J. Phys. Chem. R006,110,1155711568 11557

Theoretical Characterization of End-On and Side-On Peroxide Coordination in Ligated
Cu202 Models

Christopher J. Cramer,*:T Armagan Kinal,* Marta Wtoch, * Piotr Piecuch*$ and
Laura Gagliardi "

Department of Chemistry and Supercomputer Institute péhsity of Minnesota, 207 Pleasant Street SE,
Minneapolis, Minnesota 55455, Department of Chemistry and Department of Physics and Astronomy,
Michigan State Uniersity, East Lansing, Michigan 48824, and Department of Physical Chemistry, Sciences I,
University of Genea, 30 Quai Ernest Ansermet, CH-1211 Geael, Switzerland

Receied: July 5, 2006; In Final Form: August 9, 2006

The relative energetics of-n%:5* (trans end-on) and-»27? (side-on) peroxo isomers of @D, fragments
supported by 0, 2, 4, and 6 ammonia ligands have been computed with various density functional, coupled-
cluster, and multiconfigurational protocols. There is substantial disagreement between the different levels for
most cases, although completely renormalized coupled-cluster methods appear to offer the most reliable
predictions. The significant biradical character of the end-on peroxo isomer proves problematic for the density
functionals, while the demands on active space size and the need to account for interactions between different
states in second-order perturbation theory prove challenging for the multireference treatments. In the latter
case, it proved impossible to achieve any convincing convergence.
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Introduction c u/\ :Cu _— c|> _____ o Cu\O/O\Cu
Interest in molecules containing &, fragments has been o o

motivated by the characterization of a number of metalloen- bis(u-ox0) side-on p-nn?-peroxo uﬁ]’f:f_‘;}iio

zymes containing one, two, or more copper atoms that activate

molecular oxygen so as to oxidize organic substratés. Cu_ Cu ? ?)c:u

Tyrosinasé569is one example of an enzyme whose active site 0—0 o Pcu o ®

incorporates a G{D, core, and substantial effort has also been cis end-on w2 -peroxo wnm?-peroxo

devoted to the characterization of smaller inorganic models p N peroxe

characterized by the same c@rd-18 Figure 1. Binding motifs for CuO,.

There are several motifs for the binding of moleculart®
two supported copper(l) atoms (Figure'd:}°Best characterized
experimentally (because they have been observed for many
different supporting ligand sets) are the sidexen?:? peroxo
and the bigg-oxo). The trans end-om»:;7 peroxo motif was
first described by Jacobson et?281This binding mode is
preferred when the copper atoms are supported by tripodal
tetradentate ligandd;2° although when such ligands become
too sterically demanding for trigonal bipyramidal coordination
of copper a preference for the his¢xo) motif with concomitant
loss of two ligand-copper interactions has been documented.
Only rare examples of the other three cases shown in Figure 1 ) !
hav}é been docul:r)nented or proposed. In certain cases, it hgs beerr?normallzed (.CR.) coupled-pluster (CC) levels of theory includ-
demonstrated that more than one binding mode can be accessed¥ triple e.xutatlons., particularly the recently formulated,
For instance, and of particular relevance to the present paper,rIgorOUSIy size extensive CR-CCSD(Tmodel (referred to here .
Jung et af” have demonstrated that the binding of oxygen to a and el_sewhere in this work_ as CR-CC(2,3),0) an_d their
dicopper complex supported by a bridgiNgN,N',N'-bis{ 2-(2- extensions to quadruple excitations, agreed well with pure

pyridyl)ethyl}-1,4-butanediamine ligand shows a kinetic prefer- d;ef_ns_ltyt fun::r?onalt_le\;els gf the dOItthtlICh (;’_Vetfe p;;rhcultz:]rly
ence for end-on peroxo but a thermodynamic preference for side-€TMcient as theoretical mo nd that predictions from these
on peroxo. models were in qualitative agreement with experimental results

. . . . . for CwO, cores supported by ligand sets too large to be
In prior work, we examined the ability of different theoretical .
modgls to predict accurately the relati\);e energetics of the Side_practlcally treated at the coupled-cluster level. Standard coupled-

cluster methods (i.e., not renormalized) such as CCSD(T) were
F— : less accurate and, unlike CR-CC, exhibited poor convergence
N ng’aerr;q'tgn?fo'\f"gﬂgﬁﬁgy Michigan State University in predicted relative energies when corrected for the effects of
s Department of Physics and Astronomy, Michigan State University. hlgher-thar)-tnple excitations _and oth_er hlgh-prder correlatlons
D University of Geneva. neglected in CCSD(T). Hybrid density functionals underesti-
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on peroxo and bigfoxo) forms?® These two structures have
been demonstrated to have similar energetics with selected
ligand setg]13:21.26.2934 and on that basis this equilibrium has
been suggested to have possible relevance for the mechanism
of oxytyrosinase. We found that this equilibrium was surpris-
ingly difficult to model, mostly because of how difficult it
proved to maintain a balanced description of rapidly varying
dynamical and nondynamical electron correlation effects along
isomerization coordinates linking the two structures, each of
which has associated biradical character that depends on the
number of supporting ligands. We found that the completely
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SCHEME 1 were modifications of BS1 in which an all-electron basis%et
was used for copper in place of the Stuttgart pseudopotential.
Cu :
0 (|3 Cueee <|3 _____ cu In BS1d the copper contraction was [21s15p1Qd&$4p2d1f],
O o while in BS1t the same primitives were contracted as 6s5p3d2f
Cu (a[4g]| 1g] contraction was also included in CAS and CASPT2
(HaN)Cu~_ calculations).
L C|> HoN—Gu (ID e CU—NH Density Functionals.We assayed three different pure func-
- S o) u—s tionals. The BLYP functional combines the generalized-gradient
Cu(NHg) approximation (GGA) exchange functional of Betkeith the
(HsN),Cu GGA correlation functional of Lee, Yang, and P&rrThe
™ HaN_ o) NHs mPWPW91 functional combines the GGA exchatigand
2 '\ D N/C”' cl) - 'C”\NH correlatiorf® functionals of Perdew and Wang as modified by
Cu(NHg), s s Adamo and Baron& The TPSS functional is a meta-GGA
NH functional®
(HsN)sCu~_ HN | NHg We also considered hybrid HF-DFT functionéfsThe
3 ? . ? e B3LYP A" mPW1PW914 MPW1K *8 and TPSS# functionals
N7 6] “NH; incorporate 20%, 25%, 48.2%, and 10% HF exchange, respec-
~N,
Cu(NHg)s NH, tively, into their corresponding functionals.
For singlet state calculations, unstable restricted (R) self-
(imid)aCu ~ imid n consistent field (SCF) solutions were reoptimized at the
™™o imid, o) Ss'm'd unrestricted (U) SCF levéP. All restricted solutions were
4 c', I imid” U c‘) N imid checked for instability. Singlet energies from unrestricted
“Cu(imid), | calculations were computed in two ways. First, the raw broken-
imid spin-symmetry (BS) SCF energy was used without modification.
JNH Second, the sum methddwas employed to eliminate spin
g N<) = imid contamination from the triplet state in the SCF solution. In this
F approach the singlet energy is computeef 4
mated the stability of the bigfoxo) form by a large amount 2E g0 — E -
(with the magnitude of the error being directly proportional to Einglet= 5 = (1)
the percentage Hartre€-ock exchange in the functional), and 9 2 - [0

