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Abstract: Binuclear, mixed valence copper complexes with a [Cu™®, Cu*®] redox state and S = 1/, can
be stabilized with rigid azacryptand ligands. In this system the unpaired electron is delocalized equally
over the two copper ions, and it is one of the very few synthetic models for the electron mediating Cua site
of nitrous oxide reductase and cytochrome ¢ oxidase. The spatial and electronic structures of the copper
complex in frozen solution were obtained from the magnetic interactions, namely the g-tensor and the
63.65Cy, 1N, 2H, and *H hyperfine couplings, in combination with density functional theory (DFT) calculations.
The magnetic interactions were determined from continuous wave (CW) electron paramagnetic resonance
(EPR), pulsed electron nuclear double resonance (ENDOR), two-dimensional TRIPLE, and hyperfine
sublevel correlation spectroscopy (HYSCORE) carried out at W-band or/and X-band frequencies. The DFT
calculated g and Cu hyperfine values were in good agreement with the experimental values showing that
the structure in solution is indeed close to that of the optimized structure. Then, the DFT calculated hyperfine
parameters were used as guidelines and starting points in the simulations of the various experimental
ENDOR spectra. A satisfactory agreement with the experimental results was obtained for the 1N hyperfine
and quadrupole interactions. For *H the DFT calculations gave good predictions for the hyperfine tensor
orientations and signs, and they were also successful in reproducing trends in the magnitude of the various
proton hyperfine couplings. These, in turn, were very useful for ENDOR signals assignments and served
as constraints on the simulation parameters.

Introduction usually a methionine sulfur and a main chain carbonyl oxygen
of glutamine. In the oxidized state both copper atoms assume a
formal oxidation state of 1.5 with a total spi Y/, delocalized
over the CyS;, core with a spin population of up to 25% on the

and a number of cytochromeoxidases (COX}. Early multi- - . .
frequency EPR experimeftnd later several crystal structutes sulfurs. The unique structural and spectroscopic properties of
Cua have motivated the synthesis of model compounds, which

have shown that the two coppers are connected via cysteine ) A ; -
thiolate bridges with a CuCu separation of 2:52.6 A. In can reproduce the magnetic properties of this unique copper

addition, to each of the copper ions an imidazole group of a center. While binuclear mixed valence copper complexes do

histidine residue is coordinated along with a weak axial ligand, NOt form spontaneously without steric enforcement, they can
form within a host which imposes on the copper ions bonding

The mixed valence binuclear copper centel Garves as an
efficient electron mediator in nitrous oxide reductase@R)
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Figure 1. Schematic of CtRGT and CyGT. For label explanations see text.

the two copper atoms and a €Qu distance of 2.45 Al
compared to 2.43 A in POR, their electronic structure is
significantly different. In Cy the SOMO is primarily a mixture
between the Cu,d 2 and the sulfur p orbital, forming a type
bonding with a small direct CaCu overlap and significant spin
density on the sulfur bridgésd:1*In contrast, in the azacryptand
complexes, the SOMO haszdcharacter, and the overlap
between the dorbitals results in a relatively strong €ECu o
bond with a much smaller electron delocalization over the
bridging ligands, as determined by Raman spectroséopy.
Spectroscopic and theoretical studies that compared the Cu
site with the thiolate based mixed valence synthetic model

on reproducing the hyperfine interaction of as many nuclei as
possible in the site. This motivated us to apply and test this
approach using a simpler system, the binuclear copper com-
plexes with the azacryptand ligands. DFT calculations of spin
Hamiltonian parameters have been shown to be an important
tool in the interpretation of experimental EPR data in terms of
both assignment and derivation of structut®®¥ Nonetheless,

the ability of the DFT to predict hyperfine couplings strongly
depends on obtaining an optimized structure that is similar to
the real structure, as shown in a recent detailed study on
Cu(l)—histidine complexes in aqueous solutiAs.

In this work the two copper complexes shown in Figure 1

suggest that some structural elements are crucial for obtainingare investigated in depth. They are based on two azacryptand

the electronic structure which optimizes the ET efficiency of
the sitel® Among these are the Cu-axial ligand distance and
the orientation of the histidine ligand relative to the-€Tu
axis. Moreover, the covalency of the €8 bonds has been
considered an important factor in determining ET pathways.
In a recent study the proton hyperfine couplings of a number

of Cu, sites with known structures have been compared in order

to rationalize their minor structural differences in terms of

electronic structure, which in turn may be related to differences
in activity.1” It was found that the system is too complicated

and the differences observed in the spin-distribution over the
site could not be related to a single structural element. It was
therefore suggested that density functional theory (DFT) could
be applied in order to provide a clear correlation between the

various structural elements and the electronic structure, baseocI
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Canters, G. W.; de Vries; Tolman, W. B.; Lu, Y.; Solomon, EJ.IAm.
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ligands, RGT and GT reported previougiy® Both have a rigid
structure which consequently is expected to be similar in solution
and in the crystal. Therefore the issue of the relation between
the optimized structure and the real structure should be of a
lesser concern, allowing us to evaluate how well DFT calcula-
tions can predict hyperfine interactions. We have concentrated
primarily on the CuRGT structure, whereas the &Il structure

was used mostly for assignment purposk#s, 2H, and “N
hyperfine couplings were determined by W-band (94.9 GHz)
electron-nuclear double resonance (ENDOR) spectroscopic
techniques, complemented by X-band ENDOR and HYSCORE
(hyperfine sublevel correlation) spectroscopy. In addition, we
have used two-dimensional (2D) TRIPLE experiments to
etermine the extent of th#H hyperfine anisotropy and the
relative signs of the hyperfine couplings. The DFT calculations
were essential for the assignment of the signals; they provided
important guidelines for spectral simulations of the ENDOR
spectra and gave the rationale for the spin density distribution.
In general a good agreement was obtained between the
experimental and calculateg-tensor and the Cu an&N
hyperfine interactions. For the proton hyperfine couplings the
agreement for orientations, signs, and trends was found to be
good, while the prediction of the absolute values was not always
satisfactory. Thus, this study represents a careful benchmark
study of what can presently be achieved in the experimental

(18) Baute, D.; Goldfarb, DJ. Phys. Chem. 2005 109, 7865-7871.

(19) Neese, FCurr. Opin. Chem. Biol2003 7, 125-135.

(20) Baute, D.; Arieli, D.; Neese, F.; Zimmerman, H.; Weckuysen, B. M.;
Goldfarb, D.J. Am. Chem. So2004 126, 11733-11745.
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and theoretical investigations of magnetic resonance parameterss axial with the direction of; along the Ct-Cu bond, based on the

of transition metal complexes.

Experimental Section

Samples [Cu;RGT](BF4)s, [CuRGT](CIOy)3, and [Cu GT](ClOy)3
were prepared as described eari&rThe W- and X-band samples’
concentration was 1 mM of the complex in a 1:1 water glycerol solution.

DFT calculations and our experimental results. The selected orientations
in the orientation selective ENDOR measurements were determined
graphically from the road map of the simulated EPR spectrum which
gives the resonant magnetic fields as a function of the afigfé
assuming an inhomogeneous line width of 45 G.

Computational Details. All calculations were done with the ORCA

The solutions were loaded into 3 mm and 0.84 mm o.d. quartz tubes, €lectronic structure package version 2.£286wo sets of calculations

respectively, which were immediately frozen to 77 K to minimize
decomposition. Samples were prepared also in a Adnd deuterated
glycerol (CHOD(CHOD),), Cambridge Isotope Laboratories Inc.)
solutions.

