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There exists a growing class of dinuclear complexes with bridging radical-anion ligands that is of interest
both for bioinorganic and for supermolecular chemistry. Their bonding situation as well as chemical and
spectroscopic properties are not described adequately by standard models such as the ligand-field theory. For
rational design of complexes with desired properties, it is thus necessary to understand better the interrelations
between electronic structure, spin density, and electron paramagnetic resonance (EPR) parameters in dinuclear
systems with redox-active bridging ligands and to evaluate the performance of density functional methods in
their description. As particularly suitable, experimentally well-characterized representatives, a series of dinuclear
copper(l) complexes with azo or tetrazine bridge ligands have been studied here by different density functional
methods. To reproduce the available experimental metal hyperfine couplings, the inclusion-edrbjtin

effects into the calculations is necessary. An unusual direction of the dependence of computed hyperfine
couplings on an exact-exchange admixture into the exchange-correlation functional may be understood from
a McConnell-type spin polarization of theframework of the bridge. Ligand nitrogen hyperfine couplings

are also compared with experiment where available. Electgst@nsors are reproduced well by the calculations

and have been analyzed in detail in terms of atomic-spibit contributions and electronic excitations.

1. Introduction Our recent work on systems with redox-active ligands has
o ) ] ) ) focused on a series of dirhenium complexes with bridging azo
Transition-metal complexes with redox-active radical-anion ligands® where we have tried to analyze by DFT calculations
ligands hav_e _been myestlgated mtensw(_aly during _the past yata obtained by high-field EPR (and on Ru complexes with
decade. This interest is fuelled on one side by their role as ortho-quinonoid ligandy. Due to the importance of higher-

models for certain metalloenzymes S.UCh as galllactose .OXidaseorder spin-orbit effects and a large dependence of the results
or related systemsand on the other side by their potential as on exchange-correlation functional, the computation of elec-

building blocks in supermolecular architectures with interesting tronic g-tensors for such systems turned out to be particularly

féz?é:;n;?;ﬁfirri;r:g mtivgonerggtgltsopsr?ndaﬂinthc?h:l?esr? gfi: to challenging. Hyperfine data were not available for comparison.

. ging . - 9 To establish the accuracy of DFT methods for both hyperfine
establish reasonable physical oxidation states for metals and . . . .

; . ) . L and g-tensors of such radical-anion dinuclear complexes in a

ligand together with a reliable spin density distribution. Often, ore meaninaful and complete wav. and to provide a basis for

electron paramagnetic resonance (EPR) spectroscopy is used’ Slitative mc?dels e tgnd o ry, ant mF():hem'caI analvses
in this contexf The delocalized nature of the spin density quaiitativ dels, we ex Jour quantu ' y
now to a series of monocationic dicopper complexas [(

renders such paramagnetic systems with “noninnocent” bridging . - . .
ligands, which are interesting from both spectroscopic and Lo)(Culz)2]™". The dlchglatlng tetradentate ligand tpntalns. .
theoretical points of view. In particular, the standard ligand- &N @20 Or tetrazine moiety (Scheme 1), and the spin density is

field models, that are often applied to interpret the EPR data th0ught to be concentrated mostly og. LThese interesting
(hyperfine couplings ang-tensors) of “normal” transition-metal ~ SyStéms (with PPhor PhP(CH)sPPh coligands L) have
complexes with metal-centered spiare not applicable to these recently been studied in detail experlmen_tally by Kaim and co-
more unusual bonding situations. At the same time, simple Workers:®"1* The advantages of this choice of target systems
models that are common for interpreting the EPR parametersfor deeper theoretical study are 3-fold: (a) For the 3d metal
of organicz-radical§* also need to be extended when the spin coPper, theg-tensor is expected to be described better by a
is appreciably delocalized onto transition-metal centers. The Perturbational treatment of spimrbit coupling than for the
recent, tremendous development of quantum chemical methodstbove-mentioned dirhenium systems. This should allow a better
for the computation of magnetic-resonance paranfgpessides assessment of the performance of different density functionals
many of the necessary more quantitative tools to be applied inand a more transparent interpretation of ghensors in terms
these cases, and detailed benchmark studies are required t@f electronic structure. (b) Both metal and ligand hyperfine data
translate these sometimes sophisticated calculations into usefulare available for the title systert$!11314These provide an
qualitative models for bonding and spin density distribution. ~ additional testing ground for evaluating the performance of
different exchange-correlation potentials for the description of
*To whom correspondence should be addressed. E-mail: kaupp@ the SPin density distribution and also a check of the importance
mail.uni-wuerzburg.de. of spin—orbit corrections to hyperfine couplings. (c) Copper
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SCHEME 1 Formulas of the Investigated Complexe’s

[(w-bptz)(CuL)s]* [(u-abpy)(CuL),] *
CuL, Cul,,
N—N/ \N / \ T
- / - / - N N
L OO
\ / - Cul,
Cul,
[(u-bmtz)(CuL,),]* [(u-abep)(Cul,),]*
CuL2 CuIQ
/ \ \_/
0 58
CuL2 Cul,
[(u-bpztz)(CuL,),]" [(n-2dcOBu)(CuLy),]*
Cul, CuL2
N—\ N—/N \N OlBu
AN/ j
L8\ W
\ / BuO CuL
Cul, 2

a Unless noted otherwise, the coligands L have been chosen to be phospiligaRtis in the calculations. Experimentally studied examples had
either PPR([(«-bptz)(CuLy),]*t, [(u-bmtz)(Culy),]*t, [(u-abep)(Culy),]**) or PhP(CHy)sPPh coligands ([(-abpy)(Cula),]**, [(u-adcOBu)(Culy)z] ).

complexes with radical-anion ligands are of particular interest the total A-tensor already in the 3d serig#/s*? In the present

in the context of galactose oxidase or related radical metalloen-study, SO corrections té were obtained from second-order
zymes! The aim of this study is to provide a detailed perturbation theory. At the coupled-perturbed KetBham
understanding of the interrelations between EPR parameters andevel, the dominant SO correction term arises as a second-order
spin density distributions of such nonstandard delocalized cross term between the one- and two-electron SO Hamiltonian

dinuclear complexes. hS© and the perturbed Fock operaféj
2. Theoretical Formalism SO-I _ 1, 1
_ ) Akuw = 7 0 0e¥k X
The theoretical background of EPR parameters is covered in 2 2050
detail in various text book®20 Here, we will summarize onl i SO )
the most relevant points g P I Mg Fie, | yiD
Hyperfine Tensor Calculations.In the usual nonrelativistic & & — &
first-order approximation, isotropic hyperfine splittinggo(N) kﬁ so 5
correspond to the Fermi-contact tedhC oce) vint(B) [gpf | hSC S P |Fi WK
47 5 f— P
_ AFC _ 1 k
AsdN) = A= — BLg0ST" > P78,10(Ry)I4,0 °
3 v ) wherea is the fine-structure constantthe gyromagnetic ratio
of the nucleushso is explained below, anBy is the perturbed
Here, 3¢ is the Bohr magnetorfly the nuclear magnetomy is Fock operator, withFy = (1./r3) — (2/0)ao Y12y Ky, where (/

the g-value of nucleusN, [SLis the expectation value of the 1) is the paramagnetic nuclear-spin electron-orbit (PSO) opera-
z-component of the total electronic spiR,” is the spin 1O, K, is the response exchange operator, afid the weight
density matrix, and the summation runs over all occupied of HF exchange depending on the specific hybrid functional

molecular orbitals. The componem$®(N) of the anisotropic used (detailed descriptions of our implementeifefi are
tensor are given by provided in refs 23 and 24, see ref 21 for a related simultaneous

CPKS implementation and both works for references to earlier

g 1 L ) implementations)sy and €° are spin-polarized KohnSham
Aij'p(N)=—ﬂe,3NgegNE$ZU z Py ﬂEb Iry (y 0 — orbitals and orbital energies, respectively. GGA or LDA
2 v functionals lead to an uncoupled DFT (UDFT) treatment for