single-root multireference second-order perturbation theory
(CASPT2)overestimatedhe stability of these same isomers. where the triplet energy is computed for the single-determinantal
With the latter model, it proved difficult to demonstrate high-spin configuratiors, = 1 (at the BS geometry) ani@lis
convergence in relative energies within practical limitations on the expectation value of the total-spin operator applied to the
active space size. Kohn—Sham (KS) determinant for the unrestrict&d = 0

In this work, we extend our consideration to the trans end- calculation. Gréenstein and Cremethave shown that values
on peroxo isomer. In particular, we compare several different of [¥Clcomputed at the DFT level have diagnostic value in
density functional (DFT) models, single- and multistate multi- assessing spin contamination, so the sumBS approach is more
reference second-order perturbation theory (CASPT2 and MS-Pphysically realistic than using the raw BS energy.
CASPT2), and standard and completely renormalized (CR) Single-Reference Post-SCF Level8Ve performed a variety
coupled-cluster (CC) methods with respect to their abilities to Of standard single-reference CC calculatRit$using the CC
predict accurate energetics for the conversion of ithg-z,t method with singles and doubles (CCS®)%° the CC method
CwO2" core to itsu-n2n? isomer. We consider five ligand ~ With singles, doubles, and noniterative triples (CCSDf¥gnd,

sets (Scheme 1), namely, no ligands at@)) 6ne @), two (2), to explore the role of higher-order correlations, the CC method

and three 3) ammonia ligands per copper atom, and three With singles, doubles, and noniterative triples and quadruples

imidazole ligands4) per copper atom. (CCSD(TQ)), using variant “b” of the factorized CCSD(TQ)
approximatiorf?

Theoretical Methods To improve on the CC model, we performed calculations

using the recently develop®d®’ completely renormalized

Basis Sets.Four different basis sets including a copper CCSD(T) (CR-CCSD(T)) and CCSD(TQ) (CR-CCSD(TQ))
relativistic core pseudopotential (the Stuttgart 10-electron methods which can accurately and effectively deal with reactive
pseudopotential and associated basis funct®mgere used in potential energy surfaces involving bond stretcHifig3
this work, which we name BS1, BS2, BS3, and BS4. BS1 and biradicals?®74 76 and other cases of electronic near-degeneracies
BS2 used the atomic natural orbital (ANO) basis set of Pierloot within a single-reference description employing an RHF refer-
et al® for light atoms. A [10s6p3d 4s3p2d] contraction was  ence. We used variant “b” of the CR-CCSD(TQ) appro#ch,
used in BS1 for N and O, while for H we used an [83431p] which enables us to determine if the CR-CCSD(T) results are
contraction. In BS2, the same primitive functions were con- reasonably well converged with respect to higher-order cor-
tracted as 4s2pld and 2s, respectively. BS3 was used only forrelation effects. While the CR-CCSD(T) and CR-CCSD(TQ)
geometry optimizations dd—3 and employed the Pople basis approaches provide a robust description of biradical systems,
set 6-31G(d) for H, N, and &.BS4 was used only fo# and they slightly violate the rigorous size extensivity of CC theory
consisted of the Pople basis $&STO-3G and 6-311G(d) for  (at the level of 0.51.0% of the changes in the correlation
H and O, respectively, and the MIDI! basis ¥¢br C and N. energy along a reaction pathway). Also, certain types of high-

As part of a study on basis set effects, two additional basis order dynamical correlations which are represented, for example,
sets were employed for certain calculations. These basis setsas disconnected products of singly, doubly, and triply excited
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clusters and which may play a role in the systems examined in 1 only. We explicitly correlated the 4s and 3d electrons of the
this study, are neglected at the CR-CCSD(T) level (as they areCu atoms, the 2s and 2p electrons of the N and O atoms, and
also in CCSD(T)). To address the issues of convergence withthe 1s electrons of the H atoms.

respect to higher-order correlations neglected in CR-CCSD(T)  Multireference SCF and Post-SCF LevelsThe complete
and size extensivity, we also performed calculations using the active space (CAS) SCF metf8dwas used to generate
recently proposed rigorously size extensive CR-CC(2,3) ap- molecular orbitals (MOs) and reference functions for subsequent
proach, which is based on a new, biorthogonal formulation of multiconfigurational second-order perturbation calculations of
the method of moments of CC equations (a formalism used to the dynamic correlation energy (CASPT2)In addition to
design all CR-CC methobfs ®567) employing the left eigenstates  single-root CAS calculations, several electronic states (up to
of the similarity-transformed Hamiltonian of CC thedry."® five) were included in state-averaged calculations and subse-
Two sets of the CR-CC(2,3) data are reported. The best CR-quently allowed to interact via the multistate CASPT2 formalism
CC(2,3) results are obtained using the most complete CR-CC-(MS-CASPT2). MS-CASPT2 takes into account the coupling
(2,3),D approximation, which exploits the diagonal part of the of multiple electronic states at second order via an effective
triples—triples block of the similarity-transformed Hamiltonian  Hamiltonian, the diagonalization of which provides improved
of CCSD in the design of the relevant completely renormalized state energie%' In CASPT2 and MS-CASPT2 calculations, N
triples correction to CCSD energy. The CR-CC(2,3),D approach and O 1s orbitals and Cu orbitals up to 3s were kept frozen. In
(referred to as CR-CCSD(T)n the prior work® and the original addition, all such calculations employed a real level &hiff

ref 78) represents the most accurate noniterative triples CC0.1 au in combination with a technicfttehat shifts active space
method formulated to date (better, in particular, than CCSD(T) orbital energies in order to simulate ionization energies for
and CR-CCSD(T)). We also present the CR-CC(2,3),A data, orbitals from which excitations are taking place and electron
which correspond to the more approximate treatment of the affinities for orbitals into which excitations are taking place. In
triples correction within the CR-CC(2,3) formalism. In the CR- the cases examined here, however, intruder states did not appear
CC(2,3),A approximation, one uses plain orbital energy differ- to pose any significant problems, at least for the low-lying roots
ences that define triple excitations instead of the diagonal partin each set of calculations. When BS1d and BS1t were used as
of the triples-triples block of the similarity-transformed Hamil-  basis sets, relativistic effects were accounted for using a
tonian of CCSD in the design of the corresponding triples energy Douglas-Kroll —Hess Hamiltoniar§?-88

