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A theoretical and computational study of the nitrogen superhyperfine structure in Cu(ll) complexes is reported.
The determination of hybridization parameters for nitrogen donor orbitals from the data is examined. For
most Cu(ll) complexes the results deviate substantially from purg tssp®” hybridization. Semiempirical
INDO/S calculations for five Cu(ll) complexes were carried out at the UHF and ROHF level. The results
suggest that the small anisotropy in the nitrogen hyperfine parameters is caused by spin polarization of the
nitrogen valence shell orbitals. A simple, approximate way for the determination af#p&n density from
experimental data is outlined. A density functional study using various basis sets and functionals is reported
for the same five complexes. Hybrid functionals, such as B3LYP and PWP1, give better predictions than
functionals based on the generalized gradient approximation like BP or BLYP. Provided that at least a polarized
triple-¢ basis is used, the hybrid functionals B3LYP and PWP1 give good predictions for the isotropic couplings
but overestimate the anisotropic part by almost a factor of 2. The computational results are further analyzed
in terms of local versus nonlocal contributions, influence of scalar relativistic anetegiit coupling effects

and the transferability of quasi-atomic hyperfine couplings.

1. Introduction

4ey () 3by4 singly occupied MO
Metal-ligand covalency is a key feature in the structure and 1 222, op)
bonding of transition metal complexétt.is of great importance 421
for many physical and chemical features such as their magnetic o —————3b,(c")
and optical properties or their redox potentials. Conversely, Ba,4(c")
physical methods can be used to obtain experimental insight d ,,;_i,;»:—':xgss(’(‘;gy))
into metal-ligand bond covalencies. Among the most informa- | 5| 3e,nb) e
tive techniques are metal and ligand hyperfine couplings (HFCs) | 2 11:29(5["";\_...._\_
in EPR and ENDOR spectra,g-values and zero-field split- 5 15:(,[2’;) . "
tings# optical transition intensities,and also X-ray spectro- S| 1bsglmy)
scopy® The numbers obtained from the study of ligand- 13228“:{‘,;’) i
superhyperfine structure, which are perhaps best measured with 28,4(0)——ee—;
the ENDOR technique, are thought to be the most accurate gl . ne
because their interpretation appears to be relatively straightfor- Py
ward. In general, this involves an educated guess of reasonably Copper " Complex Ligand
agreed-upon atomic HFCs that are simply scaled to the observe Orbitals __ Orbitals Orbitals

numbers in order to estimate the amount of ligand character Figure 1. One electron MO scheme for a square planar Cu(ll) complex
mixed in the half-filled metal based molecular orbitals (MOs). in Da symmetry. The inset shows the contour plot of the singly

_ Perhaps the most widely studied systems that show prominentoccupied MO for a representative complex. Note that depending on
ligand superhyperfine couplings (SHFCs) are complexes of Cu- the bonding situation of the ligand no or only part of the in-plamg) (

(I1) bonded to nitrogen donors in an approximately square planar and out-of-planes,p) 7-orbitals may be available for bonding to the
arrangement.Their magnetic resonance spectra are usually well copper (nb= nonbonding in plane orbital).

described by the phenomenological spin Hamiltonian (SH) for
S = 1/, that contains terms for the Zeeman energy and the HFC
of the unpaired electron with the copper nuclels=(3/, for
63Cu and®Cuy. In addition, it contains terms for the HFC of
the unpaired electron with the directly coordinating and possibly

also the remote (in the case of imidazole) nitrogen nutled .
1 for 4N and| =(1/2 for 15N).2 ) 9 ( 3dy,) + ag (3de) + big (3de-y2) irreps. The largest overlap

Considerable insight into the bonding of the complexes has CCUrs between thebfragment orbitals and consequently the
been obtained by interpreting the SH parameters through _energetlcally highest orbital W|th|n_the copper 3d-der|v_ed_MOs
molecular orbital theory, as in the classic works of Maki and S the 3B (*X*~y*") MO that according to the Aufbau principle
McGarvey? Kivelson and Neimanfiand Ammetef® A sche- will be the singly occupied MO (SOMO). Ati-bonding and
matic MO diagram for a square planar Cu(ll) complex in the 7-antibonding MOs are fully occupied and therefarelonor

idealizedD4, symmetry group is shown in Figure 1. Both, the bonds with the copper ion cannot be formed. Since the square
of the SOMO dominates the total spin density, the reason for

T E-mail: Frank.Neese@uni-konstanz.de. the nitrogen SHFCs being so prominent in Cu(ll) complexes
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ns- and the in-planenp,-orbitals of the ligand span the
irreducible representations (irrepsyae,+b;g Of these orbitals,
the aq and hg fragment orbitals have-interactions with the
3d-orbitals of the copper that span thg 8d,) + e, (3ck; and
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can be traced back to the fact that the SOMO is strongly importance for first row transition metals and significant for
o-antibonding between the metal and the ligand (Figure 1, inset). heavier element® Using the methodology of Geurts et &l.,
Thus, the experimental data are directly related to the most Belanzoni et al. analyzed the case of Jiirdetail and provided
covalent MO of such complexes and the numbers obtained from considerable insight into the HFC mechanisms of both the
the analysis of the superhyperfine data provide a critical test metaP* and the ligangP nuclei which even led to the reinter-
for any theoretical method that claims to quantitatively model pretation of the experimental spectfaOther DFT studies of
the covalency of metalligand bonds. ligand SHFCs were also report&t:27