3rN,irN,j)|¢VD 2 this second-order terma{ = 0). For better comparison with
experimental values, the SO correctiorAtdii denotes principal
wherery =r — Ry (Ry is the position vector of nucleus). In components) is given in terms of an isotropic pseudocontact
the rest of this section, we will refer to the metal hyperfine (AP9 and traceless dipolaiA(9P-2") term
interaction and omit the subscrigt Spin—orbit (SO) corrections )
. . . . A otal _ A:ZC Ad|p_2 (4)
to A have been shown to give nonnegligible contributions to Kiii K,ii
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g-Tensor Calculations.The g-tensor will be provided as the
correction to the free-electron value (given in ppt, i.e., in units
of 1079)
9=0l1+Ag ©)
with ge = 2.002319. Up to the level of second-order perturbation

theory based on the BreiPauli Hamiltonian, theg-shift Ag
consists of three terms

SO/0z RMC

Ag=Ag + Ag + AgGC (6)

of which the “paramagnetic” second-order sporbit/orbital
SO/0Z

Zeeman cross terni\g , dominates (except for extremely

small Ag values)t® Within the coupled-perturbed KokiSham

(CPKS) scheme, using (nonlocally implemented) hybrid density

functionals, and based on unrestricted Keltham calculations,
the Cartesian componentsy,, are computed as

2 occ() virt(a) Ejbk|hso|1/)a[|]ﬂ()a||:' |1/JE|:|

AQS00Z = —
=% 2 2 —
€ €
ocofp) vinp) I TP ATAIF! |y
> > (7)
T d-d
with Fy = lo — (2/a)ao Y2 K, lo is a spatial component of
the orb|tal Zeeman operator. The relativistic mass correction
term AgRMc and the one-electron part of the gauge correction
term Ag°C are also included in our implementati§ié (see

also refs 27 and 28 for related implementations).

3. Computational Details

Unless noted otherwise, the substituents at the phosphine(Cu(PH)2)2]*", [(u-bptz)(Cu(PP§),)2]+
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and average values are provided in the Tables. All HFC tensor
results are reported in MHz.

To break down the FC term into the contributions from
individual molecular orbitals, we recall that the spin density
matrix is P}, = S} CyCly — 3% CiCli, whereCly, y =
«/_, are the MO coeff|C|ents and the sum runs over all
occupied MOs. One may then rewrite eq 1 in terms of molecular
orbitals ¥k

Nau
Ason = ﬁeﬂNgegNESZUI (Z (haK FC) + K;ﬂ he: K)
h}lég = k(w10 (r) k() By = 01_,5 8)

The first sum in parentheses in eq 8 corresponds to the
contributions from the doubly occupied MOs while the last sum
corresponds to the contributions from the singly occupied MOs.
In the case of strong spin polarization, the energy ordering within
thea- andS-subsets may differ. We have ensured matching of
the corresponding spatial parts ¢f%, v’ by a maximum
overlap criterion

Ly “O=max L= (1.N) (9)

Natural population analyses (NPAS)which were used to
analyze spin populations, have been carried out with a standa-
lone version of the NBO4.M prograffi, which has been
interfaced to Turbomole by an in-house routfidsosurface
plots of spin density distributions and molecular orbitals were
performed with Molekef?

4, Results and Discussion

Structures. Table 1 compares selected structural parameters
of four representatives of the investigated complexesbfitz)-

+ [(u-abep)(Cu(PH)2)2] ",

coligands have been replaced by hydrogen atoms (see Schemand [(«-abcp)(Cu(PP4),),]*", with experimental crystallographic

1). In a number of cases, calculations witk=LPPh have been
added. All structures were optimized without symmetry restric-
tions at the BP86 DFT levéf;*°using unrestricted KohnSham
wave functions and the Turbomole 5.6 progrénihe Cou-
lombic term was approximated by density fitting (“RI-DFT”
method)32 Orbital basis sets and auxiliary basis sets for density
fitting were of SVP quality?®

For the EPR property calculations, unrestricted DFT single-
point calculations of the wave functions at the optimized

structures, which are availabfeé® for the corresponding ¢
bptz)[Cu(PPB)2]2](BF4) and [-abcp)[Cu(PP);]2](PFs) com-
plexes. The computed bond lengths differ from the experimental
ones by maximally 0.05 A. The largest deviations occur for
the Cu-N bonds, whereas bond lengths within the bridging
ligand agree almost perfectly with experiment. The calculated
N3CuN1 angles (for numbering, see Scheme 2) are also
reproduced well. Comparing the calculated structures of the
complexes with L= PH; and L = PPh, we found that the

structures were performed with Turbomole using a (15s11p6d)/ bulky triphenylphosphine ligands lead to a twisting between the

[9s7p4d] Cu basis set designed for hyperfine calculatfoarsd
employed also in our previous studies of 3d compleXés.
Ligand atoms were treated by Huzinagéutzelnigg-type basis
sets Bl (sometimes also denoted as IGLO1? The following

tetrazine and pyridine ring systems. However, the structure of
the tetrazine ring itself and the €N bonds and angles are not
affected much. Some of the parameters computed for the smaller
bptz-model and abcp-model systems do actually agree better

exchange-correlation functionals were compared: (a) the BP86with experiment than those calculated for the “real” systems.

GGA functionaf®3° (without density fitting), (b) the hybrid
B3LYP functionaf®3® with 20% exact exchange, and (c) the
hybrid BHLYP functional with 50% exact exchantfet! The
unrestricted KohaSham orbitals were transferred to the MAG-
ReSpect property packafeby suitable interface routiné8.26
The atomic mean-field approximation (AMEY“has been used
to compute the matrix elements of the sporbit (SO) operator,
hSC, in eqs 3 and 7. ly-tensor calculations, we employed a

This appears to be a compensation between systematic DFT
errors (at the BP86 level one expects somewhat too long metal
ligand distances) and the electronic influence of the phenyl
substituents. Assuming a similar compensation also for the other
models with PH coligands, we expect that the computed model
structures should be very appropriate to analyze the electronic
structure and EPR parameters of the investigated complexes.
Cartesian coordinates of all complexes studied here are given

common gauge at the center of mass. While no symmetry in the Supporting Information.

restrictions were introduced into the calculations, the hyperfine
coupling (HFC) tensors for all ligand atoms in approximately
diagonal positions are very similar (differences0.5 MHz),

Spin Density Distribution. Of the six monocationic J(-Lp)-
(Cu(PH),),]*" complexes studied here, three exhibit a tetrazine
moiety and three an azo system as bridging tetradentate ligand
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TABLE 1: Comparison of Experimental Structures? with Calculated Ones (RI-BP86)

Cu-N1 Cu-N3 Cu-P N1-N2 N1-C1 N3-C2 <N3CuN1
[(u-bptz)(Cu(PH)),]"* calcd 2.020 2.088 2.264 1.370 1.374 1.361 815
[(u-bptz)(Cu(PPy,)2]"* calcd 2.050 2.132 2.304 1.378 1.365 1.361 79.4
[(u-bptz)(Cu(PPY2)2]"+ exp'® 2.032 2.084 2.287 1.394 1.338 1.355 79.5

Cu-N1 Cu-N3 Cu-P N1-N2 N2-C1 N3-C1 <N3CuN1
[(u-abep)(Cu(PH)2)2]** caled 2.020 2.001 2.269 1.337 1.369 1.377 785
[(u-abcp)(Cu(PPYy)2]"* calcd 2.070 2.102 2.316 1.346 1.368 1.376 77.3
[(u-abep)(Cu(PP)2"+ expt3 2.045 2.098 2.263 1.345 1.363 1.360 76.6

2 Obtained by X-ray crystallography for{bptz)[Cu(PPH)2]2](BF4) and [«-abcp)[Cu(PP¥),]2](PFs), respectively, cf. refs 13 and 49Cu—P
distances were averaged.