correction. The CR-CC(2,3),A approach is equivalent to the  The performance of the CASSCF/CASPT2 model, which has
CCSD(2) method introduced in ref 80, and its performance is been widely used for the quantitative modeling of various
usually similar to that of the older CR-CCSD(T) approach, but aspects of transition-metal chemistty?! depends critically on
neither CR-CC(2,3),A nor CR-CCSD(T) are as good as CR- the choice of the orbital active space for the CAS reference. In
CC(2,3),D. The reader is referred to refs 77 and 81 for further our earlier work focusing on tha-y%n2 peroxo/bis{-0xo)
details regarding the AD variants of CR-CC(2,3). In addition  equilibrium?28 we found that no accessible active space gave a
to being size extensive and more accurate than CR-CCSD(T)satisfactory description of all structures along the isomerization
and CR-CC(2,3),ACCSD(2), the most complete CR-CC-  coordinate. The situation was not found to be improved in the
(2,3),D approximation offers several other useful features. It present study. To describe they2n? peroxol-ntn' peroxo

is, for example, at least as accurate as CCSD(T) for nondegen-equilibrium, it seems that the removal of almost any small
erate closed-shell states, while being as effective in describingnumber of valence orbitals from the active space leads to
bond breaking and biradicals as the highly accurate, but significant instability. The full valence space includes the 2s
prohibitively expensive, full CC theory with singles, doubles, and 2p orbitals of the two oxygen atoms and the 3d orbitals of
and triples (full CCSDT). Since the corresponding quadruples the two copper atoms (and moreover Cu 4d orbitals may also
approximation, termed CR-CC(2,4), has not been implementedbe needed in order to describe the double-shell effect), and this
yet, we estimate the effect of quadruples on the CR-CC(2,3),D size active space is certainly not practical. We have tried to
results by adding the Q correction, defined as CR-CCSD{TQ) reduce the active space in various ways. For example, we tried
CR-CCSD(T), to CR-CC(2,3),D energies. The resulting ap- to construct an active space formed by molecular orbitals which
proach, designated here and elsewhere in this article as CR-were linear combinations of the 2p O and the,3hd 44y, Cu
CC(2,3}+Q (called in the prior worl CR-CCSD(TQ)), has orbitals (all heavy atoms i0, 1, and2 being placed in they
been shown to be very accurate in the calculations involving plane). This gives an active space of 12 electrons in 10 orbitals,
reactive potential energy surfaces involving single- and at least but predicted energetics avery different from those computed
some types of double-bond breaking, providing the results that at the CR-CC levels (and also substantially different from DFT).
can compete with the best multireference configuration interac- We have extended this (12,10) active space in various ways,
tion calculation$! which cannot be afforded for systems studied up to at most a (16,14) active space, without achieving any
in this work. For biradicals, CR-CC(2,3Q and CR-CC(2,3),D  systematic agreement with the CR-CC models. In general, no
results are very similar and the pridrand present studies convergence in relative energies was achieved with increasing
confirm this. active space size, suggesting that none were adequate.

In all single-reference correlated calculations, we used the State-averaged CASSCF calculations using several roots and,
RHF determinant that we identified as the lowest-energy in some cases, the corresponding MS-CASPT2 calculations,
symmetry-adapted RHF solution as a reference. The RHF, gave results very different from single-root results. Strong
second-order many-body perturbation theory (MBPT(2) or interactions between the ground-state root and higher roots were
MP2), CCSD(T), CR-CCSD(T), and CR-CC(2,3) calculations Observed with certain active spaces, but again no systematic
were performed for all systems up3oThe smaller BS2 basis ~ pattern emerged. With each added root the wave functions and
set was used for CR-CC(2,3) calculations ®(all other CC relative energies changed dramatically, indicating them likely
and CR-CC calculations were carried out with BS1). Because t0 be artifacts of too small an active space.
of resource demands, CR-CCSD(TQ)/BS1 and the correspond- Attempts were made to include additional correlations by
ing CR-CC(2,3}Q/BS1 calculations were carried out fdand permitting the wave functions to have lower symmetry than that
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of the overall system, to include the imposition of no symmetry TABLE 1. Relative Energies (kcal mol™) of O Structures
at all. While this led to apparent convergence of wave functions With BS1

and relative energies with respect to active space size, predicted F
energetics became very different from those predicted at tr_]e level of theory 0%  20% 40% 60% 80% 100%
best CR-CC levels. In the absence of a second-order perturbation
theory treatment that is compatible with a restricted active spaceRg2 fg'g 7_68'2 753'3 73292'93 72%620 0600
(RAS), as opposed to a CAS, it appears that the multireference cgp _258 —286 —-20.8 -68 -0.6 00
models used in this work cannot be used for the reliable study ccsp(T) -142 —142 -55 81 58 0.0
of the CyO, motif, and we report results here primarily for CR-CCSD(T) —18.6 —19.9 —11.6 2.3 3.1 0.0
technical experts who may find them useful in future methods gggggg;g —%-g —ig-% —g-g j-é gs 8-8
de\(elopment. Qf course, itis possible that an arbitrarily se'Iected CCSD(TQ) ' _165 —164 —77 60 69 00
active space in any one of our systems may provide a CR-CCSD(TQ) 182 —190 —10.6 31 35 00
quantitatively accurate description of the isomerization energet- cr-cc(2,3) Q= ~16.2 —16.4 -7.9 5.6 43 0.0
ics. However, any such result could only be regarded as CAS(16,14) -50.7 —-50.3 —41.7 —26.8 —17.7 0.0
fortuitous, insofar as it proved impossible to demonstrate CASPT2(16,14) —-76 -64 26 115 35 00
convergence in relative energies with respect to active spaceMS-CASPT2(16,14) —22.5 —-193 -89 39 00 0.0
size in any of the cases examined here. BS-BLYP ~250 —231 ~150 ~69 ~35 00
. . - BS-B3LYP —25.2 —274 —21.2 -134 -78 0.0
Geometries. All geometries were fully optimized at the  gsmpPwPwWo1 —222 —217 —145 —-7.0 -38 0.0
UB3LYP/BS3 level. The geometries of systerfisand 1 BS-mPW1PW91 —24.4 —-28.6 —23.3 —15.7 —95 0.0
belonged to thé&,, point group; those fo and 3 belonged to BS-MPW1K —29.4 —36.8 —324 —23.8 -145 00
the C; point group. Intermediate geometries along linear BS-TPSS —19.0 -18.2 —112 —-47 -24 00
isomerization paths were generated @er3 according to SBfr;]TBPSS_gEYP :%2:; :ig:g :ig:; :?:é 7‘(1)'_72 %.%
F SUmBSTPWPWOL 189 181 98 18 02 00
L(F) = Q. —| 0 — 0 sum —1lo.Y —lo.l —0. —1. —U. .
a(F) q|(0)+100[q,(100) a4 @ SUMBSAPW1PW91 —21.0 —24.8 —18.7 —10.2 —4.9 0.0
. ) ) . ) . sumBS-MPW1K —27.7 —349 —29.7 —19.8 —10.3 0.0
whereq; is a given atomic Cartesian coordinate &nds the sumBS-TPSS —-15.4 —141 —6.2 0.6 1.1 0.0
fraction of progress along the isomerization coordinate (so that sumBS-TPSSh -15.8 —16.4 —-95 —-25 -0.6 0.0
0 and 100 define tha-nL:nt andu-y%n? peroxo geometries, a Computed as CR-CC(2,3),B { CR-CCSD(TQ)- CR-CCSD(T}.

