such as phenyl and benzyl) appear to be well described at theprocedure such as W1 for the entire system; however, since
ROMP2 level of theory. this is currently impractical, a lower-cost strategy is needed.

The SCS- and SOS-MP2 methods are also appear to beOn the basis of the current assessment and our earlier higher-
appropriate for measuring the substituent effect in the R-core level study of prototypical systemisf appears reasonable to
ONIOM method. In these cases, the maximum absolute devia- Study the additiorfragmentation reaction via a 3-layer ONIOM
tions were similar to those obtained using ROMP2, and the method as depicted in Scheme 3. The full system is first
MADSs (1.7 and 2.1 kJ mot, respectively) were actually slightly ~ calculated at the ROMP2/6-33+15(3df,2p) level of theory (or
smaller, though this is possibly because the Z-groups thatits SCS or SOS variants) and then corrected to G3(MP2)-RAD
showed the largest errors with these methods (such as phenyHSing a core reaction that includes thesubstituents on the
and benzyl) were unable to be included in the analysis. Overall, l€aving group but replaces the-group with a CH substituent.
there does not appear to be any significant differences in the The Z-group should preferably be included in full in the core,
performances of SCS-MP2, SOS-MP2, and standard ROMP2but for larger groups such as phenyl and benzyl it can be
(either in isolation or as part of the ONIOM method) and hence replaced with a Ckigroup without significant additional error.
the standard method might be preferred on the basis that it doed inally, the G3(MP2)-RAD value for the core is itself corrected
not depend on empirically optimized parameters. However, as t0 W1, using an “inner core” that includes the principal forming
noted above, if coded efficiently, the SOS-MP2 method is less @nd breaking bonds (i.e:CH; + S=CH,). Although it is
computationally intensive than either SCS-MP2 or standard currently impossible to validate this approach fully (as this

ROMP2, and might be attractive as a substitute for standard Would entail the use of W1 calculations on the full systems),
ROMP2 for larger systems. our stepwise study of the substituent effects in these reactions

suggests that this approach should reproduce the W1 values for
these reactions within an uncertainty of approximately 5 kJ
mol~%, with the accuracy expected to improve further as larger
core sizes become practical.

Despite their problems in modeling the effects of substituents
on these reactions, the DFT methods also fare remarkably well
when used to correct for the substituent effect in the R-core
ONIOM method. Indeed for the best DFT methods (MPW1B95
and BMK), the MADs and range of errors are only marginally
larger than those with ROMP2. As in the case of ROMP2, the

worst errors a.re.obtalned. when the leaving group (R) is varied Australian Partnership for Advanced Computing and the Aus-
and once this is included in the core, much of the error cancels., _ . - : . 2
tralian National University Supercomputing Facility, the award

Howgver, for modqlmg more general a(jdltieinagmentatlon . of an Australian Research Council Discovery Grant (to M.L.C.),
reactions (such as in Scheme 3), one might expect the errors in

the DFT-procedures to be considerably larger. This is becauseand computational assistance from Dr. Damian Moran.
in those situations a typical core system would replace the R
group with methyl, and would include only tlesubstituents

on the leaving R-group. As we saw from Table 2, whereas the
ROMP2 method can model thé-Bubstituent effect accurately,
the DFT methods cannot. Moreover, on the basis of studies of
related systems, such as radical addition+e@double bond®

and bond dissociation energi®s;urrent DFT methods appear
to be generally less reliable than ROMP2 in modeling substituent (1) (a) Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H. PCT Int.

; i ; i Appl. WO 9801478 A1 980115 199&hem. Abstr1998128 115390. (b)
effects on radical stability and thus less suitable for use in Charmot, D.. Corpart, P Michelet, D. zard, . 2. Biadatti. T. PCT Int.

ONIOM-based procedures. Appl. WO 9858974, 1998Chem Abstr1999 130, 82018.
Practical Recommendations It is clear that the addition (2) Moad, G.; Rizzardo, E.; Thang, S. ust. J. Chem2005 58,
fragmentation reaction in the RAFT polymerization process is 379~ 410.

e : . (3) Feldermann, A.; Coote, M. L.; Stenzel, M. H.; Davis, T. P.; Barner-
a difficult system to model computationally, with lower cost Kowollik, C. J. Am. Chem. So2004 126, 1591515023

procedures, such as ROMP2 and particularly DFT, having large (4) Kwak, Y.; Goto, A.; Fukuda, TMacromoleculeg004 37, 1219
absolute and relative errors for the thermodynamics of some 1225.
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