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Electron spin echo envelope modulation (ESEEM) spectroscopy has been applied to several nitrogen-coordinated
oxovanadium(lV) complexes. Results for two amine-nitrogen complexes, VO(edda) and \4Oigty)mine-

nitrogen complexes, VO(salen) and VO(salophen), and one isothiocyanate complex, VEF{N&®)presented.
[H.edda= ethylenediaminéN,N'-diacetic acid, gly = glycinate, Hsalen= N,N'-bis(salicylidene)ethylenediamine,

and Hsalopher= N,N'-bis(salicylidene)s-phenylenediamine.] THEN hyperfine coupling (HFC) and quadrupole
coupling (NQC) parameters have been determined from computer simulation of the two-pulse and three-pulse
ESEEM data recorded at some selected field positions. Resulting NQC parameteigare 3.1 MHz (VO-

(edda)), 2.7 MHz (VO(gly), 2.4 MHz (VO(salen)), 2.6 MHz (VO(salophen), and 1.0 MHz (VO(N£S)) The

isotropic HFC parameter$fiso/, show a good correlation to the nitrogen type as 4.98 MHz (VO(edda)), 5.10
MHz (VO(gly)2), 5.83 MHz (VO(salen)), 5.78 MHz (VO(salophen)), and 7.47 MHz (VO(NES) The isotropic

and anisotropic parts of the HFC parameters are analyzed in terms of the indirect spin transfer mechanism. The
analysis has given good quantitative agreements, supporting the validity of this mechanism. According to the
mechanism, the isotropic part of HFC depends essentially on two factors, the degree of the (negative) polarization

of the nitrogen lone-pair $ghybrid orbital and the s orbital content of this orbital. The analysis has shown that
the polarization is invariably around1%. Thus, the good correlation can be attributed to the distinct difference
of the s-orbital contents between nitrogen types.

Introduction

Vanadium is known as a biologically essential trace elerhent,
and is found, for example, in some haloperoxidd@sésa
nitrogenasé, blood cells of tunicate%, etc Furthermore,
increasing attention is paid to vanadium because of its insulin-
mimic activity./~11 Oxovanadium(lV) ion has a paramagnetic
d! electron configuration. Thus, various information can be
gained by EP spectroscopy, which makes oxovanadium(I1V)
ion a useful EPR spectroscopic proSeFor example, useful-
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ness of they(°V)—gj plot has been demonstrated in identifying
the donor atom combination around the %Qon.*® On the
other hand, ESEEM spectroscopy, which is based on the pulsed
EPR technique, has been developing. This spectroscopy
provides a unique means to probe very weak couplings between
the unpaired electron and nearby nuclei. The magnitudes of
the V—N couplings are in a range suitable for ESEEM
investigation. Therefore further insights into the ¥Gsite
structures (such as-WN distances and the orientations and
electronic structures of nitrogen-containing ligands) are expected
to be obtained from ESEEM studies of ¥Ocomplexes and
VO-containing proteins.

ESEEM results reported so far féfN nuclei coordinated
equatorially to V3" ion have demonstrated a distinctive
difference between amine and imine nitrogens in the magnitudes
of HFC: The HFC parameters reported for-Maminecouplings
generally appear around 5 MHz 8| = 4.4-5.4 MHz and
|Ag| = 3.6-4.9 MHz for amine nitrogen adducts of VO(acat)
|Aiso] = 5.0 MHz for VO(gly),!® and 4.7 MHz for VO-NHj3
on a silica-supported vanadium oxitfe.VO—S-adenosylme-
thionine synthase complexes were reported to exHitht
ESEEM signals ofAiso] = 4.3—5.5 MHz, which were assigned
to lysine e-amine andS-adenosylmethionim-amine with the
help of selective’>N labeling!” On the other hand, the HFC
parameters reported for-WNimine couplings are generally found
in the range~6—~7 MHz as|Aj| = 6 MHz and|Ag| = 5.6
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MHz for imine nitrogen adducts of VO(acagf |Aso = 6.03
MHz for VO(meox};18196.43 MHz for VO(min)CIT;1819 |A|