respectively). We present results in most cases$-fealues of
0, 20, 40’_ 60, BQ’ and 100. Referenge to a particular structure, o s i the multistate treatment are essentially the same
along an isomerization coordinate will henceforth be made by ¢qndigurations as those determined at the CAS level for all
addingF as a subscript the structure cardinal, €grefersto g cqyres, the ground state and state 4 are predicted to mix
the structure 20% co_nverted fro_ﬂo to 2100 In the cases o_f increasingly strongly as becomes smaller, leading to a
systems? and3, .the linear coordinate generates rth_er high- significant decrease in the energy of the end-on isomer relative
energy intermediate structures because of the artificial nature ;" ihat of the side-on at the MS-CASPT? level compared to
of the isomerization (which causes these structures to have Ve€Nsingle-root CASPT2.
short N-H bonds, for example). In certain cases we elected At the DFT level, restricted solutions to the KohBham
not to do CASPT2 calculations on such points but instead to g-p equations could not be successfully converged for any
focus on the terminal structures. Forand 1, many levels of g ctyre using the pure functionals BLYRPWPWOL, and
theory predict the 20% structure to be lower in energy than the TPSS, although restricted solutionere found for the hybrid

0, i - I . .
0% congener, suggesting that the raw UB3LYP end-point ,nqtionals. However, even those RDFT solutions that could
geometry is not especially representative of the local minimum. converged with the hybrid functionals were all unstable
However, as our isomerization coordinates are arbitrary and symmetry breaking (compute@0 values for the KS
intended only to permit a systematic comparison of methodolo- yeterminants ranged from 0.4 to 1.0 depending on structure
gies, this is of no particular consequence. and functional), so no results are reported for RDFT. Elec-

For 4, geometries were fully optimized in our prior w8fk  5nic energies, reported relative to those of the sid®gg
at both the R and U BLYP/BS4 and B3LYP/BS4 levels. That q,cqyre, are provided in Table 1. Absolute electronic energies,

effort generated not only-':57* andu-r;”? peroxo geometries  gg pET (w27 values, and3B,, electronic energies for all

in FheCi point group but also blﬂ(oxo) geometries in th€zn structures (the final two quantities are required to compute
point group. The natures of all stationary points fowere sumBS-DFT energies) may be found in the Supporting Informa-
confirmed by calculation of analytic force constants. tion.

Software. Full details on software are provided in the  Aq\ve found previously for the case of side-on peroxo versus
Supporting Information. bis(u-ox0) 28 there is a very large variation in relative energies
as a function of theoretical level. F0s, a range of roughly 50
kcal mol! is predicted, although every level does predict the

Cuy02%". The energies for structures 6fas a function of end-on isomer to be lower in energy than the side-on one. Figure
F were computed at all levels of theory using the BS1 basis 2 graphs the isomerization coordinates predicted by selected
set. At the CAS and CASPT2 levels, a large (16,14) active levels of theory. Table 1 suggests that the CR-CC results are
space was employed and the orbitals were optimized for a statereasonably well converged with respect to inclusion of higher-
average over the first foutA,q4 states within the constraints  order excitations and correlations (cf., the tiny differences
of Con symmetry. CASPT2 energies were then computed both between the CR-CCSD(TQ) and CR-CCSD(T) energies and the
for the lowest-energy singlet state treated as a single root andrelatively small differences between the CR-CC(2,3),D and CR-
for the lowest-energy root of a multistate (MS-CASPT2) CCSD(T) energies), and based on our prior work with side-on
treatment including all four roots. While the second and third peroxo versus bigfoxo)28 we anticipate that the CR-CC results,

Results
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Figure 2. Relative energy (kcal mot) vs F for O at select levels of theory (legend inset).

particularly the CR-CC(2,3),D or CR-CC(2;:B) curves, may

be taken to be an effective standard with which we may evaluate * % * 10a,/3b,

the performance of the other models. g
In our prior work28 we found that the sumBS predictions of

the pure functionals BLYRPPWPW91, and TPSS were all in

good agreement with CR-CC(2,3),D and CR-CC(2@Q)(termed

CR-CCSD(T) and CR-CCSD(TQ) respectively, in ref 28).
Here, the pure functionals continue to perform well, but there 4b /2b
is more variation in their prediction of the energyGafrelative ' g g

to that ofO10¢ 6.5 kcal mot? compared to 3.8 kcal mot for
side-on peroxo versus bisxo) 22 In addition, BLYP was the
most accurate functional in our prior work, while here TPSS
offers the closest agreement with CR-CC(2,3),D and CR-CC-
(2,3Y+Q, and BLYP is least good of the pure functionals. The

hybrid functionals show a systematic stabilizatiorDgfelative 9b /4b,
to 0100 With increasing HF exchange. '\’
At the CASSCF levelQy is predicted to be-50.7 kcal mof+

more stable tha®,q, Which is in very close agreement with

the prediction from the single-configurational HF level47.6

kcal molY). The agreement between the single- and multicon-

figurational levels does not, however, arise because the CAS ” .\‘ x 9ag/2b3g

wave functions are nearly single-configurational. On the con-

trary, they are all dominated by two nearly equal configurations,

consistent with a relatively strong biradical character; the Figure 3. B3LYP/BS1 orbitals foly (left) andOio (right), respectively.
agreement between CASSCF and HF appears merely to reflect

an approximately constant error in the single-configurational  Figure 3 illustrates the nominal ¢B@b;,y HOMO and 10g
approximation along the reaction coordinate for the latter 3bzg LUMO orbitals from RB3LYP calculations (which become
method. CASPT2 is predicted strongly to stabildzeg, relative mixed at the BS-DFT level) for th@y and 019 Structures; the

to Op so that the net stabilization of the latter compared to the orbitals are labeled according to the different point groups to
former is reduced te-7.6 kcal mot?, a result which overshoots ~ which their host molecules belong. Also shown in Figure 3 are
the CR-CC(2,3),D and CR-CC(2;8R benchmarks. Mixing of some other orbitals that are found to be strongly correlated in
the ground state with the fourth singlet root for more end-on the post-SCF procedures. Large single-excitation amplitudes
like structures in the MS-CASPT2 ansatz brings the reaction (approximately 0.2) from Qato 10g are predicted at the CC
coordinate computed at this level into reasonably good agree-level along the entire reaction coordinate, increasing slightly at
ment with CR-CC(2,3),D, CR-CC(2,8QQ, and TPSS, although  the side-on end. HOMO to LUMO double excitations are also
there seems to be some remaining overcorrection near the endpredicted to be large at the CC level, with amplitudes ranging
on edge of the coordinate. from 0.06 to 0.16 along the reaction coordinate. Double
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TABLE 2: Relative Energies (kcal mol1) of 1 Structures
with BS1