SCHEME 2. Numbering Scheme of Tetrazine and Azo TABLE 2: Dependence of Mulliken Atomic Spin Densities
Complexes as Used in Table 1 on Exchange-Correlation Functionaf
Cu(PHs), substituent

\ azo/ of the

——N3 N1—N2 — tetrazine  chelating

\ / Cu (N)> ligandt

“ \ /CZ_C\\ / \ / “ [(i-bptz)(Cul) ™~  BP86 002 0.094(0.64) —0.01
N N B3LYP 001 098(0.70) —0.01

BHLYP 0.00 1.00 (0.78) 0.00

CuPhy), [(u-bmtz)(Culo)z]* BP86 0.02 0.76(0.58) 0.09
B3LYP 0.00 0.88(0.74) 0.05

Cu(PHy), BHLYP —0.01 0.98(0.88) 0.01

/ \ N— [(u-bpztz)(Culz);]* BP86 0.02 0.80(0.62) 0.06

B3LYP 0.01 0.94(0.74) 0.01

N3 N1 BHLYP —0.01 0.98(0.82) 0.00

J N\. / N\ / [(4-abpy)(Cul)s*  BP86  0.02 050 0.22

C1—N2 N B3LYP 0.00 0.58 0.20

L AN e BHLYP —0.01 0.70 0.15

N4 Cu(PH,), [(u-abcp)(Culz)z]"* BP86 0.03 0.44 0.22

32 B3LYP 0.01 0.56 0.19

Ly (Scheme 1). Figure 1 represents isosurface plots of the spin 4cOBU)(C " Eglégp 882?1 8-22 8-%2
density distributions with three different density functionals, and [(#-adcOBU)(Culz)e] B3LYP 0'02 0'68 0'12
Table 2 provides Mulliken atomic spin densities. If we consider BHLYP -0.01 0.80 0.10

both metal fragments to be indal oxidation state, the bridging

ligand must be present as a radical anion. This description of ; : o
ligand-centered radical complexes is indeed borne out b the(value-S pertain to one metal only) and liganti€ontribution of the

9a . . p > . y tetrazine/azo moiety. For tetrazine ligands, the individual contributions
calculations, which show the spin density to be localized of the two coordinating N atoms are also shown in parentheses.
predominantly on the bridging ligand L. A more detailed break cContribution from one of the attached chelating substituents of the
down into contributions from the central (tetrazine or azo) tetrazine/azo bridging ligand.

moiety and the substituent that closes the chelate ring with the

metal provides more information: For the tetrazine complexes,
the spin density is almost exclusively localized in the bridging the exact-exchange admixture localizes the spin density even
tetrazine ligand, predominantly on those two nitrogen atoms more on the ligand, with less metal contributions (cf. Table 2).
that coordinate to the metal (cf. Table 2). Almost no delocal- The assignment of physical oxidation states is relatively
ization into the pyridine or pyrimidine rings is observed. For straightforward in the title systems. Due to the predominant
the azo complexes, positive spin density is particularly localized localization of the spin density on the bridging radical-anion
at the N atoms of the bridge. ForHabpy)(Cu(PH).)2]** and ligand, a description with two Cwcenters is undoubtedly the
[(u-abcp)(Cu(PH),),]**, where the azo group is substituted with  most useful way of viewing these complexes. We note in passing
pyridine, some additional spin density (positive and negative) that detailed analyses of quantum chemical calculations may
is present on these aromatic rings, whereas the ester-substitutedlso provide good physical oxidation states in less clear-cut
[(u-adcOBU)(Cu(PH)2)2]* shows only some small positive spin ~ cases.
density at the oxygen atoms. In all three complexes, there is Metal Hyperfine Coupling Tensors: Comparison with
very little overall spin density at the metal but significantly more Experiment. Table 3 compares computed and, as far as
than that for the tetrazine complexes. available, experiment&Cu hyperfine coupling constants. While

The dependence of the spin density distribution on the the spin density is mostly centered on the bridging ligand (see

exchange-correlation functional follows the same trend in all above), the hyperfine coupling at the metal is still appreciable,
six complexes and is consistent with previous experience for albeit of course much smaller (roughly by an order of
open-shell transition-metal complex&$:>1Generalized gradient ~ magnitude) than for complexes with predominantly metal-
approximation (GGA) functionals such as BP86 overestimate centered spin density. Experimental isotropic Cu HFCs are
the covalency of the metaligand bond, and an increasing available for two tetrazine systerfi§u-bptz)(Culy)]*" and [(u-
admixture of Hartree Fock exchange renders the bonding more bmtz)(Culy);]**} and two azo complexgg(u-abpy)(Culp),]**
ionic. For systems with predominantly metal-centered spin and [{«-adcOBu)(Culy)2]**}. The sign ofAiso Was not deter-
density, this means increasing concentration of this spin density mined experimentally. However, our calculations provide strong
on the metal. In the present case of a ligand-centered radical,indications that it is negative.

a Spin densities broken down into fragment contributions from metal
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BILYP

BHLYP

< ~ 3

[(u-bpztz)(CuL.]

[(p-abpy)iCulL,]

[(p-abep)(Cul,|

[(n-adcO'Bu)Cul.,]

Figure 1. Isosurface plots£0.003 au) of the spin density distribution calculated with three different functionals.

With increasing HF exchange in the functional used, the
calculated Aiso values tend to become more negative. The
isotropic FC contributiorA™C is negative (betweer30 MHz
and—50 MHz) for all complexes. SO corrections Aq, (AP9
are significantly smaller but nonnegligible, and they are positive.
At the BP86 level, the SO corrections amount to about 15
25% of the absoluté\™C value. However, as exact-exchange
admixture renderdFC more negative andFCless positive, this
ratio decreases to about-&0% at BHLYP level. As the FC
contribution dominates, the overall value/d, becomes more
negative along the series BP8B3LYP—BHLYP. This increase
of the absolute value is counterintuitive: On the basis of the
increasing localization of spin density on the bridging ligand
with an increasing amount of HF exchange admixture, one
would expect a less negati®&C contribution. Detailed analyses
of this unexpected behavior are provided further below.

Turning to the comparison with the experimenmgal, values
(Table 3), we see a nonuniform performance of the different

functionals: The absolute values for the tetrazine systems [(
bptz)(Culy),]** and [(-bmtz)(Culy),]*+ are already overesti-
mated by the BP86 functional, and the discrepancy between
theory and experiment becomes larger upon exact-exchange
admixture. In contrast, the two azo systemsdbpy)(Culy)z]*™

and [(-adcOBu)(Culy),]*t have relatively large (negative)
values, which are underestimated by the BP86 GGA functional.
While the B3LYP value is closest to experimeAf¢included)

for [(u-abpy)(Culp)z]**, the experimental value forgfadcC-
Bu)(Culy)z]*" is even better reproduced by the more negative
BHLYP result.

The dipolar hyperfine couplings exhibit almost axial sym-
metry (with small deviations especially forufomtz)(Cu-
(PHs)2)2]*"). Again, the SO contributionAd?2) is of opposite
sign compared with the primary nonrelativistic contribution
(Adir) and thus reduces the overall anisotropy somewhat. In
contrast to the nonintuitive dependenceds? on the exchange-
correlation functional (see above), the absolute values of both
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TABLE 3: Computed and Experimental Cu HFC Tensors (in MHz) for the Title Complexes

BP86 B3LYP BHLYP
[(u-bptz)(Culy),]** Asso —31.1 —33.2 —37.2
AFC —36.0 —36.6 —39.6
APC 4.9 34 2.3
Adip —27.5,13.2,14.3 —19.6,9.4,10.2 —-135,6.1,7.4
Adip.2 41,-2.3,-1.8 29,-16,-14 21-11,-1.0
Aiso (€XP)O (-)21.24
[(u-bmtz)(Culy)]** —-29.6 —-34.8 -41.1
AFC —35.2 —39.0 —43.9
APC 5.6 4.1 2.8
Adip —29.0,11.2,17.9 —22.6,8.7,13.9 —-15.9,5.9,9.9
Adip2 4.7,-3.0,—1.6 3.5-2.2,-1.3 2.4,-1.4,-1.0
Aiso (EXP)H (=) 23.09
[(u-bpztz)(Cula)z]*+ Aiso -31.7 -35.2 -38.9
AFC —-37.7 —39.2 —41.5
APC 6.0 4.0 2.6
Adip —31.8,15.6, 16.2 —22.6,11.3,11.3 —14.9,7.0,7.9
Adip2 5.0,—2.9,—-2.1 3.5-19,-1.6 23-12,-1.1
[(u-abpy)(Culs)]** Asso —30.1 —34.4 —43.0
AFC —-37.1 —39.6 —46.7
APC 7.0 5.2 3.6
Adip —33.0,15.9,17.1 —25.5,12.3,13.2 —18.6,9.2,9.4
Adip.2 5.3,-3.2,—2.1 4.0,—2.4,—-1.6 26,-16,-1.1
Aiso (EXp)° (—) 36.43
[(u-abcp)(Cula)]™ Aso -28.2 -33.3 —415
AFC —38.3 —40.5 —46.0
APC 10.1 7.3 4.4
Adip —40.7,19.7, 21.0 —31.3,15.1,16.1 —20.9, 10.6, 10.3
Adip.2 7.7,-5.0,—2.7 5.8,—3.6,—2.2 3.5-21,-14
[(u-adcOBuU) (Culy)]* Aso —-35.4 —-40.0 —46.0
AFC —47.9 —48.6 —50.7
APC 12.4 8.6 4.7
Adip —49.3,23.8,25.5 —36.4,17.3,19.1 —22.3,10.8, 115
Adip.2 10.6,—6.0,—4.6 —4.3,-3.7,8.0 44-23,-2.1
Aiso (eXp)© (—) 46.29
Adip and Adir2 decrease along the series BP86B3LYP > TABLE 4: Orbital Contributions to  AFS(Cu) (in MHz)