In recent years first principle electronic structure calculations ~_In this study, a theoretical and computational study of the
on transition metal complexes became increasingly feasible duenitrogen HFCs in Cu(ll) complexes will be presented. This work
to improvements in the computational algorithms and the iS @n indispensable prelude for the application of DFT to the
hardware!! To a large extent they have replaced the older interpretation of Igrge b|olpg|cal and blomlmetlc Cu(ll systems
semiempirical models, that still remain useful to quickly Where the bonding to nitrogen is an important motive and
rationalize and semiquantitatively predict experimental data. It Paramagnetic resonance techniques are among the most fre-
is known from these studies that Hartreock (HF) theory ~ quently employed experimental methods. We have avoided to
underestimates the covalencies of metajand bonds due to present a study qf the metal HFCs in this work as this is a more
the improper balance between the exchange and CoulombCOmplicated subject that warrants a separate study.
contributions to the electrerelectron repulsion. Unfortunately,
extended correlation treatments are still extremely costly for
most transition metal complexes because of their large size and  All DFT hyperfine calculations reported in this work were
the multiple challenges associated with dynamic and nondy- done with the program system OR@&and were of the spin
namic correlation effect®. Density functional theory (DFT) on  unrestricted type. The SCF convergence was accelerated with
the other hand is believed to tend to overestimate the metal the DIIS metho@® and no particular problems were encountered.
ligand covalencies, at least in the local (local density ap- Although of questionable theoretical status, it is noted that the
proximation, LDA) and gradient corrected (generalized gradient [$[values for all DFT calculations were in the range 06:75
approximation, GGA) versior's.One motivation for the present  0.76 which is very close to the value 0.75 expected for spin
work was the speculation that addition of HF exchange in the doublet states.
more recently developed hybrid functionals will correct this  2.1. Approximate Density Functionals.The B3LYP func-
deficiency to some extent. We therefore put this hypothesis to tional used in this work is defined as in the Gaussian series of
a test by applying GGA and hybrid density functionals to the programs. The exchange correlation energy is written as
calculation of ligand SHFCs in Cu(ll) complexes that, as pointed
out above, will be a sensitive indicator of metéband Eye = aE;‘F+ (1- a)EkSD—i- bEstg—i- cEtYP +
covalency. VWN

Much work has been done on the HFCs in small radicals (1-oE; 1)
and organic molecules. Excellent recent reviews on the subject
are availablé4 However, much fewer computations have been hereEY' is the HF exchangeEL™P is the Slater exchang,
reported for the interpretation of ligand SHFCs in transition E2% is Becke's gradient correction to the exchange enétgy,
metal complexes. Detailed early work is due to Keijzers and E.™ is the Lee-Yang—Parr (LYP) correlation functiona?
co-workers who correlated high precision experimental data on gng EXWN is the Voske-Wilk —Nusair (VWN) parametrization
[Cu(dtcy] with extended Hakel calculation$>1¢Geurts et at’ Il of the free electron gas correlation eneffyCalculations
studied the same system using the Hartieeck Slater (HFS)  with parametrization V of VWN gave almost indistinguishable
method. They evaluated metal- and ligand-SHFC tensors as wellresults. The parameteasb andc are those obtained by Becke.
as theg-tensor using uncoupled KokiSham (KS) perturbation ~ The B1LYP functiona® is formally identical to B3LYP but
theory and found good agreement between theory and experi-with parameter valuea = 0.25,b = 0.75, andc = 1.0. The
ment!” The most extensive recent work is due to Munzarova BP and BLYP functionals use Becke’s gradient corrected
and Kaupp, who presented DFT and coupled cluster (CC) resultsexchange and the Perd®wr LYP gradient corrected correla-
for metal and ligand nuclei in small transition metal containing tion functionals, respectively. The more recently developed PBE
molecules’® The general conclusion reached was that no single functionaf? was also used in both, its pure form (PBE) and as
functional was able to give uniformly satisfactory agreement a one parameter hybrid (PBEO, also referred to as PBE1FBE).
with experiment® In particular, the subtle interplay between Here the Perdew\Wang parametrization of the uniform electron
spin polarization and spin contamination appears to be difficult gas correlation energy was us€dhe GP functional uses Gill's
to model accurately, especially if the HFCs are small and the gradient corrected excharf§eogether with Perdew’s gradient
HFC mechanism is indireé8 However, the HFC mechanism corrected correlation functional. Finally, the PWP and PWP1
studied in the present work is direct and better performance of functionals use the PerdewVang gradient corrected exchaffe
DFT may be expected. Building on concise earlier work of together with Perdew’s gradient corrected correlation functional.
Watson and Freemdf,Munzarova and Kaupp very recently PWP1 refers to the one parameter hybrid version (formally
also studied the spin polarization mechanisms responsible for= 0.25,b = 0.75, andc = 1.0) of this functional.
the metal HFCs in detail and significantly enhanced our 2.2. Basis Set4? HFC calculations are known for having
understanding of these effeésImportant contributions to rather stringent basis set requirements, especially in the core
relativistic DFT were made by van Lenthe ef&l?3 They used region!41823\We have therefore studied basis set effects and
the ZORA approach to relativism to studytensord? and fully documented the results in the Supporting Information
HFC<?2 mainly for heavy metal containing systems but also for (Table S1). The basis set that provides a reasonable compromise
first row transition metal containing complexes. The relativistic between efficiency and accuracy, and that was used for all
effects (scalar relativistic and spiorbit coupling) were found calculations reported in this paper, is based on the polarized
to be small for radicals made from light atoms, to be of limited triple-¢ (TZVP) basis set of Sclier et al*® for the metal and

2. Computational Methods
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the nitrogen ligands, while all other atoms are treated with the several small molecules between the Gaussiarf9§Rtop=
DZVP basis of Godbout et 4f.The only enhancement relative EPR) and ORCA programs using identical geometries, basis
to the standard TZVP basis set that proved to be necessary wasets and DFT functionals.
to decontract the innermost and outermost primitives in the 1s  2.6. Semiempirical Calculations Semiempirical calculations
basis function of the nitrogen atoms in order to provide sufficient were also done with the program ORCA and the INDO/S
flexibility in the core region. Addition of multiple sets of method of Zerner and co-worketsln preliminary work it was
polarization functions on all atoms did not change the results found that the parametg({Cu) should be set te-20 eV in order
to any significant extent. to get good spectral predictions for Cu(ll) compleXedn

The convergence with respect to the numerical integration keeping with the philosophy of the ZDO approach, that
accuracy of the DFT procedure was also studied and it wasimplicitly refers to a symmetrically orthogonalized basis set,
concluded that the results reported here are converged to bettePnly the one-center integrals were retained in the hyperfine
than 0.1 MHz. calculations. The atomic parameters were 1540 MHzAL