F

level of theory 0% 20% 40% 60% 80% 100%
CCSD(T) 131 106 141 142 79 0.0
CR-CCSD(T) 83 6.6 11.3 128 6.9 0.0
CR-CC(2,3),A 7.2 48 87 124 64 0.0
CR-CC(2,3),D 86 6.1 100 126 6.1 0.0
CCSD(TQ) 16.0 155 21.0 171 9.7 0.0
CR-CCSD(TQ) 78 59 103 13.0 6.9 00
CR-CC(2,3-Q? 82 54 90 127 6.1 0.0
CASPT2(12,12)/4 root 11.3-2.9 31.2 255 158 0.0
MS-CASPT2(12,12)/4root 8.6 0.5 205 127 52 0.0
CASPT2(12,12)/5 root 8.3 248 339 269 205 0.0
MS-CASPT2(12,12)/5root 21.4 242 304 27.2 16.0 0.0
CASPT2(12,12)/6 root 11.7 212 315 220 164 0.0
MS-CASPT2(12,12)/6 root 24.3 32.4 225 19.3 26.7 0.0
CASPT2(12,14)/6 root 205 31.7 288 281 325 0.0
MS-CASPT2(12,14)/6 root 49.7-2.2 33.7 26.8 145 0.0
CASPT2(16,14)/4 root 379 0.3 137 4873 0.0
MS-CASPT2(16,14)/4root 11.3-2.9 31.2 255 158 0.0
sumBS-BLYP -6.6 —8.1 —47 00 08 0.0
sumBS-B3LYP -1.0 -28 -03 31 3.0 0.0
sumBSmPWPW91 —27 -51 -25 13 1.6 0.0
sumBSmMPW1PW91 0.0-22 -02 27 25 00
sumBS-MPW1K —-40 -55 -26 14 23 00
sumBS-TPSS 0.7-16 05 33 25 00
sumBS-TPSSh 22-01 15 39 29 00

a Computed as CR-CC(2,3),b { CR-CCSD

—

TQ)- CR-CCSD(T).

excitations from 9p to the LUMO are also predicted to be
important, with amplitudes about half as large as the HOMO/
LUMO case. At the CAS level, the occupation numbers of these
orbitals reflect the relatively strong biradical character implicit

Cramer et al.

coordinate was observed with respect to increasing the active
space size to the practical limit of (16,14), even though there is
a reasonable, fortuitous agreement between the MS-CASPT2-
(16,14) results and the best CR-CC results. Reducing the
symmetry toC; (which permits a greater mixing of the active
and inactive orbitals in the CAS) does lead to smooth conver-
gence with larger active spaces but provides energies in very
poor agreement with all other predictions (see the Supporting
Information).

{(NH3)Cu},02%". The energies for structures df as a
function of F were computed at all levels of theory using
the BS1 basis set. At the DFT level, restricted solutions to
the Kohn-Sham SCF equations could be obtained for all
functionals, but they were all unstable to symmetry break-
ing (computed®values for the KS determinant ranged from
0.2 to 1.0 depending on structure and functional), so we report
only sumBS results in Table 2. The isomerization energetics
for select levels of theory are also illustrated graphically in
Figure 4.

CAS, CASPT2, and MS-CASPT?2 calculations proved prob-
lematic for this system. Although the isomerization coordinate
for 1 belongs to theCy, point group, when that symmetry was
used for the CAS calculations, no convergence in relative
energies along the coordinate was observed with respect to
increasing the active space size to the practical limit of (16,-
14). Moreover, large variations in relative energies were
observed when four, five, or six roots were employed in
multistate calculations (see Table 2). Interestingly, reducing the

in the CC amplitudes, and the CCSD natural orbital occupation Symmetry toCi (which permits a greater mixing of the active
numbers show a similar behavior. Thus, although the molecules@nd inactive orbitals in the CAS) leads to a smooth convergence

are multiconfigurational, there is not a very large change in

and good agreement between active spaces of (12,12), (12,14),

biradical character predicted as the system isomerizes from end-and (16,14) and also to good agreement between CASPT2 and

on to side-on.
Although the isomerization coordinate forbelongs to the

MS-CASPT2 (i.e., interactions between multiple roots are
rendered negligible). However, the converged energylpof

Con point group, when that symmetry was used for the CAS relative to that ofl;oois predicted to be-16.7 kcal mot?, which
calculations, no convergence in relative energies along theis very far from the CR-CC results. Moreover, the PT2

20.0

10.0

5.0

rel E, kcal/mol

-10.0 +

—— CR-CC(2,3)+Q
=5 sumBS-BLYP
== sumBS-B3LYP
—&— sumBS-mPWPW91
=)= sumBS-TPSS

0% 10% 20% 30% 40%

50%

60% 70% 80% 90% 100%

F, %
Figure 4. Relative energy (kcal motl) vs F for 1 at select levels of theory (legend inset).
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TABLE 3: Relative Energies (kcal mol %) of 2¢ Structures of the side-on. Curiously, the effect of including HF exchange
with BS1 is variable. With small amounts of HF exchange, the energy of
F 1, relative to that ofliog increases, improving agreement with
level of theory 0% 20% 40% 60% 80% 100% CR'CC, this is true for B3LYP versus BLYRnPWlPng

versusmPWPW91, and TPSSh versus TPSS. However, this

SCR:_SCDC(QD(T) Zzii %57% %77'_%; %11'_2') 2211% %‘_% trend evidently reverses as MPW1K, with the largest amount
CR-CC(2,3),A 185 283 61.3 581 199 0.0 of HF exchange, predict to be more stable relative th o
CR-CC(2,3),D 209 320 635 593 203 0.0 than the purenPWPW91 functional from which it derives.
8?29%%13‘)1’13) _71%0 0960 {(NH3)2Cu},0,%*. The energies for structures & as a
MS-CASPT2(14,13) —2.6 0.0 function of F were also computed at all levels of theory using
sumBS-BLYP —99 88 444 464 163 0.0 the BS1 basis set except that consideration of quadruple
sumBS-B3LYP 79 26.0 56.0 623 186 0.0