BHLYP, in agreement with decreasing 3d spin density upon
increasing HF exchange admixture. Consequently, the ratio

dip,2 dip : or i~ [(u-bptz)(Culy)s]*+ BP86 —36.0 —30.1 21.5 —30.0 2.6
betweenAdP-2 and AP remains roughly constant at ca. 15% in B3LYP —36.6 —242 197 —328 0.7

AFC 2s 3s VS8 resP

all cases. , _ _ _ _ BHLYP —39.6 —21.0 17.5 —40.0 3.9

Metal Hyperfine Couplings: Orbital Analysis. In view of [(u-bmtz)(Culo),] BP86 —32.8 —28.3 20.1 —27.6 3.0
the overall lower metal spin density with increasing exact- B3LYP —38.0 —26.5 21.1 —38.6 6.0
exchange admixture (cf. Figure 1), the unexpectedly more BHLYP —459 —25.2 209 —439 23

negative isotropic metal hyperfine values along the same seriesl(#-bpztz)(Culs),]"" ~ BP86  —37.7 —34.5 24.4 —30.7 3.1

for all titte complexes call for a closer investigation. In Table EE"I‘_\\((F; :zg'é :gg"; ig'é :ig'g 33.)15
4, AFC is broken down into individual MO contributions. As [(,u-abpy)(CuI.g)z]'* BPS86 _371 _358 252 _280 15

has been discussed in detail earfferpre-shell spin-polarization B3LYP —-39.6 —31.5 24.9 —35.6 2.6
contributions to the spin density at the nucleus of a 3d complex BHLYP —46.7 —28.9 24.2 —42.1 0.1
arise from a negative 2s and a somewhat smaller positive 3s[(«-abcp)(Cula)2]** BP86 —38.3 —43.9 30.2 —26.9 2.3
contribution (the 1s contribution has generally been found to B3LYP —40.5 —38.3 30.0 —39.4 7.2
be negligible for 3d complexés3d. In the present examples, adcOBUMC N EE%%(P :ig'g :g%-; gg'g :gg'g %)297
the relatively small spin density on the metal renders these [(«-adcOBU)(CuLe)] B3LYP —48.6 —44.0 342 —38.0 —0.8
contributions also relatively small, and due to similar magnitude BHLYP —50.7 —34.2 28.5 -394 —5.6

of the 2s and 3s contributions, the overall contributionts 2 The most relevant valence-shell polarization contributions have been
from core-shell spin polarization is only betwee® and—17 summed upP®Smaller (below a threshold of 10 MHz) valence-shell

MHz at the BP86 level. It decreases further with exact-exchange 4pq core-shell contributions. Note that contributions coming from the
admixture, to values between3 and—6 MHz at the BHLYP SOMO are essentially negligible.
level.

Thus, the core-shell spin-polarization contributions become in-plane character within the bridging ligand). All other orbitals
less negative, as expected, and they do not account for the bulkcontribute very little. Figure 2 shows for one representative case,
of the computed\F©! Instead, unexpectedly, the major negative [(u-bmtz)(Cu(PH),)2]*", the spin density arising from the
contributions come from the spin polarization of doubly superposition of these orbitals. The picture may be viewed as
occupied valence orbitals (summed up in the “VS” column of the valence-shell spin-polarization contribution to the overall
Table 4). It is these VS contributions that account for the more spin density distribution (cf. Figure 1). With increasing HF
negativeAC along the series BP86, B3LYP, and BHLYP. The exchange admixture, the oscillation of spin polarization within
predominant VS contributions arise from a few (cal®) MOs, the ligand plane becomes more notable. At the BHLYP level,
which essentially have-symmetry with respect to the frame-  appreciable negative spin density contributions have developed
work of the bridging ligandsiz-system (that is, these MOs have around the metal centers. As the MOs involved have some 4s
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a) BPE&6 B3LYP BHLYP
b) BP86 B3LYP BHLYP
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Figure 2. Isosurface plots£0.003 au) of (a) spin-polarization contributions (sum of relevant contributions from formally doubly occupied MOs)
to the spin density and (b) SOMO spin density in-fmtz)(Cu(PH),).]*" for three different functionals.

TABLE 5: Natural Atomic Orbital (NAO) Occupation Numbers and Spin Populations (in parentheses) of the Metal 3d and 4s

Orbitals?

BP86 B3LYP BHLYP
[(u-bptz)(Culy),]** 4s 0.416 (-0.0020) 0.377 (-0.0022) 0.336 (-0.0025)
3d 9.779 (0.0265) 9.834 (0.0158) 9.872 (0.0087)
[(u-bmtz)(Culy);]** 4s 0.417 (-0.0019) 0.378 (-0.0024) 0.337 (-0.0030)
3d 9.775 (0.0285) 9.825 (0.0181) 9.873(0.0107)
[(u-bpztz)(Culs)]* 4s 0.417 (-0.0021) 0.378 (-0.0024) 0.337 (-0.0027)
3d 9.777 (0.0316) 9.826 (0.0187) 9.873 (0.0096)
[(u-abpy)(Culs)]** 4s 0.432 (-0.0022) 0.393 (-0.0027) 0.351 (-0.0034)
3d 9.775 (0.0343) 9.822 (0.0228) 9.871 (0.0133)
[(u-abcp)(Culy);]** 4s 0.427 (-0.0021) 0.388 (-0.0026) 0.346 (-0.0033)
3d 9.769 (0.0454) 9.820 (0.0303) 9.869 (0.0164)
[(u-adcOBuU)(Culy)y]*+ 4s 0.434 (-0.0028) 0.393 (-0.0034) 0.348 (-0.0039)
3d 9.804 (0.0564) 9.822 (0.0361) 9.880 (0.0176)

aFrom natural population analyses (NPA

character on copper, this leads to increasing negative spin densityabove). Note that the relatively small 4s spin population
contributions also at the metal nuclei, thus explaining the influences the spin density at the copper nuclei more than the
unexpected dependence AfC on the functional. This spin  somewhat larger 3d spin population, as the 4s shell has a direct
density obviously arises from the spin polarization of the amplitude at the nucleus. We see also that the NPA spin
o-framework by thez-type semioccupied molecular orbital populations (Table 5) reflect thgs, values more faithfully than
(SOMO) (cf. Figure 2b). We may consider this spin-polarization the gross Mulliken spin densities discussed above (Table 2).
mechanism as the equivalent of the McConnell mechanism for Ligand Hyperfine Couplings. Comparison with experiment

n-radicals? In typical z-radicals, the polarization of the ¢, e nitrogen hyperfine couplings is more restricted, as data
o-framework accounts for positive spin density at relevant ring are available only for [{-bptz)(Culs),]*", [(u-bmtz)(Culs)s]*+

nuclel (e.g., V.'S'.ble as p.OS't'VéC HFC.S) and par.t|cularly for and [u-adcOBu)(Culy),]** (Table 6). These couplings arise
the characteristic negative spin density at the ring protons. In O : : .
from the coordinating nitrogen of the tetrazine or azo unit and

the present case, the metal atoms play the role of the ring. i o ] i

e Th bty Spn Gonty a e comdinaing 1 PPECULYT and i bmiCU ) o tom e

nitrogen atoms gives rise to a negative spin density on the Cut. h b gf q 1l six il Ig. Looki

end of the N-Cuo-bond. This explains the bulk of the negative lons have been periormed on all Six tile complexes. L.ooking
first at the azo complexes, we see tat of the azo-nitrogen

spin density at the metal nuclei. . :
atoms increases along the series BR8B3LYP < BHLYP,