2.3. Relativistic Calculations.A limited set of calculations ~ and 116.5 MHz forge8g(**N)SnE %, The latter value was
including relativistic corrections were carried out with the ADF ~ Calculated from the value 3.01988 &ufor [1~°(3,°° and the
1999 progrant® In these calculations, the ZORA appro&cii? former from the value 4.770 a for [y>0)|%%" No attempt
was used together with the all electron Slater type orbital (STO) Was made to change these values in order to improve the
ADF basis set IV that was optimized for ZORA calculations. 2dreement with experimental HFCs.
This basis set is of triplé- plus polarization quality in the
valence region and contains additional steep functions in the 3. Theory
core region. The BP functional has been employed in these The phenomenological SH that describes the magnetic
calculations. Note that slight differences between ADF 1999 resonance spectra of square-planar Cu(ll) complexes is
and ORCA may be caused by the fact that the ADF program
uses the VWN v parametri_zatié?nf the uniform electron gas Hspin = ﬁBgléz + ﬁBgD(S( + s,) + AﬂC“ASZiZC“ + ADC“(ASKTSU +
as the underlying LDA while ORCA uses the Perdew-Wang A NG A AN
parametrizatiof? in conjunction with the BP functional. %/IyL) + Z%(Ni)l @)

2.4. GeometriesFor [Cu(NH)4]2" the Cu-N bond length '

2.05 A and a square planar arrangement was assumed on th@hereg, andgs are the elements of thggmatrix A and AC
basis of the crystal structures of several salts containing this 4re the principle values of the copper HREN) is the HFC

unit*® The geometries of the other complexes were first tgnsor for theith nitrogen ligand,S is the operator for the
optimized with the BPW91 functional and the DZVP basis set fictitous electron spin, and thés are nuclear spin operatoiB.

using th;::rDGauss prog_réﬁand no symmetry constraints. For s the magnetic flux density and is Bohr's magneton. The
[Cu(iz)]** a Cu-N distance of 2.028 A was computed theoretical challenge is to provide a microscopic theoretical
compared to the average €N distance of 2.010 A found  yeatment that predicts the parameters in eq 2 based on the

experimentally for Tetrakis(imidazole)dinitratocopperf}or molecular geometric and electronic structure. In this work the
[Cu(py)]?* the computed CuN distance is 2.047 A compared focus is on the nitrogen HFC tensA(N;).

to the average experimental value of 2.027 A obtained for the  consider the ground state of the Cu(ll) complex under
perchlorate saft’ The complexes [Cu(eglf* and [Cu(gly}] consideration which may be described by a many electron wave
were further optimized with the TurboMole program systém function II,ASA As explained for example by McWeef§the

under G and C;, symmetry constraints, respectively. The e s related to the normalized spin density function:
B3LYP method and a TZVP basis set was used. The resulting

metalk-ligand bond length for [Cu(ed?" was 2.067 A in _ 1. e Py

moderate agreement with the average X-ray diffraction value Dy(F) = 54 IP1 (1) = P(T)] )

of 2.015 A obtained for the perchlorate slEor Cu(gly) the

agreement with the crystal structure of the monohyé&fatas by the relation P1%(r) andP:#(r) are the one-electron densities

also moderate. The calculated bond lengths viRéau—0O) = for spin-up and spin-down electrons):

1.910 A andR(Cu—N) = 2.041 A compared to 1.952 and 2.001 ' '

A found experimentally. AN;) = AS(N)) 1+ APP(N) + A°(N,) (4a)
The dependence of the computed HFCs on the coepper

nitrogen distance was carefully studied for the case of [Cu- iSO, _8xn e

(NH3)4)2* and the results are documented in the Supporting ATIN) = 3 PNDs(Ry) (4b)

Information, Table S2. The observed variations were dominated

by changes in the isotropic HFC. Within a range of 0.05 A, the ATP(N) = PNIIA:-(N-)DS(T)dSr (4c)
variation of the HFCs were on the order 6f2 MHz. Therefore, ! ' e

the errors in the computed geometries will not have a major where Py = B«8ngeg(**N) and the dipole-dipole interaction

influence on the results reported below. operator at centeriNan be represented by
2.5. Hyperfine Calculations. The hyperfine tensors were
. o ; . . IR 1
calculated by direct analytical integration over the chosen basis ij(Ni) (5)

set and using the self-consistent DFT spin density. Algorithms OF; 9T [T — Ry

for the calculation of field gradient integrals over Gaussian basis

functions have been reported by McMurchie and Davifdon A°®(N;) is a second-order correctis that is assumed to be
and were authoritatively reviewed by Helgaker and Ta¥tor. negligible in this section. Further evidence for this assumption
For the constant factagegn(**N)SeBn the value 38.567 MHz  will be presented in section 4.2.4 where this term is explicitly
bohe was used. Our implementation into ORCA was verified calculated. If the density is expressed in terms of a set of fixed,

by comparing the calculated isotropic and anisotropic HFCs for atom-centered basis functiofig}, Ds can be written &8
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D7) =Y 3 puD’() © AN =ARN) + RIS - 5 - ) (11a)

Where(pﬁ is thekth basis function centered on atolnand py A (N)= AiSO(Ni) + PNm_3qup(_2Pyi + f'pﬂi — 2p§‘ )
is an element of the spin-density matrip(= P — PY). The P 5 5% 5 “°p(11b)
hyperfine tensor for a nitrogen ligand can be decomposed into

several parts: 2N _ 2N

Aﬂop(Ni) = AiSO(Ni) + PNm73ml2 _5p(7 - gpﬂip + gp,'”\r‘;p)
AiSO(Ni) = Aloc(Ni) + Aﬂonloc(Ni) (73-) (11C)
Adip(Ni) — Aé;emetNi) + Ag;)cente(Ni) + Ai;}cemeKNi) (7b) Aso(N) = %TPN(P?Q‘P%(_F}NNZ + Pgé(ﬁNi)|2 + ZpTgZS(p?;
(Ry)PXR,)) (11d)

The local contribution to the isotropic HFC arises from the spin
density in the s-orbitals on atoM. The nonlocal correction to

the isotropic HFC divides into two parts: where the subscriptsi, ands, refer to the in-plane and out-
of-planezr-orbitals on the nitrogen ligands. Clearly;&N;) only
A oriodN) = A”“Cf(Ni) + A"';bO”‘tNi) (8) for Prip = Py If IIJZ' is approximated by the ROHF-LCAO-