Spectroscopic MeasurementsW-band pulsed EPR and ENDOR
measurements were carried out at 94.9 GHz and®.5K on a home-
built spectrometer described elsewh&erield-sweep (FS) echo-

were carried out. The first set of calculations were based on the
experimental structures with coordinates directly taken from the X-ray
diffraction experiments! The second set of calculations was done on
geometry optimized structures. The geometry optimizations were done
in redundant internal coordinates without constraints. The BP86
functionaf*32together with a polarized triplgquality basis set (TZ\#}

was used in these calculations, and the Coulomb term was approximated

detected (ED) EPR spectra were recorded using the two-pulse echoWith the resolution-of-the-identity (RI) approximation to gain compu-
sequencesf/2-t-7-7-echo), where the echo intensity is registered as a tational efficiency®* The metal basis was supplemented with 2p and

function of the magnetic field. Typically, microwave (MW) pulse
lengths,tuw, of 90 and 180 ns were used with= 0.3 or 0.4us and

1f polarization functions, while the carbon and nitrogen bases were
supplemented with a single d-set. The hydrogen basis set was left

a 10 ms repetition time. The magnetic field values were calibrated using unpolarized in these calculations. All exponents of polarization functions

the Larmor frequency of the protons;, as determined by the ENDOR

were taken from the TurboMole libra#§.The auxiliary basis sets were

measurements. THel ENDOR spectra were measured using the Davies taken from the work of Eichkorn et &.and were chosen to match the

ENDOR pulse sequencer<{T-n/2-t-m-1-echo, with an RFr pulse
applied during the time interval) with twy = 0.2, 0.1, 0.2us,
respectivelyr = 0.3 us. The RF pulse lengthzs, was 10us, andT
was 15us. The Mims ENDOR sequence/R-t-7t/2-T-t/2-t-echo, with
an RFx pulse applied during the timE) was used for théH ENDOR
measurements withyw = 0.1 us, v = 0.4 us, andtge = 30 us. The
intensity and frequency scales of thid spectra were multiplied by
—1 andy"/yP (=6.5144), respectively, to allow a convenient com-
parison with thetH ENDOR spectra. The frequency scale in fhe
and?H ENDOR spectra is given with respect to the Larmor frequency
v = vgre — vu. The 2D TRIPLE experimeft was performed using a

orbital basis. Following previous experience, the calculation of EPR
properties was done using the B3LYP hybrid functional which leads
to somewhat better EPR property predictions for transition metal
complexes compared to GGA functiondls?® In these calculations
much more extensive basis sets were used. The copper ions were
described with the CP(PPP) basis (17s5p3d) documented previously
which is based on the Ahlrichs DZ basis %ebut has additional
flexibility in the core region. The nitrogen atoms were described with
the IGLO-III basig! (7s6p2d), the carbon atoms, with the TZVP basis
(5s3p1d), and the hydrogen atoms, with the EPR-II basis (832p).
Altogether this leads to 10501150 basis functions. Accurate numerical

pulse sequence similar to that of the Davies ENDOR, where a secondintegration of the exchange-correlation potential in the presence of steep

RF 7 pulse is applied 0.2s after the first RF pulse using the same

basis functions was ensured.

pulse durations as those in the Davies ENDOR measurements but with  The g-tensor was calculated through solution of the coupled-

T=25us. The 2D data were collected by measuring the echo intensity perturbed KohrSham equation®. The origin was chosen as the center
as a function of the frequencies of the first and second RF pulses, andyf electronic chargé® The calculations include the relativistic mass

the total number of points was 100 100. A total of 30 shots were

correction, diamagnetic spirorbit, and paramagnetic spiorbit terms.

accumulated for each point. The 2D spectrum was obtained by The former (small contribution) was evaluated through an empirically

subtracting from each trace the normal ENDOR spectrum.

parametrized spinorbit operator which features effective nuclear

X-band pulsed EPR, ENDOR, and HYSCORE measurements were charged The dominant paramagnetic SOC (sporbit coupling) term

carried out at 9.77 GHz @n8 K on anElexsys E-580 Bruker

spectrometer. The ENDOR spectra were measured using the Davie

ENDOR pulse sequence withw = 0.06, 0.03, 0.06:s, respectively,
7 = 0.2 us andtge = 14 us. For the HYSCORE pulse sequence
(7t/2-t-71/2-t1-71-to-71/2-T-echo)tuw = 0.024us was used for all pulses
and a four step phase cycle was applied. The dwell timg andt,
was 0.024us, and 120x 120 points were collected with= 0.16 us
and 0.2us, a repetition time of 5 ms, and 100 shots per point.
Spectral Simulations. EPR simulations were carried out using a
previously reported prografd. The ENDOR simulations were per-
formed using an in-house program and the Kazan tool”bahich is
based on EasySp#§,2D TRIPLE spectra were simulated using an in
house written program also based on Easy3pand the HYSCORE
spectra were calculated using TRYSCOREheg-tensor was assumed

(21) Al-Obaidi, A. H. R.; Baranovich, G.; Coates, C.; Coyle, J.; McGarvey, J.
J.; McKee, V.; Nelson, Jnorg. Chem 1998 37, 3567-3574.
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Reson1999 139 8-17.

(23) Epel, B.; Goldfarb, DJ. Magn. Res200Q 146, 196-203.

S(28) Szosenfogel, R.; Goldfarb, Mol. Phys.1998 95, 1295-1308.

(29) Goldfarb, D.; Fauth, J. M.; Tor, Y.; Shanzer, A.Am. Chem. S0d.991,
113 1941-1948.

(30) Neese, FORCA-an ab initio, Density Functional and Semiempirical
Program Package version 2.4, revision 26; Max Planck Institutrfu
Bioanorganische Chemie: Nheim an der Ruhr, 2004.

(31) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(32) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(33) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829-
5835.

(34) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc.
1997 97, 119-124. Eichkorn, K.; Treutler, O.; bm, H.; Haser, M.;
Ahlrichs, R.Chem. Phys. Lettl995 240, 283-290.

(35) Neese, FTheor. Inorg. Chim. Act2002 337, 181-192.

(36) Ahlrichs, R. and co-workers, 2001, ftp.chemie.uni-karlsruhe.de/pub/basen.

(37) Neese, FJ. Phys. Chem. 2001 105 4290-4299.

(38) Neese, FJ. Chem. Phys2001, 115 11080-11096.

(39) Neese, FJ. Chem. Phys2003 118 3939-3948.

(40) Kaupp, M.; Reviakine, R.; Malkina, O. L.; Arbuznikov, A.; Schimmelp-
fennig, B.; Malkin, V.J. Comput. Chem2001, 23, 794-803. Neese, F.
Inorg. Chim. Acta2002 337, 181-192.

(41) Kutzelnigg, W.; Fleischer, U.; Schindler, M. NIMR basic principles and
progress Diehl, P., Fluck, E., Gother, H., Kosfield, R., Seeling, J., Eds.;
Springer: Heidelberg, 1990.

(24) Neese, F. Electronic Structure and Spectroscopy of Novel Copper Chro- (42) Barone, V. InRecent Adances in Density Functional Methods (Part 1)

mophores in Biology. Ph.D. Thesis, University of Konstanz, 1997.

(25) Epel, B. http://www.geocities.com/boep777/.

(26) Stefan Stoll. Spectral Simulations in Solid-State EPRD. Thesis, ETH
Zurich, 2003 (http://www.easyspin.ethz.ch/).

(27) Goldfarb, D.; Epel, B.; Zimmermann, H.; JeschkeJGViagn. Resor2004
168 75-87.

Chong, D. P., Ed.; World Scientific Publishing Co.: 1995; Chapter 8, pp

287—-334.
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Scheme 1 Table 1. Comparison of Key Calculated and X-ray Determined
Experimental (in Parentheses) Structure Parameters for the Two
Complexes Studied in This Work

-
a [ Q—% distance, A Cu,RGT Cu,GT
2u N

&, Cu—Cu 2.464 (2.379) 2.514 (2.380)
@ Cu—Nad 2.110 (2.071) 2.147 (2.041)
y " CuU—Ned 2.129 (2.039) 2.024 (1.959)
a, N a, aThe experimental structure parameters for-Guwere averaged in order
. to facilitate the comparison.