While the core-shell spin polarization depends on the metal ; . ) . i
3d populatior? this valence-shell spin polarization should be consistent with the enhancement of spin density on the ligand

reflected in the metal 4s population. We expect therefore that PY the exact-exchange admixture (Table 6). SO effedfS)(

the 3d spin population should decrease from BP86 to B3LYP &ré negligible in this case and for all nitrogen HFCs in general
to BHLYP, whereas the 4s spin population should increase along (@ll values are smaller than 0.1 MHz). Compared with the only
the same series. This is demonstrated by computed NPAavailable experimental value for an azo system;gd@cOBu)-
occupations and spin populations (Table 5). With increasing (CuL2)2]"", the BP86 result is clearly too low, whereas B3LYP
HF exchange admixture, the increasing bond ionicity diminishes and BHLYP bracket the experimental number. The dipolar
the “hole” in the 3d° shell. While the 3d population thus contributionAdP is of similar magnitude as the FC contribution
increases, the corresponding spin population decreases. In th@nd increases also with more HF exchange admixture but with
case of the Cu 4s orbital, the overall population decreases, agaira less pronounced dependence on the functional. Rather small
reflecting the greater ionic bonding. But at the same time, the A™¢ andA%P values are computed for the nitrogen atom of the
4s spin population becomes more negative, due to enhancedyridine ring in the azopyridine compoundg{ébpy)(Culy),]**

spin polarization of the-framework by ther-type SOMO (see  and [-abcp)(Culp),]**.
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TABLE 6: Computed and Experimental N HFC Tensors (in MHz)

N, coord, tetrazine N, uncoord, tetrazine N, coord, pyrimidine
[(u-bptz)(Culy)s]™ Aiso (XY 16.96 12.96
iso 10.3 2.8 -0.2
BP86 AFC 10.4 2.9 -0.2
Adip -16.3,—15.9, 32.2 -8.5,—8.0,16.5 -0.3,0.0,0.3
Aiso 17.5 8.1 -0.8
B3LYP AFC 17.6 8.1 —0.8
Adip —18.0,—17.6, 35.6 —11.1,-10.4,215 —0.8,0.2,0.6
Aiso 27.9 154 —2.4
BHLYP AFC 28.0 15.4 —2.4
Adip —19.9,—19.2,39.1 —13.8,—12.7, 26.5 —2.6,1.1,15
[(u-bmtz)(Culy),]** Aiso (EXp)* 17.07 13.62
Aiso 10.1 -0.8 0.7
BP86 AFC 10.2 -0.8 0.7
Adip —15.0,—14.6, 29.6 -1.9,-0.9,2.8 -1.7,-15,3.2
Aiso 18.8 0.7 0.5
B3LYP AFC 18.9 0.7 0.5
Adip —18.6,—18.2, 36.8 —3.5,-2.6,6.1 —-1.1,-0.8,1.9
Aiso 31.2 5.4 -0.8
BHLYP AFC 31.2 5.4 -0.8
Adip —21.8,—21.1,42.9 —6.8,—5.8,12.6 -0.5,0.1,0.4
[(u-bpztz)(Cul),]** Aiso 10.3 0.8 0.5
BP86 AFC 10.4 0.9 0.5
Adip —15.8,—15.4,31.2 —4.9,—4.3,9.1 —-13,-11,24
Aiso 18.5 5.0 -0.3
B3LYP AFC 18.6 5.0 —-0.2
Adip —18.7,—18.2,36.9 —-7.9,-7.2,15.2 -0.3,0.0,0.3
Aiso 29.3 12.4 —2.4
BHLYP AFC 29.4 12.4 —2.4
Adip —20.8,—20.0, 40.9 —11.7,—-10.6, 22.3 —25,1.1,14
N, azo N, py
[(u-abpy)(Culg)]* BP86 Aiso 6.2 24
AFC 6.3 2.5
Adip —12.4,-12.4,24.8 —4.0,-3.9,7.9
B3LYP Aiso 12.5 4.4
AFC 125 45
Adip —14.8,—14.8, 29.6 —4.7,—4.5,9.2
BHLYP Aiso 21.9 9.0
AFC 22.0 9.1
Adip —-17.6,—17.2,34.8 —6.3,—6.0,12.3
[(u-abcp)(Culy),]** BP86 Aiso 5.1 2.4
AFC 5.2 2.4
Adip —11.3,—11.3,22.6 —4.1,—4.0, 8.0
B3LYP Aiso 10.9 4.5
AFC 11.1 4.5
Adip —13.9,-13.9,27.8 —4.9,—4.7,9.6
BHLYP Aiso 19.8 9.3
AFC 19.9 9.3
Adip —-16.9,—-16.6, 33.5 —-6.7,—6.4,13.1
[(u-adcOBuU) (Culy),]*+ Aiso (EXP)° 17.94
BP86 Aiso 6.6
AFC 6.8
Adip —145,-14.6,29.1
B3LYP Aiso 13.5
AFC 13.7
Adip —-17.1,—-17.2,34.4
BHLYP Aiso 23.2
AFC 23.3
Adip —20.0,—19.8, 39.8

Within the series of the tetrazine compounds, we may evaluate experimentally for [¢-bptz)(Culy),]** and [-bmtz)(Culy)z]**.
both the coordinating and noncoordinating tetrazine nitrogen For the bptz ligand, the computed values increase dramatically
atoms. The coordinated nitrogen atom of the pyridine ring with exact-exchange admixture and the experimental value is
exhibits almost vanishingF¢ and AP values, consistent with  again bracketed by the B3LYP and BHLYP results (note that
the lack of experimental observation. Starting with the coordi- the HFCs remain lower than those for the coordinated nitrogen
nating tetrazine nitrogen HFCs fopfbptz)(Culy),]** and [(u- atoms). On the other hand, the experimentally even slightly
bmtz)(Culy);]**, the computations show again an increase with larger value for the bmtz system is not reproduced so well by
exact-exchange admixture. In both cases, the B3LYP resultthe calculations. The BP86 and B3LYP values are only slightly
agrees excellently with experimedd® is of the same order of  negative and slightly positive, respectively. Only at the BHLYP
magnitude and shows the same dependence on the functionallevel is an appreciably positive value obtained but at the expense

Matters turn out to be more complicated for the noncoordi- of overshooting for the coordinating nitrogen atom (Table 6).
nating tetrazine nitrogen isotropic HFCs, which are available These results are consistent with the computed spin density
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TABLE 7: Computed “N A;s, Values (in MHz) for Free

available) experimenta-tensors for the copper complexes and
Tetrazine Radical Anions

the free ligand radical anions, respectively. Let us start with a

N1 (ring)  N2(ring) N (substituent) brief survey of the experimentgttensors, which are available
bptz- BPS6 6.9 0.7 0.7 from high-field EPR for five of our six title complexes.
B3LYP 15.7 1.9 0.7 Consistent with the predominantly ligand-centered spin density
BHLYP 26.2 12.7 -2.1 (see above), thg-tensor anisotropy is much smaller for all
bmtz=  BP86 0.8 0.8 0.7 complexes than for typical (ud® systems (indeed, high-field
gﬂl__\\((ﬁ)ﬁ ii ii g'g EPR is necessary for a resolution of tgetensor in these
bpztz-  BP86 58 19 26 systems, due to the relatively low anisotropy). But, at least for
B3LYP 13.4 —14 15 the azo complexes, the anisotropy is still significantly larger
BHLYP 28.1 3.7 -0.1 than that expected for the free-radicals (cf. below). The