MO proceduré’ the spin densityD«(T) is solely determined by
87 the SOMO f; = Cisomo Csomo). For sufficiently high
A"(N) = — P, Z % ZA ZBpquyﬁ(ﬁN)gpf(ﬁN) (8a) symmetry (i.e.,Dg4,), there is no mixing betweew- and
3 o == ' ' m-orbitals (-, = px,, = 0). If furthermore the spin polarization
of the nitrogen 1s orbital is negligible, the familiar equations
are recovered?® 62

_ l6r B B
Anl'bond(Ni) _ ?PN ; ZA ZNi pk|¢£(RNi)¢'B(RNi) (8b)
A=N;

AN) = A(N) = po A+ gPZpAp (12a)
The superscript on the summation indicates that the sum includes

only the basis functions that belong to the indicated atom. The 2

norslllocal part is further divided into g"crystal-field" contributing AN = A(N) = oA — EpZPAP (12b)
basis functions are on neighboring atoms and a ‘bond’ contribu- a

tion, where only one function is located on another center. The whereAs = (87/3)Px|¢h{(Rn)|% Ap = PnE 30z and the MOs
two-center corrections to the first-order anisotropic part of the are written asp;(r) = ZAZ,A(infp,A(T)

nitrogen HFC also divide into “crystal-field” and “bond” The valueR is defined asR = A[/AN64 A theoretical
contributions: expression fopad/pzp in terms ofR is readily obtained from eq
12:

Agi)cemetNi) — Agi)center:cf(Ni) + Aﬁ;}center;boneNi) (9)

where Pe_2% (—R e 2) (13)
’ Pz SANR—1
— :cf _ =
AGENG) = Py, ; ZA ZA Pl IF(N) D (9a) Equation 13 is usually used to infesd/pzp from the measured
A=Ni value of R.6°
_ . , N For the situation wherp,, = p,, = p- it is seen from eq 11
;b — i i of
Al MING) = 2P Zw ZA ZN Pk F(N) |0 (9b) that the right-hand side of eq 13 is equaldd(p, — p.). An
AZN;

equation forp,/ps can then be derived:

The “crystal-field” contribution arises from the spin located at

remote atoms. At large distances this term can be presented by Pr_Ps 5 is(R — 1) or& =1- 55“&(&) (14)
a point-dipole approximatioh® The “bond” contribution arises ps  ps 2AR+2] " p, 2R, po\R+ 2

from the unpaired spin density in the bonds surrounding atom ) .

Ni. Finally, the three-center terms arise from the spin density In the ideal sp hybridization casep,/ps = n. However, the

in remote bonds and are given by calculations described in section 4 indicate that this is only a
rough estimate, and that the actual ratio may be betwesrd
~3—center | A B AN A n + 1. For example, in [Cu(Nk)4]?", the calculated,/ps is
Adip (N) = Py A; % Z Z P [PIFIND I T 3.30 compared to 3.00 expected fron? $yybridization. The

(10) measured for this complex is 1.28! Using AJA, = 13.2%6
a value ofp,/ps = 0.94 is obtained with the calculategd/ps
A similar partitioning has been carried out before by Keijzers and 0.65 with the ideab,/ps of 3.00. This is not to say that
and Snaathorst and the individual terms were evaluated with NH3 forms z-bonds with Cu(ll), but is an estimate of the spin
STO-6G fits to extended Hikel orbitals for [Cu(dtg).?>d In polarization of the N-H bonds by the unpaired spin on the
this sectionAnonion AZ, 2™ A3 ™" and Ao are assumed to  nitrogen atom in this complex. The total spin density on nitrogen
be small corrections that will be neglected. In sections 4.2.4 is then readily obtained ifos is known from the solution
and 4.2.3 they will be directly evaluated from DFT calculations. spectrum or from the trace of the measured hyperfine tensor.
If the symmetry of the complex is sufficiently high, such that The numbers will depend on the values usedAgrA,, and
the off-diagonal elements of the spin density matrix can be p,/ps. Using p./ps = 3.30 in the case of [Cu(Ng)i?T the total
neglected, one obtains for the nitrogen HFCs nitrogen spin density is 11.5% compared to 10.3% vpittps
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TABLE 1: Calculated (INDO/S) and Observed HFCs (in MHz) and Spin Densities for a Variety of Cu(ll) Complexes: The
Tabulated Values Are the Square Root of the Eigenvalues of B, and Abbreviations Used for Ligands Are Gly = Glycine, en

= Ethylenediamine, iz= Imidazole, py = Pyridine

a

C

compound method 024 Po o As Al Ar? R ON

[Cu(NHz)4?* INDO/S—UHF 0.023 0.076 0.010 35.0 42.6 31.7 1.34 0.109
INDO/S—ROHF 0.018 0.065 0.000 26.0 32.0 22.8 1.40 0.081
exptPte 0.022 0.0670.078 0.014-0.026 34.2 39.1 31.7 1.23 0.168.125

[Cu(gly)a]® INDO/S—UHF 0.018  0.055 0.007 273 321 249 1.8 0.080
INDO/S—ROHF 0.011 0.051 0.000 18.2 23.0 15.7 1.46 0.062
exptfte 0.020 0.0610.072 0.015-0.025 315 35.8 29.3 1.22 0.090.117

[Cu(eny)?* INDO/S—UHF 0.023 0.080 0.009 34.6 41.6 31.0 1.34 0.113
INDO/S—ROHF 0.014 0.073 0.000 22.3 29.4 18.8 1.56 0.088
exptPte 0.020 0.075-0.090 315 394 27.6 1.43

[Cu(iz)4?* INDO/S—UHF 0.030 0.045 0.010 45.1 48.9 42.4 1.15 0.085
INDO/S—ROHF 0.022 0.052 0.000 34.1 39.2 314 1.25 0.074
exptPte 0.026 0.052-0.066 0.0370.050 40.4 41.6 39.8 1.05 0.116.142

[Cu(py)]? INDO/S—UHF 0.030  0.058 0.011 458 507 431 1.8 0.099
INDO/S—ROHF 0.022 0.068 0.000 34.7 41.2 314 1.31 0.089
exptpte 0.024 0.05%0.065 0.022-0.035 40.0 41.3 34.8 1.#11.19 0.099-0.125

a« Experimental” values refer t8so/1540.° Experimental values fols, were estimated by*s)(A; + 2An). © py is the total spin density on any
of the nitrogen ligands! Where the calculated hyperfine tensor was rhonfig and Anis were averaged to givAq. € Only the experimental
values forA, Ao, andR are taken from ref 61. All other values are inferred from this work.