Cu,GT Cu,RGT
L] & »

; - . ; \:
..L__x..‘l a
woe il e @

was calculated with the recently reportédaccurate multicenter
implementation of the spirorbit mean-field (SOMF) conceft.The
spin—orbit Coulomb term was approximated with the Rl approximation
using automatically generated fitting bases, while the much smaller
exchange terms were treated in the one-center approximation (RI-
SOMF(1X))# The copper hyperfine coupling calculations include the

il
Fermi-contact term, the spin-dipolar contribution, and the SOC cor- (b)

rection. The latter was again calculated by coupled-perturbed Kohn

Sham theory as described eadfdsut with the difference that the SOC

operator was the same RI-SOMF(1X) operator used ingHensor

calculations. The calculations of the nitrogen and hydrogen hyperfine

and quadrupole tensors only included the first-order terms, since based

on the previous experience SOC corrections are small for light ligand

nuclei in such complexes.

uco 129 uco 1298

Figure 2. (a) Spin density of [Cy(RGT)F and [Cu(GT)]** at a contour

In the following the experimental EPR/ENDOR and the DFT level of 0.002 (dark gray= positive, light gray= negative) and (b) the

calculation results will be presented together rather than spin-polarized corresponding orbital pair for LRG TR, which corresponds

. . . to theo Cu—Cu bonding interaction (contour level 0.05 (electrons/béhr)
consecutively because this format illustrates how the two were gpin polarization of this orbital leads to the negative spin density in the
integrated for achieving a concise interpretation of the experi- bonding region observed in part (a) of the figure. All contours were obtained
mental results. from B3LYP calculations with the large basis set described under the

Structure and Bonding. The overall electronic structure of experimental section.

the compounds studied is well-kno#ri>¢and will only be A detailed assignment of the optical transitions has been worked
briefly recalled in order to facilitate the discussion. It is ot previouslyl®1524and additional valuable information has
instructive to start from twdz, symmetric trigonal pyramidal  een extracted from resonance Raman spectroséopy.
fragments. Basic ligand field theory dictates that in such @  Tpe present study focuses on the details of the geometric and
coordination geometry the highest energy d-orbital is the gjectronic structure of the electronic ground state. The most
Cu-dz orbital. Upon bringing together two such fragments along jmportant calculated structural parameters are compared with
the moleculae-axis, the two lobes of theAbrbitals can strongly  the values deduced from X-ray diffraction in Table 1. At a first
overlap and form a standard two-center metaktal bond.  giance it appears that the DFT results are only in moderate
However, in the present case, there are three electrons to b%greement with the experimental data. In particular, the iCu
distributed over the bonding and antibonding components of gisiances are all overestimated. However, it should by noted
this bond, thus leaving a net coppeopper bond of formal  {h4t the experimental diffraction data for SRGT show a spread
bond order/ (Scheme 1). N of almost 0.1 A in the equatorial GtN distances which perhaps

In terms of standard mixed-valence thedfyhe transitionrs  qints to a problem with the structure determination. Based on
— 0* (*A1g— ?A2) corresponds to twice the intersite electronic  reyious experience it is likely that the DFT results overestimate
matrix element Hg. Based on MCD (magnetic circular dichro-  the cu-N distances by about 0.6®.1 A. A more definitive
ism) and absorption studies, this transition has been assignetoncjusion cannot be drawn on the basis of the experimental
to the very intense absorption and reasonably weak MCD bandgata. The situation is different for @aT where the experimental
at~13 000 cm.22Thus, the interelectronic interaction between §ata show a high degree of consistency. Here, the same behavior
the two copper fragments is very large and easily overcomesjs noted: the DFT predicted bond distances are too long by
the vibronic trapping energy which provides a satisfactory apout 0.05-0.1 A. Since these deviations represent unusually
rationale for its delocalized class Il mixed valence behavior. large deviations, we decided to base the property calculations
(45) Neese, FJ. Chem. Phys2005 122 34107-34113. on both the pptimized and the experimental coordinates, as will
(46) Hess, B. A.; Marian, C. M.; Wahlgren, U.; Gropen, Chem. Phys. Lett. be further discussed below.

Results

(47) lsiigésjﬁ:gl\?ﬁ_m%éd Valence CompoundBrown, R. D., Ed.; D. Reidel Figure 2 shows the calculated spin densities inRIET and
Pub.: 1980; pp 115150. Cw,GT along with the spin-polarized corresponding orbital pair
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for [Cu,RGT]*", which corresponds to the Cu—Cu bonding
interaction. It is evident, that the overall features of the spin
density are rather similar in the two compounds and do not
warrant separate discussion. The spin density is dominated by
the contribution from the SOMO. This orbital is, as expected,
formed from the antibondingdcombination of the two copper
ions with substantial covalent admixtures from the nitrogen
ligands. Naturally, the capping nitrogens make a larger contribu-
tion to the SOMO and therefore also carry more spin population
than the equatorial nitrogen ligands.

One curious feature of the spin density in these compounds
is the occurrence of a region of negative spin density located
around the midpoint of the coppecopper bond. We have not
observed such a spin-polarization phenomenon in previous
calculations on mixed valence species. Since the spin-
unrestricted B3LYP DFT calculations give no sign of excessive
problems with spin contamination®~ 0.77 compared to B,,T
0.75 expected for a pure doublet state), we have tried to tracefigure 3. (a) W-Band FS-ED EPR spectrum of fRGT in H;O measured
back the origin of this effect by studying the unrestricted ?t 6:5 K. (b) The corresponding X"band E*D'FS spectrum (8 K). The dotted

; . - ) . ine represents the simulated spectrum, * marksghe 2 impurity, and
corresponding spinorbitals. In this method the spin-up and the arrow points to the mononuclear Cu(ll) complex.
spin-down molecular orbitals are separately subjected to a
unitary transformation such that each spin-up MO has a nonzero
spatial overlap with at most one spin-down MO. Thus, MO pairs
of maximum similarity are produced by the transformation, and
a spatial overlap of substantially less than unity indicates a
significant spin-polarization contribution from this particular MO
pair. The one unmatched spin-up MO corresponds precisely to

thg ex;ctly S|?gly PCCUP'gd n.?t:rgl orbngl Offthﬁ splln ulnre(; agreement with those determined earlier by X-band ERR.
stricted wave function. A detailed inspection of the calculated ;-\ 1ated trace obtained with = 2.148,g, = 2.004 is shown

pairs indicates that with one exception all formally doubly ¢ \ye|| (dotted line). The spectrum has an additional feature, at
occupied pairs have overlaps of at least 0.999 and are thereforeg = 2.02, which is attributed to thg: of a mononuclear Cull)
very little spin polarized. However, a single pair has only an ¢,y h1ey produced by the decomposition of the mixed valence

overlap of 0.988. As seen in Figure 2b, this pair corresponds 10 ., pjex The intensity of this peak increased, when the sample
the formally doubly occupied CeCu bonding orbital. Upon a5 jeft at room temperature for a few weeks. In addition, a

inspgction, itis observed that the.spin-do.wn component is.more minor sharp signal appearing@t= 2 is evident. The origin of
spatially extended in the bopdlng region than the SPIN-UP ths signal is not clear, but because its relative intensity is very
component which thus explains the observed negative sping...ii'it has been ignored. The W-band spectrum ofGIu
density in this region. Physically, this effect may be regarded (¢|q,), is similar; the radical impurity is absent, but the relative
as a consequence of the virial theorem as analyzed long ago by, moynt of the mononuclear Cu(ll) is higher (not shown). Since
several workeré?~> To maintain the balance between potential o ENDOR results obtained from the BFand CIQ- salts

and kinetic energy, atomic orbitals which contribute to bonding \yere the same, for brevity the complexes will be referred to
mo!ecula_r orbitals tend to (_axpand, while those corytnbun_ng to just as CuRGT and CuGT.