distributions, which signal appreciable spin density (increasing anisotropy for the tetrazine complexes is lower, suggesting less
with exact-exchange admixture) on the noncoordinating tetrazine involvement of metal spinorbit coupling. This is in turn also
nitrogen for the bptz and bpztz systems but much lower values consistent with the experimentally somewhat less negétive
for the bmtz complex (cf. Figure 1). (Table _3) and with the somewhat smaller mgtal 3d spin
This slight difference between the bmtz compound and the Population (Table 5). Note that only a larger 3d spin population
bptz and bpztz systems is already present for the free ligand(Cf. Table 5) is expected to contribute to grensor anisotropy,
radical anions. Table 7 shows HFC tensor results for the nitrogenWhereas copper spirorbit coupling is not affected by the 4s
atoms in the free ligands (only those N atoms are consideredSPin populations. Lower 3d spin populations agdensor
which are relevant in the complexes). While the optimization anisotropies in such ligand-centered radicals are typically
gave Ca-symmetrical structures for bptzand bpztz- (with associated with a less pronouncedcceptor character of the
two distinct pairs of nirtogen atoms within the tetrazine ring), bridging ligand'*In the present examples, the tetrazine ligands
aDar-symmetrical structure was obtained for bmtewith four are the weaker-acceptors. Within the set of azo ligands, abcp
equivalent nitrogen atoms in the tetrazine moiety and two IS known to be the best-acceptor. Consequently, it shows the
equivalent nitrogen atoms in each pyrimidine). The dependencelargestg anisotropy (Table 8) and 3d spin population (Table
of the nitrogen HFCs on the functional for bptand bpztz- 5). The experimentaj-tensors for the tetrazine-bridged systems

(Table 7) is similar to that observed in the complexes (cf. Table have one componeng{s), which is relatively close to the free-

6). The isotropic HFC valueg\,) of both nitrogen atoms within

electron valuege = 2.002319, and the reported tensor exhibits

the tetrazine ring are enhanced upon increasing exact-exchang@xial symmetry, with the identical componets andgz. not

admixture (overall Aiso is larger in the complex). In contrast,
bmtz~ exhibits very lowAs, values and only little change for

the tetrazine nitrogen atoms with increasing exact-exchange%:

admixture (but an overall higher value and an increase with

very far abovege. The azo-bridged complexes exhibit rhombic
spectra, withgss belowge and bothg;1 andgy, appreciably above

Let us now turn to the computegitensors (Table 8). With

exact exhange at the nitrogen atoms of the pyrimidine substitu-increasing HF exchange admixture, thanisotropy decreases,
ent). This reflects a more pronounced delocalization of spin consistent with the enhanced ionicity of the-@dubond and
density into the substituents (cf. spin density plots for the free with the resulting lower metal 3d spin populations (Table 4).
ligands in Figure S1 in the Supporting Information), possibly We have observed this behavior earlier for complexes with

due to the more symmetrical nature of bmtzompared with

the other two tetrazine radical anions.

g-Tensors: Comparison with Experiment and Dependence

ligand-centered spin density,whereas the opposite trend holds

for metal-centered spit¥:>3 The overall agreement with experi-

ment is generally better for the present Cu complexes than that

on Functional. Tables 8 and 9 show calculated and (where for our previous work on 4d or 5d ligand-centered sytéfs.

TABLE 8: Computed and Experimental g-Tensors for the Title Complexes

Oiso (AJiso) 011 (AQ11) 022 (AQ22) 033 (AQ33) Agh1 — AQsz
[(u-bptz)(Culy),]** expH 2.0053 (3.0) 2.0067 (4.4) 2.0067 (4.4) 2.0026 (0.3) 4.1
BP86 2.0043 (2.0) 2.0091 (6.8) 2.0076 (5.3) 1.9968.1) 12.9
B3LYP 2.0041 (1.8) 2.0072 (4.9) 2.0060 (3.7) 1.9993(1) 8.0
BHLYP 2.0040 (1.7) 2.0064 (4.1) 2.0047 (2.4) 2.0008.(5) 5.6
[(u-bmtz)(Culy)z]** exptt 2.0048 (2.5) 2.0062 (3.9) 2.0062 (3.9) 2.002D(2) 4.1
BP86 2.0033 (1.0) 2.0123 (10.0) 2.0066 (4.3) 1.99101.3) 21.3
B3LYP 2.0030 (0.7) 2.0080 (5.7) 2.0055 (3.2) 1.995%(8) 14.5
BHLYP 2.0033 (1.0) 2.0062 (3.9) 2.0045 (2.2) 1.999B(2) 7.1
[(u-bpztz)(Culs)s]** BP86 2.0034 (1.1) 2.0115 (9.2) 2.0077 (5.4) 1.99101.3) 20.5
B3LYP 2.0036 (1.3) 2.0080 (5.7) 2.0063 (4.0) 1.9964(9) 11.6
BHLYP 2.0037 (1.4) 2.0065 (4.2) 2.0049 (2.6) 1.9992(6) 6.8
[(u-abpy)(Culs);]** expo 2.0050 (2.7) 2.0134 (11.1) 2.0047 (2.4) 1.996%(5) 16.6
BP86 2.0053 (3.0) 2.0142 (11.9) 2.0053 (3.0) 1.9968.9) 17.8
B3LYP 2.0041 (1.8) 2.0107 (8.4) 2.0046 (2.3) 1.9975(2) 13.6
BHLYP 2.0034 (1.1) 2.0079 (5.6) 2.0041 (1.8) 1.99824(1) 9.7
[(u-abep)(Culp),]** exps 2.0077 (5.4) 2.016 (13.7) 2.007 (4.7) 1.9984(3) 18.0
BP86 2.0091 (6.8) 2.0224 (20.1) 2.0089 (6.6) 1.9968.0) 26.1
B3LYP 2.0066 (4.3) 2.0163 (14.0) 2.0071 (4.8) 1.99658) 19.8
BHLYP 2.0049 (2.6) 2.0109 (8.6) 2.0061 (3.8) 1.997647) 13.3
[(u-adcOBu)(Culy)2]** explo 2.0110 (8.7) 2.0220 (19.7) 2.0090 (6.7) 2.002@(3) 20.0
BP86 2.0123 (10.0) 2.0235 (21.2) 2.0107 (8.4) 2.0027 (0.4) 21.6
B3LYP 2.0083 (6.0) 2.0163 (14.0) 2.0077 (5.4) 2.0004.65) 15.5
BHLYP 2.0050 (2.7) 2.0099 (7.6) 2.0049 (2.6) 2.0002(1) 9.7

a Absoluteg-tensor components witg-shift components (deviations from in ppt) in parentheses. Results with=t PH;.
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TABLE 9: Computed and Experimental g-Shift Tensors (in available. Only the tetrazine system, bmizappears to be
ppt) for the Free Ligand Radical Anions reproduced most poorly by the calculations, whereas the two
AGso Adun Az Agss  Agu — AQss values of the azo compounds exhibit reasonable agreement
bptz- BPS6 11 22 11 0.0 52 between theory and_ experiment. It_ is furthermqre clear that the
B3LYP 15 2.7 16 0.1 2.8 azo systems exhibit more rhombgetensors, with largegi
BHLYP 18 32 22 0.1 3.3 values , than the tetrazine radical anions. This reflects ap-
bmtz~ exptt 1.7 preciable spin density on the nitrogen atoms of the azo bridge.
ggfsp g'j 11$ 88 :8'2 ;g The trends ofg-tensor anisotropy in the complexes (Table 8)
BHLYP 05 19 00 -05 o4 do not generally follow those of the free radical anions. This
bpztz- BP86 11 21 1.0 0.0 2.1 indicates the importance of metdigand interactic_)ns (related
B3LYP 12 24 12 0.1 25 to the w-acceptor character of the free neutral ligand) for the
B BHLYP 17 32 19 01 3.3 g-tensor anisotropy in the complexes. On the other hand, the
abep exp 2.1 generally larger anisotropy for the azo compared with tetrazine
BP86 2.4 6.1 1.3 —-0.2 6.3 A . :
B3LYP 24 62 13 -02 6.4 systems already indicates for the free ligands some influence
BHLYP 27 6.7 15 -02 6.9 of the inherent spin density properties (nodes in the relevant
abpy~ expls 1.8 valence orbitals) of the correspondingsystems.
ggfsp 1176 2‘-62 8-55 g-g ZLGZ Effect of the Phosphine Coligands, Comparison of L=
BULYP 19 51 05 0.0 51 PH3; and L = PPhs. As indicated by the structural results (see
adcOBU~ BPS6 28 73 11 -01 7.4 above), the choice of & PHs appears to be a rea_lsonable one,
B3LYP 2.8 75 11 -01 7.6 partly due to a compensation between computational errors and
BHLYP 28 75 11 -01 7.6 substituent effects on structures. To nevertheless obtain an