= 3.00. Thus, this analysis suggests thdf/—20% of the total
spin density on nitrogen is in the nitrogen out-of-plane orbitals.

4. Calculations

4.1. Semiempirical Calculations.Semiempirical UHF- and
ROHF-INDO/S calculation& were carried out for the range
of compounds which were studied experimentally by Scholl and
Huttermant in order to obtain more insight into the nitrogen
HFCs discussed in the previous section. In the UHF calculation
the spin density matrix is given B

pijzz nﬁ

wheren* and niﬂ are occupation numbers and the MO coef-
ficients ¢, and cj, are determined by the self-consistent field
(SCF) procedure. Equation 15 is the lowest level of theory at

M Chk e — N Cie e

! (15)

which the experimental results can be satisfactory explained,

since it does not constrain the out of plane spin density
components to be zero, i.e., the spin polarization of theRN
bonds and the nitrogen core is allowed for.

The agreement of the UHANDO/S HFCs in Table 1 and
the experimental values of ref 61 are quite good for3*sp
nitrogens” but less satisfying for “$mitrogens”, where the

TABLE 2: Dependence of the Computed Nitrogen HFCs of
[Cu(NH3)4]?" on the Approximate Density Functional (Cu—N
Bondlength = 2.05 Ay

method A0 (MHz) A (MHz) A;(MHz) A3 (MHZz)
Hartree-Fock 22.8 20.4 20.4 27.5
B3LYP 37.8 32.7 32.7 47.9
BILYP 37.2 32.3 32.4 46.9
PBEO 37.8 32.8 32.9 47.7
PWP1 34.3 29.7 29.8 43.4
BP 40.5 34.8 34.9 51.9
GP 41.7 35.8 35.9 53.5
BLYP 40.4 34.7 34.8 51.8
PBE 41.2 35.2 35.3 53.2
PWP 36.9 31.7 31.7 47.2
exptl 34.2 31.7 31.7 39.1

a A;—Ag are the principal elements of the full hyperfine tensor=
Also Aanisz)
1

The HF method itself may be regarded as a special case of
DFT in which the exchange is treated exactly and correlation
is completely neglectet. Clearly, the HF predictions for the
nitrogen HFCs are poor (Table 2). The predicted values for both
the isotropic and the anisotropic parts are much too small. This
can be traced back to a strongly underestimated spin density
on the nitrogen ligand that is due to the overestimation of bond

calculated couplings are too large mainly due to the overestima-ionicity in polar bonds by the Hartreg=ock method*

tion of the isotropic part. The HFCs calculated by the ROHF
method are consistently smaller than the UHF values. Rhe
values calculated by the UHANDO/S method are always

In general, the hybrid functionals give smaller values for both,
the isotropic as well as the anisotropic part of the nitrogen HFC
compared to the pure density functionals. As the values predicted

smaller than the ROHF-values and are in better agreement withby the hybrid functionals are already slightly larger than the

the experimental datd.As can be seen from the orbital spin
populations in Table 1 the origin of this effect is indeed the
spin polarization of the NR bonds, i.e., the introduction of
spin density in the nitrogem-orbitals which counteracts the
dipolar contributions of the nitrogesdonor orbital. However,
the UHFINDO/S R values are still too large, which suggests
that the spin polarization may even be slightly underestimated
by this method.

4.2. Density Functional Calculations.4.2.1. Functional
DependenceThe dependence of the nitrogen HFCs on the
approximate density functional was also studied for [Cu-
(NH3)4]2". The results in Table 2 show that the functionals
basically divide into two groups. The hybrid functionals, that

experimental values (tables 2,3), it is concluded that they are
more suitable for the prediction of nitrogen HFCs in Cu(ll)
complexes. This observation is consistent with the idea that the
GGA functionals overestimate the covalency of the copper
nitrogen bonds. It is perhaps not surprising, that admixture of
a certain amount of exact exchange corrects the pure DFT
picture in direction of the HF results, i.e., more ionic bonds. In
general, the GGA functionals give Mulliken spin-populations
on the nitrogens that are $30% larger than those calculated
with the hybrid functionals. The various hybrid functionals tested
behave rather similarly. The values produced by the B3LYP
method are therefore representative of all these functionals.
Noticeably different values are only produced by the PWP1

involve part of the HF exchange and the pure density functionals hybrid functional that give a very good prediction for the

without such terms.

isotropic nitrogen HFC in [Cu(Nk)4]2". However, like all other
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TABLE 3: Mulliken Spin Densities and Comparison of Computed and Experimentally Determined Nitrogen HFCs for Several
Cu(ll) Complexes

complex method  prw (%) p5 (%) pp (%) Au(MHZ) A (MHz) AV (MHz)  AY (MH2) R
[Cu(NHz)4)%" B3LYP 11.2 1.53 9.7 37.8 12.7 47.9 32.7 1.47
PWP1 9.6 1.29 8.3 34.3 11.4 43.4 29.7 1.46
exptl 34.2 6.2 39.1 31.7 1.23
[Cu(gly)a]® B3LYP 9.6 1.38 8.2 36.2 11.7 45.6 31.6 1.44
PWP1 8.5 1.17 7.4 33.9 10.8 42.6 29.6 1.44
exptl 315 54 35.8 29.3 1.22
[Cu(en)]?* B3LYP 11.6 1.47 10.1 32.2 13.8 43.3 26.8 1.62
PWP1 10.0 1.21 8.8 28.8 12.3 38.7 23.9 1.62
exptl 315 5.4 35.8 29.3 1.22
[Cu(iz)q?* B3LYP 8.8 2.53 6.2 46.6 8.2 54.8 42.5 1.29
PWP1 8.3 2.13 6.2 43.4 8.1 51.5 394 1.31
exptl 40.4 1.5(?) 41.6 39.8 1.05
[Cu(py)]?* B3LYP 11.2 2.34 8.9 47.4 12.1 57.0 42.6 1.34
PWP1 9.0 1.97 7.0 41.4 11.3 50.5 36.8 1.37
exptl 40.0 5.4 41.3 34.8 1.#11.19