antibonding molecular orbitals tend to contract. Since, in the * ¢ experimentay and Cu hyperfine values are listed in
spin-up manifold, the bonding and antibonding components of a6 2 along with the DFT predicted values for the crystal
the Cu-Cu bond are occupied, there is a net balance. In the 4nq gptimized structures. The agreement between the experi-
spin-down manifold, bonding can be maximized by letting the  enta| and calculated values is surprisingly good, compared to
Cu-3d¢ radial functions expand which leads to the accumulation gapier reports for mononuclear Cu(ll) comple?&d The

of electron density in the CuCu bonding region and strengthens  54reement seems somewnhat better for the optimized structure
the Cu-Cu bond. Unfortunately, none of the observables studied tnan for the crystal structure for both types of complexes.
in this work is particularly sensitive to the occurrence of negative \joreover, the agreement for gRGT is better than that for
spin density in the midpoint of thq CtCu bond, and.thus,. the CwGT. From group theory, it is evident that tgecan only lie
effect cannot be put to an experimental test at this point. An along the unique long axis which is defined by the-@u bond.
experimental proof would probably require a detailed polarized This expectation is confirmed in the DFT calculations which
neutron diffraction study which is outside the scope of the predict theg, component to occur within 0°5of the Cu-Cu
present work. vector. Similarly, a very good agreement was obtained for the
copper hyperfine couplings, where the deviatiodjmay arise

(48) Ammeter, JChimia 1968 22, 469-473 and Dissertation Eidgéssische  from experimental uncertainty due to the small value. The good
Technische UniversitaZurich 1969.

028 030 032 034 036 038

EPR Spectra and theg and Copper Hyperfine Values.
The W- and X-band FS-ED EPR spectra of a frozen solution
of CLRGT(CIOy)3 are shown in Figure 3a,b, respectively, and
the same spectra were measured for,RIBT(BF)s. The
measurements at two frequencies are complementary because
the first resolves thg-anisotropy, while the second provides
the Cu hyperfine couplings. Thevalues obtained are in good

(49) Ridenberg, KRev. Mod. Phys1962 34, 326-376. agreement with the experimentahnd Cu hyperfine interaction
(50) Feinberg, M. J.; Rienberg, K.; Mehler, E. LAdv. Quantum Cheni.970 lends confidence to the optimized structures. This is actually
(51) Feinberg, M. J.; Rienberg, K.J. Chem. Phys1971, 59, 1495-1511. not surprising since the structure is very rigid.
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Table 2. Experimental g and Copper Hyperfine Values of Cu,RGT and Cu,GT and the DFT Calculated Values Obtained from the
Optimized Structure and the Crystal Structure Coordinates

g o A? (Cu), MHz A(Cu)y, MHz
CwRGT, exp 2.148 2.004 «)308 (+)10°
CwRGT, DFT, crystal 2.1156/2.1214 2.0044 —272.7-331.9 —-5.3
CwRGT, DFT, optimized 2.1376/2.1381 2.0033 —304.8/~-306.2 0.3
CwGT, exp 2.148 2.004 +)308 (+)10°
CwGT, DFT, crystal 2.1071 2.0052 —286.6 20.0
Cw,GT, DFT, optimized 2.1214 2.0055 —265.7 10.9

aWhen two values are listed they refer to theandyy components, respectivelyThe sign was not determined experimentally but was taken from the
calculations.
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The observed-values and copper hyperfine parameters can i
be used to obtain a qualitative estimate of the composition of '

"
| [
the SOMO in these compounds and the necessary equations . I M' ’||n 3129T
. . s W
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configuration with the obvious difference that the copper e =
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whered? is the fractional coppergcharacter in the SOMO,
KP%‘ is the isotropic hyperfine coupling, ang(;‘ is a constant : LR N :
(ng = geQcyfBeBcyl 0= 1134 MHz). Using in this equation Ve MHZ
the experimental valueg, = 2.148,A-(Cu) = 100 G, andA- Figure 4. W-Band N Davies ENDOR spectra of GRGT in HO
(Cu)= £10 G, we obtained = 0.76-0.78, which corresponds  recorded at different magnetic field positions (as noted on the figure) along
to pcu = 38—39% on each copper ion. As expected, these Wwith simulations. The top black solid lines are the simulated spectra,of N
estimates for the spin populations on the copper centers areobtained with the parameters noted ag(&kp) in Table 3. The orientations

. . selected for the simulations were °800° and 60—90° for 6y (top to
somewhat higher than Fhose calculated by DFT which amount pottom spectra, respectively) and-aL8C for ¢o. The group of spectra
to 33% on average. This effect has been analyzed many timesmarked with a, b, and c are the sum of all six simulated spectra.@aN
previousl§8v52‘54 Based on the work of Patchkovskii et 2.t 3.1723 T. (a, b) Calculated with the DFT values obtained from the crystal

. - - . __and optimized structure, respectively. (c) Calculated the parameters obtained

appears_that this is mainly a consequence_of the self-interactiong ;. "ihe HYSCORE simulation, noted ase€xp) in Table 3. Al
error which plagues all standard DFT functionals. Nevertheless, parameters are listed in Table 3, and the a, b, and ¢ traces were scaled to

the agreement with the theoretically calculated spin populations fit the amplitude of the 13 MHz peak.
(which, of course, do not represent physical observables) is fairly guidelines pointing to the spectral region where signals are
reasonable and allows one to proceed with the analysis to ﬁnefexpected and for assignment. THN W-band Davies ENDOR
details of the spin density distribution. spectrum of CpRGT/H,O recorded at two magnetic field
Next we discuss the spin Hamiltonian parameters oftNe  positions within the EPR powder pattern is shown in Figure 4.
nuclei, some of which are predicted to have rather large spin at 3.172 T, close tay, the spectrum exhibits two broad peaks
populations, and therefore substantial hyperfine couplings areat 13 and 16.5 MHz, with approximately the same intensity,
expected. and a sharper peak at 19 MHz. Upon shifting the field to the
Nitrogen Hyperfine and Quadrupole Interactions. The lowest field edge of the EPR spectrum, the 16 MHz line
symmetrical molecular structure of GRGT suggests the  sharpens considerably. Unfortunately the spectrum measured
presence of two types of inequivalent nitrogens, the two capping at a field close tay, suffered from poo&/N, and no clear signals
(axial) nitrogens, referred to as;Nand the other six bridging  could be detected. The observed spectra suggest that two types
equatorial nitrogen atoms termede\(Figure 1). Here we  of 14N nuclei are present, but because their line shapes are not
applied W-band and X-band ENDOR for the detection of the jstinctive enough we have carried out complementary X-band
strongly coupled nitrogen and X-band HYSCORE for the ENDOR and HYSCORE measurements.
weakly coupled nitrogen, while the DFT results were used as  The X-band Davies ENDOR spectra of /RGT recorded at
different magnetic fields are shown in Figure 5. These reveal a
(53 Solomon' &1 Lowery, M. D_Ifhe Chernistry of Copoor and Zine Triads N doublet, split by 2;, at 8 and 10 MHz that overlaps with a

Welch, A. J., Chapman, S. K., Eds.; Special PublicatiBioyal Society i i it
of Chemistry: 1993 Vol. 131 pp 1220, proton doublet in the field range 304-825 mT. An additional

(54) Szylagyi, R. K.; Metz, M.; Solomon, E. I. Phys. Chem. 2002 106, weak signal appears around 3 MHz. These spectra do not exhibit
2994-3007. ; ; ; :
(55) Patchkovskii, S.; Autschbach, J.: Ziegler, JT.Chem. Phys2001, 115 any orientation selection but the field dependence allowed to

26-42, resolve of thé“N andH signals. Similar to the W-band results,
2022 J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006
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Figure 5. X-Band Davies ENDOR spectra of gRGT in HO spectra
recorded at different magnetic field positions (as noted on the figure) along
with simulations (a-d traces). (a) Represents the best fit simulated spectrum
of Nax obtained with the parameters noted ag(dkp) in Table 3. It was
scaled to fit the experimental spectrum recorded at 0.3024 T. Fw b
traces are calculated spectra of all sigNuclei at 0.3024 T. (b,c) Calculated
with the DFT values of the crystal and optimized structure, respectively.
(d) Calculated with the parameters obtained from the HYSCORE simulation,
noted as N{exp) in Table 3. The orientations selected for the simulations
were 0—90°, and 0—180C for 6y and¢o, respectively. All parameters are
listed in Table 3.
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Figure 6. HYSCORE spectrum of GRGT recorded aBy = 0.3455 T
andr = 0.16us. (b) Spectrum calculated with the parameters listed in Table
3 as Ny (exp), and (c) spectrum calculated with DFT parameters«goi