impression of the actual influence of more realistically substi-
For the azo complexes, both BP86 and B3LYP results may be o phosphine coligands, we have carried out additional

considered to agree well with expe_riment for all three tensor .0 jations with triphenylphosphine ligands for two tetrazine
components and thus also for the anisotropy. The BHLYP results complexes [¢-bptz)(Culz)]** and [(-bmtz)(Cul);]*+ and one
exhibit too lowgy; andgz, values and thus underestimate the complex [¢-abcp)Cul)]**. This choice was based on the
anisotropy. . - fact that these three systems indeed were studied experimentally
For the two tetrazine complexeg(bptz)(Culz)]*" and [fu- with PPh coligands. Due to system size, we restrict the

bmtz)(CULZ)Zg , for WE'Ch 9 ter&sor daFa are_a\llanabfle, th%l calculations to one computational level, using the BP86 GGA
aAgregment etw:jaen theory an exrﬁ)erén;%rét IIS elss davcl)ral ®functional. Results of such comparisons for all relevant EPR

Gs3 IS computed too negative at the evel and SIoWly - harameters are provided in Table 10. We will not compare these
moves toward better agreement with the very small absolute

; . -~ with experiment at this computational level but refer the reader
experlmenta}l values upon going toward BHLYP' Also, the axial to the corresponding experimental values in Tables 3, 6, and 8
symmetry (i.e.,011 = 022 of the experimental data is not above.
reproduced by the calculations, which exhibit a splitting of ca. . . .

1-5 ppt between the two larger components, depending on the Starting with mletal HFCs, we see slightly less negaﬂge
system and functional (Table 8). Comparison of the average of values when '.DH.'S replaced by PRh qu the two tetrazine
the computedy:; and gz, values with the experimental value complexes, this is due to a less negative FC term, whereas a

would suggest again the best agreement with experiment at themore positive pseudocontact term overcompensates the slightly

B3LYP level. On the other hand, the less negatiygbrings more _negative contact term for the_ azo complex (Table 1.0)'
the g anisotropy into better agreement with experiment at the The dipolar coupling constants exhibit an unclear tren.d+, with
BHLYP level. However, it appears possible that the—g.2 enhancement for the azo cigmplem-ﬁbc;p)Cu(PPijz)z] ;
asymmetry was just too small to be resolved under the decrease for [(-bmtz)(Culo)]™", and rglgtwely lile change
experimental conditions. We can also not exclude that the for [(;{-bptz)(CuL'z)z]'# The HFC rhombicity 1 mcrea;ed upon
discrepancy between theory and experiment dey may be substltu_t|on. This probabl_y rel_‘lects the sllghtly t\Nl_sted ring
partly due to an insufficient magnetic-field calibration under planes in the complexes with tn_phgnylphosphme cqhgands_ (see
the experimental setup (this is known to be difficult in many above). O_ve_rall these results indicate that t_he spin densny at
high-field EPR studies, and such technical limitations will affect the metal Is influenced only moderately and in a subtle fashion

all three tensor components in the same direction). One shouldby the presence of the phenyl subsituents.

thus probably not overinterpret the discrepancies between theory Substituent effects on the nitrogen HFC tensors are moderate

and experiment for the two tetrazine title complexes. (Table 10). In all three systems, both isotropic HFC and
Table 9 shows computegtshift tensors for the free ligand anisotropy of the coordinating tetrazine or aza nitrogen atoms

radical anions. As one m|ght expect for typ|ca| Organic are reduced somewhat upon SUbStitUtion, consistent with reduced

z-radicals, the anisotropies are much reduced compared withSPin density in these positions (probably reflecting some transfer

the complexes, withyss (the component perpendicular to the Of spin density to the metal, see above). The effect is by far the

molecular p|ane) neaj. andgll a_ndg22 about 2=7 ppt above most pronounced for the bmtz system. The results for the

de, depending on the spin densities on nitrogen centers, which noncoordinating tetrazine nitrogens are less clear-cut (but here

are responsible for the predominant sparbit contributions ~ the BP86 functional does not perform particularly well, see

in the free radical anions. The much less pronounced dependenc@bove). Moderate effects are found in the coordinating pyrimi-

of the computed-tensors on the exchange-correlation functional dine nitrogen atoms.

for the free ligands compared with the complexes (cf. Table 8)  Substituent effects on thg-tensor are rather moderate for

is notable. This confirms the above discussion of the dependencehe two tetrazine complexes, resulting in a slightly increagsed

of metal-ligand covalency on the functional and of the influence anisotropy. The effects are more pronounced for the already

of this covalency on the metal spin density. For three caseslargerg anisotropy of the azo complex: All three components

(bmtz—, abcp~, and abpy’), experimentalgs, values are become more positive, leading to a larggre. Moreover, the
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TABLE 10: Comparison of EPR Parameters for Complexes with L= PH3; and L = PPhg?
Cu HFC-tensor (in MHz)

Aiso AFC APC Adip Adip.2
[(u-bptz)(Cu(PH).) ]+ —-31.1 —36.0 4.9 —27.5,13.2,14.3 4.142.3,-1.8
[(u-bptz)(Cu(PPk,)]"* —26.0 —31.7 5.7 —27.7,12.6,15.1 5.152.2,-2.9
[(u-bmtz)(Cu(PH)2),]*" —29.6 —35.2 5.6 —29.0,11.2,17.9 4.7/3.0,—1.6
[(u-bmtz)(Cu(PPH2)2]*" —-17.8 —22.6 4.8 —-20.2,4.5,15.7 3.9:3.4,-0.5
[(u-abep)(Cu(PH)2),]* " —28.2 —38.3 10.1 —-40.7,19.7,21.0 7./5.0,—2.7
[(u-abcp)(Cu(PPH)2)7]* —24.9 —40.3 15.4 —50.2,13.9, 36.3 12.6;2.0,—10.0