; ; : ; P TABLE 4: One-, Two-, and Three-Center Contributions to
Lljitr:ggz?]ailjl,:galso overestimates the dipolar contribution to the /"~ 1 = Fle s [Cu(NH)4]** Using the B3LYP

. . Functional
In summary, it appears that hybrid DFT methods are the most

N N
successful for the prediction of nitrogen HFCs in Cu(ll) Aso MH2) An (MHZ) Amid" (MH2Z) Anin (MHZ)
complexes. Among the hybrid functionals, the B3LYP and 1-center 34.96 —4.93 —4.95 9.87
PWP1 methods were chosen for the remaining calculations. Z‘i:er;;?; field —0.02 —0.68 —0.53 121

4._2.2. Results for RepresenmiCopper Complexen this 2-center 276 1047 1045 0091
section the calculations are extended to a range of copper |gng
complexes that have been studied experimentally by ENDOR 3-center 0.06 <0.01 <0.01 <0.01
spectroscop¥$! It is noted that the PWP1 functional leads to total 37.76 —-5.09 —-5.03 10.12

systematically slightly smaller spin densities on the ligands than . L N
tge B3LYP fﬂncgongl and theEefore also to slightlg)]/ smaller Vvarious contributions to the individual parts of the HFCs were

2+
predicted HFCs (Table 3). In general, the predictions from calculate_d for [Cu(NB)l*" (eqs 8_10.)' It. can be seen from
PWP1 for the isotropic HFC are better than those from the the o!ataln Table4th.at the Ipcal contrlbuthns (ong-center terms)
B3LYP functional that are systematically too high by-12D%. d_ommate both the isotropic and the anisotropic part of tha
The predictions of the PWP1 functional show an error that is hitrogen HFC _and the three-center terms are r!egl|g|ble. How-
uniformly smaller than 10%. It should, however, be noted that ever,.the dominance of .th_e local contnbutlons.ls not as strong
the experimental values for the isotropic HFC constants critically as_mlght _have been ant!upated. For both the isotropic an(_j the
depend on the experimental vaIuesAﬁ* and AN Thus. an anisotropic part of the nitrogen HFCs the two center contribu-
per perment Acy » any tions reach 10% of the final values.
error in these values will directly show up as an erronft. In the case of the isotropic HFC the two-center “crystal-field”
'tl_'hfe ptredlcE'ons fgrttt?ir? p||;\(,j\;lp;cilar pdat[thof g‘;_ﬂ';cis arf_ Ies? contributions are genuine distant contributions and are very
satustactory. Here bo € an e unctional g all. However, the “bond” terms, where one function is located
predict values that are too large by about a factor of 2. Therefore,

) . on the atom of interest and one function on a neighboring atom
as a net result, the B3LYP functlgnal leads t.o predmtgd HFCs (eq 8b), is relatively large. In the case of square planar Cu(ll)
with a value much too large foh because it overestimates

, N N complexes with nitrogen donors this effect can be traced back
both As® and Ay, The error forA; from the B3LYP calcula-

] \ e _ to the influence of the nearby Cu(ll) ion. The metal has most
tions is acceptable. However, this is a fortuitous agreement

(TR ; I =E of the spin density in the e orbital that has a nonzero
because the overestimationAf° and the negative contribution amplitude at the position of the nitrogen nucleus (compare inset

. N .
from the strongly overestimatedy;, approximately cancel.  of Figure 1) and therefore contributes to the isotropic nitrogen
The situation is better for the PWP1 functional that overestimates HEC.

A} and underestimateaf] due to the overestimation oy, For the anisotropic part the one-center terms are much closer
Since the error in this functional appears to be fairly systematic to the final values. From Table 4 it is seen that this is a
one could attempt to obtain better predictions by scaling the consequence of a nearly complete cancellation of the two-center
dipolar part of the predicted HFCs by a factor~e0.5. “bond” (eq 9a) and “crystal-field” (eq 9b) contributions that
Another consequence of the imbalance between the isotropicare of different sign and similar magnitude. In the general case
and anisotropic parts of the nitrogen HFCs from B3LYP and one should, however, probably not rely on such a cancellation.
PWP1 is that they both overestimate the ritie- AT'/AB. This Note that at larger distances the “bond” contributions rapidly
is a direct consequence of predicting too large values for the become negligible because the basis function overlap decays
dipolar coupling. Both B3LYP and PWP1 behave similar in exponentially. The “crystal-field” contributions are of longer
this respect. range because they only decay as an odd inverse power of the
In summary, the isotropic nitrogen HFCs predicted by the nucleus in question to the spin carrying center. This is the basis
PWP1 functional are in good agreement with the experimental for the success of the pointlipole approximation to this term,
values while the B3LYP functional overestimates these cou- which is frequently used in the analysis of ENDOR data to
plings by 10-20%. Both functionals overestimate the dipolar estimate proton HFCs from a known structure or conversely to
contribution to the nitrogen HFC by about a factor of 2. estimate the intercenter distance from the measured BfCs.
4.2.3. One-, Two-, and Three-Center Contributions to the  In summary, the results of this section show that the nitrogen
Hyperfine Couplingsin this section, the importance of the HFCs are dominated t&90% by the local contributions from
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basis functions that are centered on the nitrogen atom inthese quasi-atomic values would directly yield the HFCs. The
question. Two-center terms should be taken into account in avalues commonly used are 1540 MHz &, and 3.02 au®
quantitative analysis and the three center terms can be safelyi—3[, (section 2.6).
ignored. Using the data in Table 3 it is seen that the correlation
4.2.4. Relatiistic Effects on the Nitrogen Hyperfine Coupling. between the calculated isotropic HFC and the s-orbital spin
To estimate the importance of relativistic effects on the nitrogen density is poor. Quasi-atomic couplings predicted from these
HFCs, these effects were studied for the prototype [CujNH data would vary between 1800 and 2700 MHz. The reason for
complex. The scalar relativistic effects were taken into account this is, that the total s-orbital spin population does not take into
within the ZORA framework as implemented in the ADF account which basis functions contribute to it. Different basis
program®® Spin polarized all electron calculations with a functions have grossly different amplitudes at the position of
reasonably large STO basis set and the BP functional werethe nitrogen nucleus. In different chemical environments dif-
carried out as described in section 2.3 with and without the ferent basis functions will be selected for bonding and therefore
inclusion of scalar relativistic effectdimportantly, the inclusion  there are large variations in the physical spin density at the
of the scalar relativistic effects led to changes in the computed nitrogen nucleus even though the valuepfhmay not change
nitrogen HFCs on the order 6¢0.1 MHz which is well below much. All that physically matters is the physical spin density
the geometry and basis set effects. Scalar relativistic effects areDyR,) and not the parts that contribute to it. The lack of
therefore seen to have negligible influence on the conclusionstransferability in the calculated DFT values does not prove,
drawn here. however, that there is no transferability in the hyperfine
Unfortunately The spirrorbit coupling effects cannot pres-  parameters as such. The relatively good agreement between the
ently be estimated from spin polarized ZORA calculatiths.  semiempirical values and the measured couplings would argue
Therefore, conventional uncoupled perturbation th€amgthin that some transferability indeed exists and transferability argu-
the Kohn-Sham DFT framework was used to roughly estimate ments have been used for a long time with success in organic
these effects. For the spin polarized case, the following approx- chemistry. What can be concluded is that the Mulliken s-orbital