Table 3. DFT Values of the Hyperfine and Quadrupole Tensors
Components of the Nitrogen Nuclei of Cu,RGT Obtained from the

Optimized Structure and the Crystal Structure Coordinates

Compared with the Experimental Values

nucleitype  Ag, Ay, Az By €*Qqlh, By

and no. MHz  MHz  MHz (deg) MHz n (deg)
Crystal
Nay, 22 146 149 330 2,0 —3.9175 0.27 0,0
Nax, 25 131 132 314 1,106 -—4.0859 0.11 2.7,15
Neg 9 31 33 7.0 101,272 —-3.48 0.35 78,274
Neg 32 34 35 75 76,262 —3.44 0.38 79,276
Neg, 62 36 38 81 78,262 —3.49 0.35 75,278
Neg 40 38 41 81 104,260 —-3.30 0.24 102, 268
Neg 17 6.0 6.2 116 76,267 —3.20 0.19 72,102
Neg 54 76 7.8 13.6 106,264 —-3.14 0.30 101, 276
Optimized
Nax 143 143 315 0,180 —4.0 0.0 0,90
Neg 51 52 9.8 105,270 —-3.4 0.15 75,275
Nax(exp) 145 145 265 0,10 —-3.7 03 0,0
Neg(eXp) 55 55 7 0,0 3.0 1 0,0

a2The number corresponds to the atom number in the structure in the
Supporting Information.

were similar. Simulations showed that such spectra can be
reproduced by oné*N nucleus with AwAyyAz) = 5.5, 5.5,

7.0 MHz,€2Qg/h = 3 MHz, = 1 andf',y’ = 0, (, as shown

in Figure 6b. The same quality fit was obtained wjithy' =

60, 275 andn = 0.2 which are closer to the DFT predictions,
but (AwAyy,Az) had to be reduced to (5, 5, 6.5) MHz. We assign
these signals to & which is expected to have a lower coupling
than Ny The calculated spectrum shows, in addition to the
strong (dg,dq) cross-peaks, also ridges corresponding to the
single quantum (sq) transitions. The absence of the sq type cross-
peaks in the experimental spectrum is due to their relative low
intensity. Increasing the minimum contour level, similar to the
relative value in the experimental spectrum, will practically
eliminate them. Calculations of the HYSCORE spectrum with
the DFT parameters of &yof the optimized structure (Table 3)
produced the spectrum presented in Figure 6¢. The location of
the (dg,dg) peaks, appearing at (11.4,7.6) MHz, deviates
significantly from the experimental results. The DFT values
obtained from the crystal structure exhibit a rather wide range,
all with an anisotropy larger than that found by the HYSCORE
simulations (see below).

To obtain a set of hyperfine and quadrupole parameters that
reproduce the ENDOR spectra at both X- and W-band, we have
simulated all spectra using as initial values the parameters
predicted by the DFT calculations, given in Table 3, and those
obtained from the HYSCORE simulations. While the nuclei
within the Ny and Nyg groups are practically chemically
equivalent in the optimized structure, in the crystal structure
they exhibit large differences, especially within theg;§roup.

The Ny best fit simulated specttathat reproduced both the
field dependence of the W-band spectra and the line positions
of the X-band spectra are presented as solid black lines in
Figures 4 and 5, and the parameters obtained are listed in Table

the optimized structure (see Table 3). The (dq,dq) cross-peaks are labeled3 as Nw(exp). The simulations show that signals are also

All other peaks involve sq type transitions.

expected at the-85 MHz range, which were not detected in
the experimental spectra. The absence of these signals is

these spectra are consistent with two types of nitrogens with attributed to difficulties in observing ENDOR signals at very

significantly different couplings. The HYSCORE spectra of this
sample, shown in Figure 6a, exhibit a single pair of double
quantum peaks (dq,dq) at (8.3, 4.7) in the, (+) quadrant.
Spectra recorded at 0.3455 and 0.3337 T at differerdlues

low frequencies. In general the fit parameters show a good

(56) The so-called “best fit" simulated spectra were obtained by interactive “eye
fitting” simulation searching for the parameters that reproduce best the
experimental spectra, rather than by an automated least-squares analysis.
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agreement with the DFT values. There is a very good agreement NH

for A andAyy, .y, €qQ/h, andp. The value ofA,,is smaller a) N

by about 16-15% from the various calculated values. The DFT

value of# is more scattered than any of the other parameters,

ranging between 0.0 for the optimized structure to 0.11 and 0.27

in crystal structure. The best fit value was found to be on the

higher side, 0.3. H
In contrast to Ny, which showed a clear signal in both X-

and W-band ENDOR spectra with some distinct orientation \M/

depen_dence in the latter, th_e signals ofq Nvert_e not as 21 Ww/

conspicuous. Therefore we did not attempt to simulate them

but rather calculated the spectra using the DFT calculated -10 -5 0 5 10 -10 -5 0 5 10

parameters, listed in Table 3, for the optimized and crystal Ve~ Viy (MH2) VeV (MH2)

structures and also for the values obtained from the HYSCORE Figure 7. W-band!H Davies anc®H Mims ENDOR spectra of GRGT

simulations. The calculated W-band spectra are shown in Figureiwna"s'Zguel‘t’i‘dlizjobfe‘fc;”:e‘ja?%ﬂtﬁg ii?gr?; igb)k-)qut ;Zﬂ:eotfht:i';;pgﬁggn

4 (traces a, b, and c) compared with the experimental spectrum.r, o dotte% Iinesw;n;r);(Hfhe frequencies oﬂ tfre NH protons., P :

The crystal values generated a doublet centered at“fke

Larmor frequency, 10 MHz, and each Component is rather broad. different types of protons for GWRGT, while those with a |arge
The position of the high-frequency component agrees with the g will be the easiest to resolve. The DFT calculations, carried
position of the broad, 13 MHz peak in the experimental out using the crystal and the optimized structures, predict a
spectrum. The low-frequency component of the doublet in the sjgnificantas, for the NH protons and for one of each of the
calculated spectrum is centered-af MHz, and the experi- methylene protons o& andc. Similarly, it predicts largeiso
mental spectrum exhibits a broad weak line at this position. yalues forc’ and one of the' methylene protons in the GBT
The spectrum generated from the optimized structure parametergomplex. These are listed in Tables 4, 5. All other protons in
appears in the same frequency region, but with narrower lines. g|| structures gavisiso] < 1 MHz and therefore are not expected
The same behavior is found for the spectrum calculated usingtg pe resolved.
the HYSCORE simulation values. Th&x (Ayy) values of the The DFT results were used as guidelines in the analysis of
latter are close to the value of the optimized structure and the the H ENDOR spectra, where we have concentrated on the
average value of the crystal structure (4.7 MHz); the calculated resolved protons. We begin the analysis with the NH protons
Az value is however somewhat overestimated (by-28%). because they can be readily isolated by measuring2the
Comparison of the experimental X-band ENDOR spectra with spectrum of RO exchanged samples.
calculated spectra of §jobtained with the DFT values of the NH Protons of Cu;RGT and the Orientation of g,. Figure
optimized and crystal structures, with the values obtained from 7 compares the W-bantH Davies spectra of the GRGT
the HYSCORE simulations, are shown in Figure 5. All complex in HO and BO along with the?H Mims ENDOR
calculated signals appear within the-® MHz range where spectra of the latter. Thg; spectrum (Figure 7a) of the,D
some weak signals are apparent in the experimental spectrasolution shows a reduced intensity in the regiont¢l.5-2.2)
The width of the Nq signals in the experimental spectra, MHz as compared to the 4 spectrum. The’H spectrum
primarily in the W-band spectra, suggests a distribution of exhibits a doublet with a splitting of 3.8 MHz in the proton
parameters, although smaller than predicted by the crystalfrequency scale, and there is a relatively broad peak at the
structure. As in the case of Nthe DFT calculation over- Larmor frequency at the center of the spectrum. Similarly, the
estimatesA,; by about 15-25%. spectrum recorded in thg region shows that the NH protons