CUMBSMPWPWOL —54 94 418 430 127 00 excitations was no longer practical at the CC levels (Table 3).

sumBSMPW1PW91 15.1 31.1 57.0 65.8 33.2 0.0 Atthe CAS, CASPT2, and MS-CASPT2 levels, a (14,13) active

sumBS-MPW1K 305 486 704 865 86 0.0 space was chosen accounting for four singlet roots and only
SumBS-TPSS —-09 142 468 475 167 00 the F = 0 andF = 100 structures were considered. We note

sumBS-TPSSh 6.6 221 521 553 232 0.0

that the reaction coordinate f@now belongs to th&; point
correction forl, relative to that ofLig s predicted to be more ~ 9"0uP. So that is the natural choice for the CAS calculations.
than —100 kcal mot™, which can only be regarded with deep At the DFT level, restrlgted solutions to t.he Kohﬁh.am SCF
suspicion. equations could be obtained for all functionals. With the pure
As shown in Table 2, the CR-CC results are again well DFT functionals, the RDFT solutions fér = 100 were stable
converged with respect to higher-order correlations. For ex- {0 Spin-symmetry breaking but others were not, so we continue
ample, no significant differences are observed between the CR-0 cons@er only results from the sumBS-DFT protocol. Absqlute
CCSD(T) and CR-CC(2,3),D results, indicating that higher-order electr(_)nlc energies, BS-DFI®values, and triplet electr_omc _
terms that are present in CR-CC(2,3),D and absent in CR- €nergies for_aII structures at all levels of theory are provided in
CCSD(T) are of limited importance. The effects due to the Supporting Information.
quadruples are small as well, as judged by the small differences As in prior systems, the CR-CC results appear to have
between the CR-CCSD(TQ) and CR-CCSD(T) energies. This achieved a good level of convergence by the point at which
should be contrasted with the results of the CCSD(T) and CR-CC(2,3),D is reached. Also as in prior systems considered
CCSD(TQ) calculations, which are quite different from one Wwithin the constraints o€; symmetry, the CAS, CASPT2, and
another, particularly in the middle of the reaction coordinate, MS-CASPT2 levels are all observed to be well converged with
suggesting problems with obtaining well-converged results with respect to active space size by the time (14,13) is reached.
standard CC methods of the CCSD(T) type. One needs to useHowever, as also observed for the prior systems, the PT2
CR-CC approaches, particularly the size extensive CR-CC- correction for theF = 0 structure is enormous and drastically
(2,3),D method, which can handle biradical systems under overstabilizes that structure. Mixing with higher roots has
consideration in an accurate and robust manner. If we take thenegligible effect on the system.
CR-CC results to be accurate, the DFT results uniformly  The DFT results also follow some prior trends. First, the pure
overestimate the stability of the end-on structure relative to that functionals all predict the highest stability 2§ relative t02;qg,

90.0
80.0

—e— CR-CC(2,3),D
70.0 - —— sumBS-mPWPW91

=—&— sumBS-mPW1PW91
== sumBS-MPW1K
60.0 1

50.0

rel E, kcal/mol
D
o
o

-10.0 + . . . . . . . . .
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
F, %
Figure 5. Relative energy (kcal mot) vs F for 2 at select levels of theory (legend inset).
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TABLE 4: Relative Energies (kcal mol1) of 3 Structures TABLE 5: Relative Energies (kcal mol?) of Isomers of 4
with BS1 unless Otherwise Noted with BS42
F level of theory 4a 4b 4c
level of theory 0% 20% 40% 60% 80% 100% BLYP 8.3 0.0 —0.2 (-1.6y
CCSD(T) 234 30.1 455 37.7 157 0.0 B3LYP 213 0.0 0.4y 17.2(12.3)
CR-CCSD(T) 304 344 459 355 139 0.0 aThe energies fodc at the BLYP level and fodb and4c at the
CR-CC(2,3),D/BS2 238 274 403 305 104 0.0  B3LYP |evel are sumBS energies (other cases have stable restricted
giscfézli)a 296960 306 422 332 131 OOCO solutions).? Relative sumBS energy computed for the structure opti-
CASI(:’Té(l()S 14) 304 0.0 mized at the RDFT level of theory.
QAU?T;S/S_SBPLRZF(}&M) 31867 98 241 231 84 0(')00 isomerization curves shown in Figure 5, which are obtained
BS-B3LYP 87 134 259 27.7 165 00 using exactly the same set of nuclear geometries, are very close
sumBS-B3LYP 229 278 395 376 225 0.0 to one another.
SumgngWB\DNV%l 3%% 3%-% %ﬁ-% %%% 2%% %% {(NH3)3Cu}.0,%". Energies fo3 were computed at all levels
MBS MPWIK S35 x4 807 oo 423 oo  Oftheoryusing the BS1 basis set, except that (i) the incremental
SUmBS-TPSS 71 128 248 230 80 0.0 changeson goingfromthe CR-CCSD(T)to CR-CC(2,3) levels
sumBS-TPSSh 174 216 325 307 156 0.0 were computed with the BS2 basis set and (ii) consideration of
a Computed as CR-CCSD(T)/BSt { CR-CC(2,3),D/BS2— CR- qguadruple excitations was not practical at the CC levels. At the
CCSD(T)/BS?. o CAS, CASPT2, and MS-CASPT?2 levels, a (16,14) active space

and four roots were employed within the constraintsGpf

but they are only in modestly good agreement with one another, symmetry. As with all other systems in this point group, results
with BLYP predicting the largest stability fd2, followed by were observed to be well converged with respect to those of
mPWPW91, followed by TPSS. Increased HF exchange in- somewhat smaller active spaces. At the DFT level, only select
creases the energy &f relative to that of2;00, and that trend F = 100 structures had SCF solutions that were stable to spin-
is now consistent throughout the range of HF exchange spannedsymmetry breaking at the RDFT level, so we continue to
from pure MPWPW91 to 48.2% HF-including MPW1K (al- consider only sumBS energies, except that the raw BS-B3LYP
though, oddly, the trend does reverse 2gg relative t0210(). results are also reported for comparison. Representative relative
As shown in Figure 5mPW1PW91, with 25% HF exchange, energies are provided in Table 4, and absolute electronic
gives fairly good agreement with CR-CC(2,3),D, although energies, BS-DFT®values, and triplet electronic energies
clearly there seems to be no way to know in advance what for all structures at all levels of theory are in the Supporting
amount of HF exchange may be appropriate in any of the Information.
systems studied thus far. Trends in this instance are quite similar to those already noted