imate equation was implemented in the program OREA: spin density from DFT calculations is a poor guide to the actual
isotropic HFCs.
A;’Lb(N) =P, z (_1)00/52 Z For the anisotropic part of the nitrogen hyperfine tensor the
o558 5 transferability is better. DividingAy, by p) gives a quasi-
21 =3 N ® r WA atomic value of 135 7 MHz which translates into an effective
il Wbm&b'z’*&( LY [1-3(3, of about 3.5 aw® which is slightly larger than the atomic

values that are 3.2 aé for the neutral N atom and 2.65 &u

o o
G % A . for the negative ion using the same methods and basis sets.
Ey}ﬂZAE(VANPWJEWQFW(N)WEI In summary it is found, that thealculated values of
z 1€ oy . (16) |p240)|2 are not transferable from the isolated nitrogen atom to
pT=XYy.z € — € nitrogen atoms bonded in complexes. Thus, the Mulliken spin

densityp,s cannot be used to predict the isotropic coupling but
In eq 16y refers to occupied KohnSham orbitals of spie the physical spin densitpg(Ry) needs to be evaluated. The
and 1y to virtual Kohn—Sham orbitals of spim with orbital values predicted by the DFT calculations fagRy) appear to
energieSEf and €7, respectively. For the spirorbit coupling be of reasonable quality in the complexes studied as judged

operator, an effective one-electron operaféra), was used that from the agreement of the isotropic HFC predictions. The

has been parametrized and tested with good success by Kosekfansferability of (8~[3; is better. Here the DFT calculations

et al7576 The operatol,’j is the uth component of the angular phreo_lictlan gffective value that is larger than that calculated for
momentum operator relative to cent&r g, is the antisym- the isolated atom.

metric Levi-Civitta symbol, the sum is taken over all nuclei
andN is the nucleus the HFC is calculated for.

From eq 16 it is expected that the orbital contribution to the  In this work the ligand HFCs that are prominently observed
metal hyperfine coupling will be large due to the large spin  in magnetic resonance spectra of Cu(ll) complexes with nitrogen
orbit coupling in the vicinity of the metal nucleus and the small donors were studied theoretically and computationally using
energy denominators that arise from the low lying-ci semiempirical and DFT approaches.
excitations. However, for light ligand nuclei (C,N,0) a much In the DFT calculations good agreement with experimental
smaller effect is expected due to their small sganbit coupling data is only found for the isotropic HFCs and only if hybrid
and the larger energy gaps in the denominator. This expectationfunctionals such as B3LYP and PWP1 are used. The anisotropic
is confirmed by the numerical calculations with the BP HFCs are consistently overestimated by about a factor of 2 by
functional where the numerically largest contribution to the all functionals. GGA functionals lead to consistently worse

5. Discussion

nitrogen HFC in [Cu(NH)4%" was found to bex0.13 MHz. agreement with experiment and overestimate both, the isotropic
Thus, the spirrorbit effect can also be regarded as negligible and the anisotropic nitrogen HFCs. This is consistent with the
for the purpose of the present stutdy. idea that such functionals tend to overestimate the covalencies

4.2.5. Approximate One-Center Parameters from the DFT of metat-ligand bonds. An effort was undertaken to eliminate
Calculations. To obtain more insight into the origin of the technical factors that could obscure the interpretation of this
nitrogen HFCs and the assumptions made in the semiempiricalresult. These factors include basis set effects, geometry effects,
calculations, the relation of the calculated values to the multicenter contributions and the scalar relativistic and spin
traditional one-center parameters was examined. The one-centeorbit coupling corrections. All of these factors are estimated to
parameters are the quasi-atomic isotropic HFC and the effectivebe smaller than the remaining disagreement with the experi-
30, value for nitrogen. If these parameters were strictly mental results. One factor that was not studied in the present
transferable, a simple multiplication of the spin density with work is the effect of the molecular environment such as crystal
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packing and solvation effects. While these effects are not studies whether the overestimation of dipolar HFCs by DFT
envisioned to be large, they cannot be eliminated as a significantmethods found in this work is a more general feature or if it is
source of error. With this caveat in mind, the results of this peculiar to the Cu(ll) compounds studied here. Also, the
work indicate that the main source of disagreement betweenimportance of relativistic corrections for the prediction of ligand
theory and experiment is in the density functionals themselves. hyperfine structure should be assessed for a larger set of