This comparison of the calculatedeNspectra with the  contribute in the+2 MHz region, overlapping with other
experimental X- and W-band spectra shows that the DFT nonexchangeable protons. Comparison with the ENDOR spectra
calculation predicts rather satisfactorily the hyperfine and of Cl,GT in H;O/D;0O, where the NH proton is absent, shows
quadrupole tensors. that a major fraction of the signal in thid Cw,RGT/D,O
spectrum is indeed due to the ND and ngttD

The orientation selectivéH Mims ENDOR spectra of
CwRGT/D,O are presented in Figure 8. It shows thaigass
approached the doublet splitting increases to 4.2 MHz and the
intensity in the center of the spectrum has reduced significantly.
This reduction indicates that, in addition to contribution from
matrix deuterons, the signal at the Larmor frequency ingihe
spectrum has considerable contributions from the ND deuterons.
At g, the spectrum is well resolved, with a 140 kHz quadrupolar
splitting vp within each doublet component. At this particular
field position the spectrum is single-crystal-like, and therefore
vp can be used to estimate the orientation of theDNbond
with respect tag, using the relation:

NH

H,0

D,0

e
B

e

Proton Hyperfine Interactions. Considering the structure
and symmetry of the complexes (see Figure 1) the protons of
CwRGT can be divided into four groups: (i) 6 NH protons
which are exchangeable, (ii) 12 methylene protons, termed
bonded to two N, each coordinated to a different Cu ion, (jii)
12 methylene protons, bound to an KCH,), on one side
and a CH on the other, termeb, and (iv) 12 methylene protons
bound to a CH on one side and an NCH,)3; on the other,
termeda. In CwGT the NH protons are missing and the 42
type are replaced by six protons terméddue to the double
bond. Thea andb types are similar to those of @RGT, and
we term thenm®’ andb’. The protons within each methylene are
not necessarily chemically equivalent, and therefore their
hyperfine couplings can be different as indeed predicted by the 5 ,
DFT calculations. Thus, in principle, we can have up to seven vp = (3€Qq4h)[3 cos f — 1] (2)
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Table 4. Simulation Parameters for the TH ENDOR Spectra of Cu,RGT as Compared with the Values Obtained from the DFT Calculations;
for the NH Proton the Parameters Obtained from the Point—Dipole Approximation Are Also Given

type p(Cu) T MHz T,y MHz T2, MHzZ 850, MHZ f (deg)
N—H, exp. —-0.7 —-1.6 2.3 —3.6 82
point—dip. 0.20 —1.00 -14 2.38 102
DFT, RGT crys? 0.33 —-1.72 —3.18 491 —1.98 92.3 (96.9)
DFT, RGT opt. 0.33 —1.58 —-2.71 4.30 —1.92 80.5 (99.5)
b, exp. -2 -2 4 0 20
a, exp. -0.7 -0.7 1.4 7.3 25
DFT, RGT cryst 0.33 —-1.0+£0.1 —-15+0.1 25+1 7.9+ 1(21.3+4) 34.3
DFT, RGT,opt. 0.33 —0.87 —-1.31 2.18 11.73 32.9
C, exp. —-0.4 —0.55 0.95 3.2 90
DFT, RGT cryst 0.33 —0.6+0.1 -11+01 1.7£0.1 3.7£0.7 87
DFT, RGT opt. 0.33 —0.49 —1.03 1.53 4.2 83.4 (96.6)

aThe values were averaged and show a considerable spread over the six protumsalue in parentheses shows the angle for the same type of proton
in a different, symmetry-related location in the moleculelere the protons were divided into two main groups of 4 and 2 (in parentheses), with significantly

different aiso values.
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Figure 8. Field dependerfiH-Mims W-band ENDOR spectra of GRGT/
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Figure 9. W-Band'H ENDOR spectra of GG&T (solid lines) and Cy
RGT (dashed lines) recorded at (r)and (b)g, in H,O (upper trace) and
D,0O (lower trace).

Using the quadrupolar tensor parameters listed above as
starting values the W-bariiH orientation selective spectra of
CwRGT/D,O were simulated (see Figure 8). The best fit
hyperfine and quadrupole tensor parameters wehg:,Ayy,Az7)

D,O and the corresponding simulations (dashed lines) obtained with the = (—0.8,-0.66,-0.2) MHz, (3,y) = 82°,9C°, €Qg/h = 220
parameters listed in the text. The magnetic field positions at which the kHz, = 0.14, and £§',y') = 90°,82°. This translates to an

spectra were recorded and the seleégorientations are listed in the figure.
For convenience the intensity was multiplied b¢. The arrows at the top

spectrum mark the quadrupole splitting.

In eq 24" is the angle between the principZl axis of the
quadrupole interactiory,, and the magnetic field. The asym-

isotropic hyperfine couplinggiso, of +3.6 MHz and anisotropic
principal componentsT{, Ty, Tz) = (F0.7 1.6 +2.3) MHz for
protons. We chose the positilfg, option as would be expected
from an interaction which is governed by poittipole interac-
tion. These!H hyperfine parameters are compared to the DFT
values in Table 4. There is a good agreement in the orientation

metry parameter;, was neglected in eq 2 because it is relatively of T,, with respect tay; the nonaxial nature of the interaction

small®”:58 Taking the quadrupole coupling constaet@qh)

of the ND deuterons as 210 kM£8S' = 79° is obtained. The
angle between the NH bond and the-&Tu direction in the
crystal structure is 89 which is in a good agreement with the
experimental value, considering the uncertaintgi@gh and

is reproduced, but the magnitude Bf is overestimated by as
much as~100% for DFT values. In contrasd;s, is underes-
timated, but the sign is reproduced.

Other Protons. For further assignment of the proton signals,
the W-band Davies ENDOR spectra of &G T and CyGT in

the assumption that = 0. This provides experimental evidence H»O and DO, recorded aty, andgm, were compared, as shown

for g, being along the CuCu direction as expected for the

in Figure 9. Theay, spectrum of the GIRGT complex exhibits,

trigonal bipyramidal coordination geometry of the copper ions, in addition to the NH signals, two doublets with hyperfine
in agreement with the DFT calculations (see above).

(57) Michal, C. A.; Wehman, J. C.; Jelinski; L. W. Magn. Reson. B996

111, 31-39.

(58) Usha, M. G.; Peticolas, W. L.; Wittebort, R. Biochemistry1991, 30,

3955-3962.

splittings of ~9 MHz and~4 MHz. Comparison of the line
widths and the shifts observed for the two complexes suggests
that the 9 MHz doublet in the GGT complex, which is
significantly broader than the GRGT doublet, includes con-
tributions from two types of protons. Similarly, the broader lines
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Figure 10. (a) Field dependeriH-Davies W-band ENDOR spectra of SRGT/H,O along with the sum of the simulated spectra of the Hp, andc
protons. (b) Same for the @A T/H,O anda’, b', and thec' protons. The selecte#h range and the observer fields are noted on the spectra, and the parameters
used for the simulations are given in Tables 4,5.

of the 4 MHz doublet for the GIRGT complex (see the O
spectrum) indicate that it originates from two types of protons.
Accordingly, we assign the signals of protagisc’ of Cu,GT

to the~9 MHz doublet and protob' to the~4 MHz doublet.