Note that the high barrier predicted by all of the methods for above for2. CR-CC seems well converged, CASPT2 is well
the isomerization is purely an artifact of the linear coordinate converged but behaves erratically for #he= 0 isomer (in this
chosen. However, as the system is designed primarily to testcontext, it is worth noting that the CAS and CASPT2 results
methodologies and not to mimic any well-characterized experi- for F = 100 are essentially identical whett@ror C,, symmetry
mental molecule, this issue is not important. What is, perhaps, is used, so the variation in relative energy observed-fer 0
more interesting is that thePW1PW91 and CR-C(2,3),D s truly associated with that structure), and coordinates computed

70.0
—— CR-CC(2,3),D
= sumBS-BLYP
60.0 1 =—d&— sumBS-B3LYP
' = sumBS-mPWPW91
=&~ sumBS-mPW1PW91
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~
®
g
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Figure 6. Relative energy (kcal mot) vs F for 3 at select levels of theory (legend inset).
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p-n?m?-peroxo

Figure 7. Structures optimized at the BLYP/BS4 level of theory (B3LYP structures are qualitatively similar; all structures belon@itpdim

group).

TABLE 6: Selected Energies (kcal moi?l) Relative to g-p%n? Peroxo as a Function of Basis Set and Theoretical Level

structure BS-BLYP

CR-CC(2,3),D CASPT2(14,13)

0
bis(u-oxo0)
u-ntnt peroxo

36.0/ 32.4/ 32%
—25.0(-31.3+-32.6

bis(u-oxo) 34.0/ 34.7/ 36.1
w-ntnt peroxo —10.8~11.0~11.7
bis(u-oxo) 8.4/ 9.3/ 9.9
u-ntnt peroxo —3.5/ —4.0/ —4.6

29.3/ 46.0/ 34.4
—46.1-56.7+-40.3

35.5/ 44.4] 42.4
—16.5(-29.5-24.7

30.6/ 33.6/ 34.9
8.6/—0.6/ 1.1

2Based on CAS wave functions not constrained to be symmétResults are BS1/BS1d/BS1t.

at DFT levels destabilize structures wkh< 100 proportional

and BS1t basis sets also improve on the valence and polarization

to the amount of HF exchange included in the functional. In functions available to copper. For these calculations, we

the case of3, the mMPW1PW91 and B3LYP functionals both

considered not only the-n:n* andu-»?%#,? peroxo isomers but

show reasonable agreement with CR-CC(2,3),D (see Figure 6).also the corresponding his{pxo) isomers.

As in 0—2, analysis of CAS orbital occupation humbers and

For systen, all levels of theory show a significant degree

CC amplitudes suggests that both end-on and side-on isomersf sensitivity to the basis set. In general, on going from BS1 to
may be regarded as Cu(ll)/Cu(ll) singlet systems with a BS1d the energies of the hispxo) andu-7:,* peroxo isomers

relatively large degree of biradical character.

{(Imid) sCu}202%*. In our prior work® we optimized big-
0XO0) (4d), u-n%n? peroxo @b), andu-nt:n* peroxo @c) isomers
at the BLYP and B3LYP levels of theory (Figure 7). BLYP

increase and decrease, respectively, relative to those pfitfe
n? peroxo isomer by as much as 17 kcal molThe CASPT2
level shows the greatest sensitivity, the CR-CC(2,3),D level a
reduced degree, and the BS-BLYP level is much less sensitive,

was chosen based on its excellent performance for the predictionconsistent with the usual observations vis a vis the sensitivity

of the isomerization energetics d—3 along a reaction
coordinate from big(-oxo) to side-on peroxo, while B3LYP

of DFT energies to basis set size. Increasing the basis set further
from BS1d to BS1t in most instances moves the relative energies

was chosen because of its substantial prior use for the modelingback closer to the original BS1 values, which may indicate that

of dicopper-dioxo system&2-98 Full details are provided in

the greater flexibility in the BS1t valence and polarization space

our prior work, and we simply recapitulate the relative energetics is providing opportunities for additional core correlation included

here in Table 5. B3LYP predicts theyZn? peroxo isome#rb

to be more stable than the his¢xo) isomerda by about a 20
kcal mol? larger margin than does BLYP. The same is true
for the energy oficrelative to that ofla: the B3LYP prediction

is about 17 kcal matt larger than that of BLYP. We note that
the energy of the end-on structure optimized ugiestricted
B3LYP is predicted to be about 5 kcal mélmore stable than
that of the analogous structure optimized with namvestricted

in the pseudopotential by construction. The hisko) energies
obtained in the BS-BLYP and CR-CC(2,3),D calculations are
less sensitive to the basis set than the energies ofi-titer!
peroxo isomer. However, none of the main conclusions regard-
ing the relative energetics of the three isomers considered in
Table 6 are affected by the basis set choice.

As the various levels are subject, for the most part, to
qualitatively similar basis set effects, comparisons between them

B3LYP, again reflecting the rather poor quality of end-on peroxo are valid independent of basis set. However, no definitively
structures predicted at the UB3LYP level (cf., the generally quantitative prediction of the actual relative energeticsOfcs
greater stability of 20% structures compared to 0% structures really possible. Of coursd] is a rather unusual system as it

predicted by most levels of theory férand1). With the BLYP
functional the RBLYP structure fotc is also lower in energy

lacks any ligands on copper beyond the oxygen atoms1fFor
calculations at the BS-BLYP and CR-CC(2,3),D levels reveal

than the UBLYP structure, but by a much smaller amount, 1.4 the basis set sensitivity to be qualitatively similar Gp but

kcal mol~! versus 4.9 kcal mot for B3LYP.

substantially reduced in magnitude, suggesting that demands

Basis Set EffectsThe effects of using an all-electron basis on basis set completeness are reduced as a more typical ligand
set for copper compared to an effective core potential were environment is constructed around the copper atoms. Indeed,
examined by comparing BS-BLYP, CR-CC(2,3),D, and CASPT2- for 3 the size of the system permits this point to be evaluated
(14,13) calculations with the BS1, BS1d, and BS1t basis setsonly at the BS-BLYP level, but the basis set effects are predicted
(Table 6). In addition to being all-electron in nature, the BS1d to span a range of less than 2 kcal midlor this congener.
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Figure 8. Relative energy (kcal mot) vs F for 0—3 at best CR-CC levels of theory (see legend insets in Figures 2, 4, 5, and 6 and data in Tables
1-4).