On the basis of the analysis in section 3, the spin polarization fransition metal complexes in different bonding situations.
of the valence shell is expected to significantly influence the  In any case we agree with Munzarova and Kedpmd with
prediction of the nitrogen HFCs studied in this work. This is Schreckenbach that for the future design of new functionals
particularly evident in the semiempirical results that only show it would be desirable if spectroscopic properties would be
good agreement with the experimental data if the calculations included in the training set. HFCs in transition metal complexes
are performed in the spin-unrestricted scheme. However, in vieware very sensitive to the quality of the exchange correlation
of the approximations involved in the semiempirical treatment, potential In addition, they provide a wide variety of bonding
the good agreement may be slightly fortuitous. It is nevertheless Situations ranging from mostly ionic to mostly covalent bonding
difficult to explain the small values o&)/AN observed experi- a_nd a wide range of different spin states an_d_ spin polarization
mentally without recourse to spin polarization. This has Situations. HFCs shoul_d therefore provide critical test cases for
important consequences for the interpretation of EPR and newly developed functionals. It would also be deswable to bage
ENDOR data for complexes of the type studied here. While the developments not only on the exchange-correlation energies
the bonding in the complexes under investigation may well be Put also on the exchange-correlation potential. A point of
rationalized in terms of $pand sp hybrid orbitals, the spin concern is the obser\_/atlon by van Leeuwen and Baerends that
density distribution is not well described by these concepts, due the present day functionals have not only the wrong asymptotic
to the spin polarization of the adjacent and N-C bonds. behavior in the long range but also clqsg to the nucleus where
Consequently, the estimation of nitrogen MO coefficients in they show an unphysical divergerfeThis is expected to have
the SOMO from experimental data alone can lead to significant |mpor_tant consequences for the prediction of isotropic hyperfine
errors. A closely related conclusion was drawn by Munzarova COUPlings. _ _ _
and Kaupp (MK) in their detailed studies of metal HF€3? For the time being, hybrid DFT calculations (B3LYP and/or
Indeed, MK stated that “the widely used simplified models that PWP1) can be used to predict and interpret ligand hyperfine
derive the d- or s-character of the SOMO directly from the Structurein large Cu(ll) complexes within reasonable calculation
dipolar coupling constants should be viewed with caution in times. However, the deficiencies of this method should be kept
transition metal systemd® Thus, the interpretation of super- N mind and may be empirically corrected because they appear
hyperfine structure in transition metal complexes appears to bet0 be fairly systematic.
more subtle than is frequently assumed. We also note in passing
that in general it is not valid to compare experimentally — Acknowledgment. Financial support of this work by Deut-
determined spin populations to those from a Mulliken population Sche Forschungs-gemeinschaft and the Fonds der Chemischen
analysis of the spin density matrix as is often done. The latter Industrie is gratefully acknowledged. | thank several members
values contain overlap terms but the former are usually derived Of the computational chemistry mailing list (CCL) for helping
under the one-center approximation where only the diagonal 0 resolve a technical problem with the field gr_adlent integrals
terms of the spin-density matrix contribute to the HFCs. and Prof. Peter Kroneck (Konstanz) for his support and

One possibility for the relatively poor performance of the encouragement.
DFT methods for the anisotropic nitrogen couplings is that the
spin polarization of the valence shell is underestimated by the
functionals used. The importance of spin polarization for the
interpretation of HFCs was also pointed out by Belanzoni et
al2425in their careful study of Tigand investigated in detail
by MK.18 The latter authors concluded that none of the present
functionals behaved uniformly satisfactory in this respect. In
the compounds studied by MK, the experimentally available (1) Holm, R. H.: Kennepohl, P.; Solomon, E.Ghem. Re. 1996 96,
ligand dipolar couplings were either small or no experimental 2239.
data was available such that detailed comparison with experi-  (2) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
ments was not feasible. An exception is Cu(§@y which Transition lons Dover Publishers, Inc.: New York, 1970.
most functionals, including BILYP, gave good agreement with | &y () HoMman, 5 M Deftose, v. 1 Gurbel, %, 3 Houserman, &
experiment® For TiF; Belanzoni et af*?®> have obtained  paramagnetic Moleculeserliner, L. J., Reuber, J., Eds.; Plenum Press:
excellent agreement for the parallel component of the fluorine New York, 1993; p 151. (b) Hitermann, J. InBiological Magnetic

; ; ; Resonance, Volume 13: EMR of Paramagnetic Molec@esdiner, L. J.,
HFC that appears to be dominated by the dipolar coupling. The Reuber, J., Eds.; Plenum Press: New York, 1993; p 219. (c) Schweiger,

splitting in the perpendicular region was calculated too large . Electron Nuclear Double Resonance of Transition Metal Complexes with
with the BP functional and the observed HFC remained not Organic Ligands Springer-Verlag: NewYork, 1982. (d) Gemperle, C.;
completely understood. Van Lenthe et al. studying the same Schweiger, AChem. Re. 1991 91, 1481. (e) Lowe, D. JENDOR and

. . EPR of MetalloproteinsSpringer: New York, 1995.
system, obtained good overall agreement with the results of (4) (a) McGarvey, B. R. IfTransition Metal ChemistryCarlin, R. L.,

Belanzoni et af® In addition they computed small scalar Eqd.; Marcel Dekker: New York, 1966; Vol. 3, p 89. (b) Neese, F.; Solomon,
relativistic corrections but spirorbit corrections of up to 20%  E. I. Inorg. Chem.1998 37, 6568.

for the dipolar fluorine coupling®’ In the study by Hayés on (5) Solomon, E. IComments Inorg. Cheml984 3, 227.

[Ni(mnt),] ~ various DFT functionals overestimated the dipolar (6) (a) Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem.

. . S0c.199Q 112 1643. (b) Neese, F.; Hedman, B.; Hodgson, K. O.; Solomon,
couplings for sulfur. Better values were obtained for carbons ¢y Inorg. Chem 1999 38, 4854.

and nitrogens, but the obgerved (?'iIOO'af COUp”ngS WErIE VEIY  (7) Forreviews, see: (a) Hathaway, B. J.; Billing, D.Gord. Chem.
small (<1 MHz). It would be interesting to explore in systematic Rev. 197Q 5, 143. (b) Hathaway, B. JCoord. Chem. Re 1983 52, 87.

Supporting Information Available: Basis set (Table S1)
and geometry dependence (Table S2) of the computed nitrogen
HFC's for [Cu(NHs)4]2". This material is available free of
charge via the Internet at http://pubs.acs.org.
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