In CRGT protona has a hyperfine coupling of 8.6 MHz, while
protons b and ¢ have couplings of~4 MHz. The major
differences between the spectra oLGl and CyRGT recorded

at go are the increased width of the9 MHz doublet and the
outward movement of intensity at2 MHz (see low dotted
arrow in Figure 9a). The assignment of the,RGT c and
CwGT ¢, as noted on the figure, stemmed from the expectation DFT, GT opt. 032 -0.33 -1.05 1.38 4.28
that their hyperfine couplings should change due to the
introduction of the double bond in @BT (see Figure 1). The
assignment o& andb relied on the DFT prediction that proton
ashould have a significantly largeg.. This leaves thé protons

as an effective representative of protons with a significant

anisotropic interaction but smadls,.

The series of the orientation selective spectra ofRGIT
presented in Figure 10a shows that protanis resolved
throughout the series and exhibits a lasgebut a rather small
anisotropy. To further determine the extent of the anisotropy
and to resolve the overlapping powder patterng-atve have
carried out a 2D TRIPLE experiment, which generates correla-
tions between ENDOR lines belonging to the same electron-
spin manifolc?” The IH 2D TRIPLE spectrum is symmetric
with respect toviy, and for a system with two protons with
ENDOR frequenciesaq, v, v2o, @ndvag, it exhibits four cross-
peaks at %10,v20), (V2u,V1a), (V1p,v28), and 25,v15). The 2D
TRIPLE spectrum of C4RGT/D,0O is depicted in Figure 11a.

Table 5. Simulation Parameters for the ENDOR Spectra of
Cu,GT as Compared with the Values Obtained from DFT
Calculations

Tx)m Tyyv Tzz: diso, ﬂ
type p(Cu) MHz MHz MHz MHz (deg)
b', exp. —2.3 —2.3 4.6 0 15
a, exp. -0.7 -0.7 1.4 8.5 25

DFT,GTcryst? 0.34 —0.9 -1.7 2.6 13.6 30.1
DFT, GT opt. 0.32 -0.9 -1.5 2.4 15.9 35.1

¢, exp. -03 -03 06 88 70
DFT,GTcrys?  0.34 —0.38 —1.38 176 3.02 83(98)
84 (96)

aThe values for the six protons were practically the sahihe value
in parentheses shows the angle for the same type of proton in a different,
symmetry-related location in the molecule.

ing ENDOR spectrum, has three pairs of peaksat2,+1.3,

and +0.8 MHz, assigned to protores c, andb, respectively.
The+1.3 MHz peak has a significantly lower intensity than its
—1.3 MHz counterpart. Cross-peaks appear -a8.2,-1.3)
(-1.3-3.2), -3.2,0.8), (0.8:3.2), (-1.3,0.8), and (0.8;1.3),
corresponding to only one of the electron-spin manifolds) (
(c,a), (a,b), (b,a), (c,b), and p,c), respectively. All the other
six peaks, representing the other spin manifold, are missing.
This is attributed to the lIow§/N. The reason for this low
intensity, compared to the1.3 MHz counterpart, is, however,
not clear. The 2D TRIPLE was recorded several times, and the
same spectrum was obtained each time. Nonetheless, because
of the symmetry of the 2D TRIPLE spectrum, the information
content of the missing peaks is redundant. The location of the

The diagonal of the spectrum, which represents the correspond{a,c) peak in the {,—) quadrant shows that the hyperfine
2026 J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006
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Figure 11. (a) W-band 2D'"H—H correlation difference TRIPLE spectrum of SRGT/D,0O recorded &8 K at g; = 2.139. (b) The simulate¢H—H
correlation difference TRIPLE spectrum. The parameters used for the simulations are given in Table 4.

couplings ofa andc have the same signs. Moreover the spread spectra of CeGT just by fitting the hyperfine parameters of
of their ridges is rather small. The,b) and €,b) cross-peaks  This gave al,, value that was significantly larger than that of
appear in the-t,+) and (+,—) quadrants, and therefore the sign protoncin C,RGT, which is inconsistent with the crystal and
of the hyperfine coupling of is different than that o andc. DFT structures. Moreover, the value pfwas found to be Q
The 2D TRIPLE results thus provide additional constraints on again too far from DFT value of 83-84°. Hence, we relaxed
the spin-Hamiltonian parameters, and the best fit parametersthe constraint that protors anda' have the samejs, value
should reproduce both thtH and 2H orientation selective and allowed for a slight increase &y, while keepingg close
ENDOR spectra and the 2D TRIPLE spectrum. The simulated to the DFT value andy, Ty, andT,; close to the values af.
2D TRIPLE spectrum obtained with such parameters is shown The resulting simulations are shown in Figure 10b, and the
in Figure 11b, and the values used for the simulations are givenparameters are listed in Table 5. The simulations of this series
in Table 4. also helped to refine the parametersbandb’ because thé'
Orientation selective ENDOR spectra of RGT/H,O and andc’ signals do not overlap in these spectra. While simulating
their simulations are depicted in Figure 10a. The latter includes the spectral feature of thg b protons, we restricted ourselves
the NH proton as well (a similar series from thesolution to smallas, values as predicted by the DFT calculatiéhén
was recorded but is not shown). In these simulations the initial the simulations shown in Figure 10a,b we concentrated on
a, B, andy values were taken from the DFT calculations. These reproducing the line positions and not the line width, and
were usually found to be similar to those calculated using the therefore we did introduce strain effects and extra line width.
point—dipole approximation and the crystal structure coordi-  Finally to identify any contributions from the Cu(ll) impurity,
nates, as described in refs 17, 24. The simulations were mostthe ENDOR spectrum of the sample that has been deliberately
sensitive tg3, and therefore this value is listed in Table 4. Except decomposed was measured as well. The spectrum measured at
for the NH proton, the hyperfine values of protarhave the go = 2.02 showed a typical spectrum of a Cu(ll) with water
highest accuracy because its signals are relatively well resolvedligands with the Ay singularities appearing at1.5 MHz,
throughout the orientation selective series. The determination superimposed on a broad background. The spectrum recorded
of the parameters of protoh is less unique because of its at g, was very poorly resolved; thus none of the features
overlap with thec signals and its proximity to the Larmor observed in the'H spectra of the GIRGT and CuGT
frequency in thegp region. We finally note that although the complexes are due to the Cu(ll) impurity.
measurements were carried out at W-band, the orientation Comparison with the DFT predictions listed in Tables 4 and
selectivity in thegg region is rather poor due to the splitting to 5 show that while the introduction of the double bond inCu
sevel§365 Cu hyperfine components. For example, the spectra GT led to an increase of about 100% in the experimeatal
recorded in the field range 3.1428.1729 T were very similar.  of protonc' compared tac in Ci,RGT, the DFT calculations
The orientation selective spectra of QT are less resolved ~ predicted no change. Nonetheless, the small increasggin
than those of G4RGT due to the overlap of the signals a@f predicted foa’ compared t@ was observed also experimentally.
andc, and consequently their simulations are not unique. In As observed for the NH protons, also the other protons show a
addition, we were not able to obtain 2D TRIPLE spectra with good agreement in the orientation of the hyperfine interaction,
reasonable quality. Initially we assumed that the hyperfine

' , (59) DFT values are not listed in Tables 4 and 5 for protoasdb' since they
parameters OE! and b_ are the Sam_e as _those a)fqnd b of cannot be assigned to specific protons, because there are too many weakly
CwRGT and tried to simulate the orientation selective ENDOR coupled protons.
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but the magnitude of the anisotropic hyperfine componéits,  straints for the simulation of the weakly coupled protons
is consistently overestimated by a factor of about 2 compared exhibiting clear lines in the ENDOR spectrum, namely protons

to the simulation values. type b and b’ for which g, had to be kept small. The DFT
. . calculateds value of the principal hyperfine direction was found
Discussion to be close to the experimental values for all protons. The