Discussion long-lived end-on geometries have only been observed experi-

A first question that arises in the analysis of the above results mentally with tetradentate ligands that present coordination

is the degree to which the CR-CC data should be considered tooptlon_s to the copper atoms that are improved owér

be an adequate standard against which to compare Othe';oorfjlnatlon G S
methods. Experimental data for the end-on to side-on equilib-  With respect to the other levels of theory, it is difficult to
rium are almost nonexistent, and indeed end-on species havé!nderstand the precise reasons for the failure of CASPT2, MS-
only been definitively characterized with tetradentate ligands CASPT2, and DFT to perform in a consistent fashion. With
that are large and complex (attempts to model a system with "€Spect to DFT, there is nearly always some functional that
four ammonia ligands on each copper were not successful2grees reasonably well with the CR-CC model, but obtaining
because the end-on species is unstable to dissociation intdhat agreement requires that the percentage of HF exchange
molecular oxygen and two Cu(NM* cations). However, there mc]uded in the. functional be tuned precisely right, with little
are a number of arguments that may be marshalled in supportguidance provided before the fact on how to choose that
of CR-CC as a standard. First, it appears to be reasonably wellPercentage. This is in contrast to the bisxo)/side-on peroxo
converged with respect to inclusion of high-order correlations €quilibrium, where pure functionals outperform hybrid func-
and accounting for size extensivity. Second, it has been tionals for every case @—3.22 We previously rationalized that
demonstrated to provide good descriptions of biradicals in behavior as deriving from some cancellation of errors in the
organic system& 76 Third, and importantly, itloesagree with ~ degree to which strongly varying dynamical and nondynamical
other key levels of theory and experimental analogues in its correlation along the bigtoxo)/side-on peroxo reaction coor-
predictions for the equilibrium between his¢xo) and side-on ~ dinate were accounted for by the pure functionals, which tend
peroxo form&® And finally, if we consider the CR-CC  to resist breaking spin-symmetry until biradical character
predictions for the end-on/side-on equilibrium as a function of becomes quite high. By contrast, the end-on/side-on peroxo
the number of ligands, the trend is intuitively reasonable (Figure r€action coordinate seems to have a reasonably constant degree
8). In the unligated system, there is strong Coulombic repulsion 0f nondynamical correlationboth endpoints are fairly pure
between the two copper cations, and that repulsion is reducedbPiradicals-and all solutions are broken symmetry. Evidently,
in the end-on structure where they are nge&rA apart compared however, remaining variations in character are sufficient to affect
to 3.6 A in the side-on case. As ammonia ligands are added tofunctional performance but not in a systematic way that appears
the copper atoms, ligand-to-metal charge-transfer reduces the® be correlated with any easily identified feature that is a
Coulomb repulsion and permits differences in covalent interac- function of the ligation number.

tions between the copper and oxygen atoms in the two forms  With respect to the CASPT2 and MS-CASPT2 models, there
to influence the equilibrium. The side-on structure, withzjfs is the curious observation that results obtained within the
coordination of the @ligand, has increased such interactions constraints ofC; symmetry are very consistent. The= 0

and becomes increasingly more stable with additional ammoniastructure is predicted to be vastly higher in energy at the CAS
ligands. This effect appears to be nearly saturated with the level, the CASPT2 level predicts an enormous (over)correction,
addition of the third ammonia ligand judging from the small and mixing of excited states in the MS-CASPT2 procedure does
change in the end-on/side-on energy difference on going from not seem to be important for the lowest-energy root. However,
2 to 3 (recall also that the significant barriers for the isomer- in 0 and1 whereC,, symmetry can be exploited, such behavior
ization of 2 and 3 are artifacts of the linear isomerization is not observed with theCy, solutions. Instead, reason-
coordinate). This analysis is consistent with the observation thatable agreement with CR-CC results can be obtained, but
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demonstrating convergence with respect to active space size andhduce a distortion of the side-gn#?%7,? peroxo species to a
the number of roots included in the MS-CASPT2 treatment is u-1%n geometry that is intermediate between end-on and side-
not possible. on. Subsequently, this species either initiates electrophilic
It appears that a more thorough understanding of the nature@romatic substitution or it further decoordinates te-g27°
of the excited singlet (and possibly triplet) states would be Peroxyl radical that may be the reactive speéfedle have not
helpful in better understanding the &% system in general.  exploredu-n%n* or u-7%n° geometries here, but given our
Such a study is not trivial given the issues raised here, and otherresults for the fully end-onu-n*y* geometry, it would be
levels of theory that might be employed, e.g., TDDFT or interesting to assess the degree to which application of the
equation-of-motion CC (EOMCC) approaches, will also be faced SUMBS method might affect the relevant molecular energetics
with challenges associated with the biradical character of the of such geometries.
ground states that would typically be chosen as reference states. The combination of this work with our prior stutfyon the
Nevertheless, it seems likely that further theoretical progress bis(u-0xo)/side-on peroxo equilibrium suggests that the model-
on this important structural motif will require movement in this  ing of potential energy surfaces associated with@cores is
direction. The recently developed extensions of CR-CC to fraught with peril when the goal is to include a variety of
excited states, in which EOMCCSD energies are corrected for coordination motifs. As such, we anticipate that our results will
the effects of triples (the CR-EOMCCSD(T) approach&¥) prove useful for the evaluation of newly developed wave
may prove useful in this context. function and density functional models. It is encouraging to
Last, we consider the implication of the present results, OPServe that the CR-CC approaches, particularly the recently
together with those from our previous work, for the modeling developed size extensive CR-CC(2,3),D model, provide reason-
of experimentally relevant GO, chemistry. Our current  able results, both for the previously studigbis(u-oxo)/side-
calculations are especially relevant to previously reported work N Peroxo equilibrium, where one needs to balance biradical
of Metz and SolomoA%® who studied a constrained reaction 2nd closed-shell regions of the potential energy surface, and
coordinate for the binding of molecular (triplet),Qo a the en.d--o.n/5|de-on equilibrium por)§|dered in this WOI‘k., Where
deoxyhemocyanin model in which the imidazole ligands of the both limiting structures have significant degrees of blrad|qal
enzyme active site were replaced by ammonia. This correspondscharacter. This prompts the development of low-order scaling
exactly to our syster8. Metz and Solomon described a process (€:9- local) variants of the CR-CC methods and parallel CR-
whereby initial binding occurs in an end-on fashion, followed CC codes that might be applied to imidazole and other ligands
by a low-barrier conversion to a side-on peroxo with concomi- 1arger than ammonia.
tant intersystem crossing to the singlet state. Based on spec-

troscopic calibration, they chose to model this process with the Ackngwledgment. This work was .supported by the U.S.
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employing a sumBS energy correction. As noted in Table
and Figure 6, sumBS-B3LYP shows excellent agreement with
CR-CC(2,3),D for systerB, so our results support the validity
of the energetics described by Metz and Solomon.

Interestingly, raw BS-B3LYP (i.e., no sum method correction
for spin contamination) does rather poorly f8r(Table 4),
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