N-HFC (coordinating aza/tetrazine N) (in MHz)
Aiso AFC Adip

[(u-bptz)(Cu(PH)2),]* 10.3 10.4 —-16.3,-15.9,32.2

[(u-bptz)(Cu(PPH),)2]** 8.8 8.9 —14.4,-14.1, 28.5

[(u-bmtz)(Cu(PH)2)2]** 10.1 10.2 —15.0,—14.6, 29.6

[(u-bmtz)(Cu(PPH),)2]** 5.3 5.3 —-7.3,—7.5,14.8

[(u-abep)(Cu(Ph)y)2]** 5.1 5.2 —11.3,-11.3,22.6

[(u-abcp)(Cu(PP§),) ]+ 4.8 5.0 —10.2,—10.2,20.4

N-HFC (uncoordinating tetrazine N) (in MHz)
Aiso AFC Adip

[(u-bptz)(Cu(PH)2)]** 2.8 2.9 -8.5,—-8.0,16.5

[(u-bptz)(Cu(PPY,).]" 5.1 5.1 —11.9,—11.5,23.4

[(u-bmtz)(Cu(PH)2)2]*" -0.8 -0.8 -1.9,-0.9,2.38

[(u-bmtz)(Cu(PPH).),]*+ -1.7 -1.7 —-29,13,1.6

N-HFC (coordinating, pyrimidine) (in MHz)
Aiso AFC Adip

[(u-bptz)(Cu(PH),)2]*+ —-0.2 -0.2 -0.3,0.0,0.3

[(u-bptz)(Cu(PPH2)2]*" -0.4 -0.4 -0.5,0.1,0.4

[(u-bmtz)(Cu(PH)2)]*" 0.7 0.7 -1.7,—-1.5,3.2

[(u-bmtz)(Cu(PPE)2)2]*" 1.8 1.8 -3.1,-3.0,6.1

[(u-abep)(Cu(PH)2)2]* " 2.4 2.4 —-4.1,-4.0,8.0

[(u-abcp)(Cu(PPH)2)s]* 2.2 2.3 —-3.6,—-3.6,7.3

g-tensop
Oiso (AJiso) 011 (AQ11) 022 (AQ22) 033 (Ag32) Agi1 — AQzs

[(u-bptz)(Cu(PH)2)]** 2.0043 (2.0) 2.0091 (6.8) 2.0076 (5.3) 1.9965(1) 12.9
[(u-bptz)(Cu(PPE)2)2]* 2.0059 (3.6) 2.0114 (9.1) 2.0088 (6.5) 1.9974(6) 13.7
[(u-bmtz)(Cu(PH)2)]** 2.0033(1.0) 2.0123(10.0) 2.0066 (4.3) 1.99111.3) 21.3
[(«-bmtz)(Cu(PPh,)]** 2.0027 (0.4) 2.0128 (10.5) 2.0054 (3.1) 1.98992.4) 22.9
[(u-abcp)(Cu(PH)2)2]*" 2.0091 (6.8) 2.0224 (20.1) 2.0089 (6.6) 1.996%(0) 26.1
[(u-abcp)(Cu(PP)2),]*+ 2.0149 (12.6) 2.0314 (29.1) 2.0126 (10.3) 2.0006.(7) 30.8

aBP86 results. For = PPh, DZ basis sef8 were used for the C and H atoms of the triphenylphosphine lig&nsissoluteg-tensor components
with g-shift components (deviations from in ppt) in parentheses.

anisotropy is also enhanced, mainly due to the considerablyto switch SO operators on or off for individual atoms. Here,

larger gi1 value (Table 10). A possible influence on tige
anisotropy due to competition between coligands and bridging them off for the remaining atoms.
radical-anion ligand for back-bonding from metal orbitals has
been pointed out by Kaim et &.However, a straightforward
argument via attenuation of the Cu(l) ¢~ p*(tetrazine) back-
donation by a competing bettaracceptor PPhvs PH; does
not fit the computed data in the present examples. In that case expected, the dominant contributions arise from copper-spin
the bettetr-acceptor triphenylphosphine coligands should reduce orbit coupling. However, their fraction of the totalgS@°Z

the g anisotropy whereas a slight enhancement is found. It ranges only from 61% to 83% fai1 andgy,. This indicates a
appears that structural changes (in particular the slight twisting significant ligand spir-orbit contribution toAgS9°Z, Closer

of the bridging ligand planes due to the steric requirements of analysis shows that it is mainly the coordinating nitrogen atoms
the larger coligands, see above) mask the moderate electroni®of the tetrazine ring or azo group, respectively, which provide
ligand contributions (some further contributions result from the

influences.

Molecular-Orbital and Atomic Spin —Orbit Analyses of
g-Tensors.For further analyses of the interrelations between
electronic structure ang-tensors, we used two analysis tools
implemented within our MAG-ReSpect code. First, we broke
down the dominaniAgso/oz part of theg-shift tensor (eq 6)
into atomic contributions coming exclusively from specific
atoms. This is possible due to the atomic nature of the atomic the complexes is still mainly of ligand-centersetharacter (cf.
meanfield SO operatots;o which we employed. They allow it

we have used SO operators only for Cu or N atoms and switched

Table 11 shows the result of the break down of Ag¥“©Z
contribution of the g-shift tensor (BP86 results in ppt) into Cu
and N contributions for all six complexes (the Cu contributions
are also shown for the three complexes withi=LPPh). As

other nitrogen atoms and, fopfabcp)(Culz)z]** and [(-adcC-
Bu)(CuLy)z]**, from chlorine and oxygen atoms). Only the
deviations of theysz component fronge are almost entirely due
to copper spir-orbit coupling. This may be rationalized by
vanishing spir-orbit contributions into the out-of-plane direc-
tion in the freex-radicals (cf. Table 9). Indeed, the SOMO in

SOMO spin density in Figure 2b), and only spiorbit
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TABLE 11: Breakdown of the AgS®/©Z Contribution of the g-Shift Tensor (in ppt) into Cu and N Contributions 2

Cu coordinating N (tetrazine/azo)
Agi Ag2 Agss Agi1 Ag2 Agss
[(u-bptz)(Cu(PH).)]* 4.5 (66%) 3.3 (62%) —6.1 (97%) 1.6 (24%) 0.8 (15%) 0.0
[(u-bptz)(Cu(PPH)2)2]** 6.7 (74%) 4.4 (68%) —4.3 (99%) 1.2 (13%) 0.5 (8%) 0.0
[(u-bmtz)(Cu(PH)2)]** 7.9 (79%) 3.1 (74%) —11.3 (99%) 1.4 (14%) 0.7 (17%) 0.0
[(u-bmtz)(Cu(PPH).)2]*+ 8.8 (84%) 2.8 (93%) —12.1 (97%) 1.1 (10%) 0.2 (7%) 0.0
[(u-bpztz)(Cu(PH),)2]** 7.0 (76%) 3.6 (67%) —11.3 (99%) 1.5 (16%) 0.8 (15%) 0.0
[(u-abpy)(Cu(PH),)2]** 9.3 (78%) 1.9 (66%) —6.0 (98%) 2.0 (17%) 0.4 (14%) 0.0
[(u-abcp)(Cu(PH)2)2]*" 15.0 (75%) 4.0 (61%) —5.9 (98%) 2.0 (10%) 0.4 (6%) 0.0
[(u-abcp)(Cu(PPH)2),]* 29.0 (87%) 10.2 (84%) —1.9 (95%) 1.5 (5%) 0.4 (3%) 0.0
[(u-adcOBuU)(Cu(PH)2)2]*" 17.0 (80%) 7.0 (83%) 0.5 (99%) 2.5 (12%) 0.4 (5%) 0.0

a Results for the BP86 functional, common gauge on metal center. SO operators “switched on” only for those atoms which are indicated. Numbers
in parentheses represent the fraction of the specific contributions to theAgiaPZ

contributions from copper remain @z direction. For the three  density functionals to describe metal and ligand hyperfine
complexes with L= PPh, the g1; and g, contributions are couplings and electronig-tensors well (although no “best”

5—-20% higher compared with = PHs, indicating a more functional is easily identified) allowed more detailed analyses
pronounced copper spirorbit coupling (and thus a slightly  than was possible for a previously studied test set of dinuclear

larger metal 3d spin density, see above). rhenium complexed.

The second analysis tool used is the break dowA®o/0z The unexpected dependence of the isotropic metal hyperfine
into individual couplings (“excitations”) between occupied and couplings on an exchange-correlation functional has drawn our
vacant MOs within the sum-over-states expression (€4 &3. attention to a subtle spin polarization of theframework of

this is particularly straightforward for nonhybrid functionals, the bridging ligand by ther-type SOMO. In analogy to the

where the equations are not coupled by HF exchange termsbetter-known McConnell mechanism in organicadicals, this

we refer in the following to the BP86 results. spin polarization transfers some negative spin density into the
The analyses show excitations from doubly occupied MOs copper 4s orbitals and thereby changes the origin of the negative

with $-spin to the-component of the SOMO to dominate the isotropic metal hyperfine coupling fundamentally compared with

g-tensor for the azo complexes (betweeh4 and+27 ppt for the currently established picture of the mechanisms of transition-

the largest componemagiq). The corresponding excitations  metal hyperfine couplings via core-shell spin polarizafion.

contribute less (betweer5 and +8 ppt) for the tetrazine Despite their clearly ligand-centered spin density, the title

complexes. This reflects the larger metal character of thesecomplexes exhibit appreciable electronic communication be-

doubly occupied MOs for the azo systems, connected to their tween the two metal centers. This is reflected in the EPR

more pronounced-acceptor ability. Excitations from SOMO  parameters, and it makes these types of “ligand-centered” radical

to virtual MOs (with a-spin) contribute negatively t@s, complexes attractive as components of supermolecular func-

between—4 and—9 ppt for both azo and tetrazine ligands. The tional materials.

relatively large positive\gi1 values for the azo complexes and
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