The choice of the specific GRGT and CuGT binuclear calculations also successfully predicted the number of protons
complexes along with the application of a variety of EPR With largeaiso values and theiso sign, but in terms of absolute
techniques that allowed us to probe a relatively large number &so Values the agreement was not always satisfactory and
of magnetic interactions at different sites of the molecules Variations of up t0+100% were observed. For protanthe
provided a unique opportunity to evaluate the role DFT agreement was very good; for' and the NH,aso was
calculations can play as a major component of the EPR dataUnderestimated, whereas, farand &, it was overestimated.
analysis tool box. It also helped to clarify the strengths and 1hese discrepancies are attributed the Idtgegyromagnetic
weaknesses of DFT calculations in terms of predicting magnetic fatio which makes the hyperfine couplings highly susceptible
tensors, once the optimized structure is a good representatiorf® Minute changes in the spin populations, which are within
of the real solution structure. The latter conclusion was derived the error of the current state of the art of the DFT methodology.
from the good agreement between the experimeptaid Cu A single spin in the H-1s orbital leads to a hyperflne _couphng
hyperfine parameters for both complexes. This is supported by Of @bout 1400 MHz. Thus, thas, values measured in this work
the rather close values obtained from calculations of the fOr €ven the “strongly” coupled protons only represent a few
magnetic tensors using the atomic coordinates of the crystal PPt of the spin population. Itis evident that such small numbers
and optimized structures. This also indicates that the solution &€ difficult to predict to high accuracy. Besides, one might

structure is close to the crystal structure, as expected for the®XPect significant effects from vibrational averaging for proton
rigid structures of the two complexes. hyperfine coupling, which for molecules of the size studied in

The agreement between the experimental and calcutated this work is impractical to evaluate.
tensors for the GIRGT and CuGT complexes is significantly The considerable difference in the DFT calculaaggof the
better than that usually obtained for mononuclear Cu(ll) two methylene protons o anda’ stems from the different
complexe$83°A similar behavior was previously noted for the ~ Orientations of the €H bonds with respect to the €tCu
Cua.1* A reasonable explanation for this discrepancy between orientation. The latter determines the degree of overlap with
mononuclear Cu(ll) and delocalized mixed-valence Cu(1.5)- the singly occupied MO, which has to a large extentza d
Cu(1.5) complexes is the shape of the DFT exchange hole. It is character such that the protons with thetl€bond more parallel
well-known that this hole is too delocalized relative to the exact t0 the Cu-Cu axis have a significantly larges, value (see
hole and always favors delocalization over localization. It can Figure 2). Also in the case of the proton only one of the
also be thought of as a consequence of the self-interaction errormethylene pair has a large coupling, which arises from the fact
which also leads to overdelocalization. Thinking either way, it that the partner proton is necessarily quite remote from the bulk
appears to us reasonable to expect that DFT works better forof the spin population and can not, therefore, pick up enough
an inherently delocalized system such as the present onespin density leading to discernible signals. We found rather
compared to less delocalized mononuclear Cu(ll) centers. It surprising the indifference of the DFT results to the introduction
would, however, be difficult if not impossible to infer the nature  Of the double bond in one of the-NC—C~—N bridges, namely
of a delocalized versus localized bonding situation from DFT the prediction that the couplings ofandc’ are the same. This
alone since it will always be in favor of delocalization. This stems from the vanishing spin density on the-GEH or CH—
tendency diminishes with increasing amounts of Hartfeeck CH, bridges and the similar orientation of the-& bond with
exchange in the DFT functional, while, ultimately, the Hartree  respect to the CtCu direction for thec andc’ protons in the
Fock method itself is biased in favor of localized descriptions. calculated structure. The observed experimental change suggests

Within varying levels of accuracy, the magnitude and that some structural variation is present in the real solution
orientation of the hyperfine and quadrupole tensor gf &hd structure.
Neg and the hyperfine tensor of the Nid, andc protons of The rationale for the large coupling of the NH protons is
CwRGT were determined. In addition the orientatiorgpfvas their vicinity to the unpaired spin which significantly delocalizes
shown experimentally to be along the €Gu direction, as onto the nitrogen ligands {24% onto the equatorial ligands).
expected. For G&T the hyperfine interactions of protoms This leads to relatively large isotropic couplings through spin
andc were obtained. The DFT predictions were particularly polarization of the N-H bonds as well as reasonably large
good guidelines in the analysis of the broad lines in the W-band dipolar couplings through interaction of the proton nuclear spin
14N ENDOR spectra, and they prompted additional X-band with the unpaired spin population on the nitrogen nucleus.
ENDOR and HYSCORE measurements. In addition, they  The DFT calculated values of both optimized structures
confirmed the assignment of the differe¥iN signals to Ng and crystal structures in GRGT and CuGT were found to be
and Ny The DFT calculations predicted rather well the nitrogen consistently larger than the experimental values-490%. The
hyperfine and quadrupolar couplings with the main deviations anisotropic part of the proton hyperfine interactidn,can be
being inAz; (20—-30%). estimated from the crystal structure using the peitipole

For the'H hyperfine interactions the correlation between the approximatioA’-24and the spin distribution. Therefore a com-
experimental and DFT results is more complex. The DFT parison of the experimental and calculafedan, in principle,
calculations were most instrumental in terms of the assignmentbe used to estimate spin distribution, as we have shown in the
of the strongly coupled protons and in providing some con- case of the mixed valence binuclear Grenter in a number of
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proteinst’ This approach assumes that the structure solution of unpaired electron delocalized over the two coppers, the elec-
the complex is similar to that of the crystal, which may not tronic structure of these complexes is very different from that
always be true, but in the case of RGT and CuGT it is a of the binuclear Cn center. Here most of the spin population
reasonable assumption. Another point of concern is that theis on the Cu, and some is also found on the two axigldlie
protons’ distance from centers with large spin populations should to the direct overlap of its jwith the d2 The N~C—C—N

be large enough#(2.5 A). For example, if there are a substantial bridges were found to have negligible spin densities as suggested
spin populations on Y, its contribution toT of the NH protons by earlier Raman investigatioA%4

cannot be described by the potrdipole approximation due to
the short N-H distance. Nevertheless, with these limitations

in mind, the comparison of the pointipole T calculations and The solution spatial and electronic structure of binuclear
experimental values does provide some insight, especially whenmixed-valence copper azacryptate complexes were determined
DFT results are not available. While the principal components using an integrated EPR/ENDOR/HYSCORE/DFT calculation
of T strongly depend on the spin density distribution, the approach. The DFT calculations were found to be a most useful
orientation shows only a subtle dependence, provided that theglement in the spectral interpretation. For these specific
spin populations on all nuclei other than the Cu are small. Thus complexes, which are rigid and have a delocalized character,
a good agreement between the experimental and calculatedhpT gave a good prediction of thg and Cu hyperfine
values indicates that the solution structure is not significantly interaction. A satisfactory agreement was obtained fortNe
different from the crystal structure. hyperfine and quadrupole interactions for the optimized struc-
We first calculated th&;; and 3 values of the NH proton of  tyre. ForlH a very good agreement was found for the hyperfine
CwRGT using the pointdipole approximation. The best tensor orientation, signs, and trends in terms of relative
agreement with the experimental values was obtained by settingmagnitudes. All these are very useful for the assignment of the
peu = 20% as listed in Table 4. Addingy,, = 1-2% did not  ENDOR signals and as constraints on the best fit simulations.
increase the values significantly, while,Nvas found to be too  yyhijle the anisotropic hyperfine components were found to be
far and thereforen,, was neglected. A spin population of 20%  consistently overestimated (by100%), the isotropic part
on each of the copper nuclei is too low compared to the DFT showed similar deviations but not systematically. Although the
value of 33% and the value predicted using eq 1, e.g5 38 DFT still suffers from shortcomings, it has reached a state where
39%. This implies that the pointdipole approximation does it can be carefully integrated into the analysis process, especially
not apply for the short NH distance, although the spin jn the case where spectra are complex. It provides guidelines

population is small but probably significant enough. Next we ang starting values for simulations when many tensors are
considered tha methylene; the calculatel values of the two involved.

methylene protons are different, both yielding an axiafor
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Finally we note that although the azacryptate ligands stabi-
lized the mixed-valence state of the two coppers with one JA056207F

Conclusions
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