= 7.1 and 7.6 MHz for pyridine and imidazole adducts of VO-
(hexafluoroacetylacetonasejespectively’? and|Aso| = 7.2 and
7.3 MHz for VO—porphyrin complexed! Two-dimensional
ESEEM study of a VO-histidine complex was recently re-

ported?? demonstrating the distinctive difference between the

a-amine nitrogen |A] = 5.0 MHz) and the imidazole imine

nitrogen (A| = 6.3 MHz). Consequently, it seems reasonable
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Figure 1. Definition of the Euler anglesq, 5, andy, connecting
between the molecular axegz (g-tensor axes) and the nitrogen local

to expect that ESEEM spectroscopy can be used to identify theaxesxyz (HFC A and NQCQ tensor axes). The local axes for the

types of nitrogens coordinated to ¥Oion. In fact, numerous

HFC and NQC axes may not be coincident, so that thus occurring two

studies have been undertaken along this line: For example,sets of Euler angles are distinguished @g, 3, ya) and @, fo, ¥o)

previous ESEEM results of VOpyruvate kinase complexes
indicate equatorial coordination of amine nitrogen to the?{/O
ion> Equatorial coordination of imine nitrogen was demon-
strated to occur in reduced vanadium bromoperoxida4e;-
lactoferrin and—transferrin complexe3? VO —ferritin,23 VO—
D-xylose isomeras#, etc  Concurrent coordination of amine

in the text.

Violet crystals formed after storage of the mixture in a refrigerator for
afew days. For EPR measurements, crystals were dissolved in distilled
water, and an equal volume of ethylene glycol was added for good
glass formation (the final concentration of VO(edda) was 5 mM).
Aqueous solutions of VO(glywere prepared on the basis of previous

and imine nitrogens was deduced from the 1D- and 2D-ESEEM kinetic studies of VO-glycine system&%2? Accordingly, aqueous

results of a VO-ATPase complex®
Although the correlation betweeriN HFC parameters and

solutions containing VOS£xH,O and glycine were mixed, and the
pH of the mixture was adjusted to 7 with NaOH. The formation of

nitrogen types seems experimentally established, its origin is VO(@ly). was checked by visible absorptigh.To a sample of the
not fully understood. Because of its practical importance, it is 29U€ous solution, an equal volume of ethylene glycol was added for

desirable to clarify the origin of the correlation. This will further

provide insights into possible exceptions to the correlation rule.

EPR measurements (final concentration of vanadium was about 5 mM).
VO(salen) and VO(salophen) were prepared according to an analogous
method described for VO(dithio-sale®f). The complexes VO(salen)

It has been supposed that the correlation would be related withng vo(salophen) were recrystalized from Chy/ethanol mixed

the difference in sphybridization between amine and imine

solvent and acetonitrile, respectively. The crystals were dissolved in

nitrogens. However no attempts have been made to check thebMF/toluene (1:1 viv) mixed solvent for EPR measurements. (The
validity of this idea. For this purpose, examination of the other concentrations were 5 mM). MeOH solutions of VO(NES)were

sp-hybrid system (i.e. sp-hybrid system) would be effective.
If the idea that the hybridization is a key factor of HFC is valid,

prepared according to a slightly modified method reported previd@sly.
We employed NaSCN as a source of SCahd MeOH as solvent.

the HFC parameter of sp-hybrid nitrogens must be also The concentration of vanadium in EPR samples was about 5 mM in

distinctively different from those of the %mybrid amine
nitrogens and sphybrid imine nitrogens, which turns out to
be true as we show in this paper.

MeOH/ethylene glycol (3:1) mixed solvent.

EPR Measurements. CW EPR and ESEEM measurements were
carried out on a JEOL RE-3X spectrometer equipped with a JEOL ES-
PX1000 pulse EPR unit. The two-pulse sequent¢2-7r—x—7—echo)

In the present paper, we report ESEEM results of several jq the three-pulse sequence/2—r—x/2—T—n/2—7—echo) were

nitrogen-coordinated V& complexes, two amine-nitrogen
complexes, VO(edda) and VO(ghy)two imine-nitrogen com-

applied with pulse widths df, = 15 ns and, = 30 ns. Measurements
were generally made at liquid ;Ntemperature (77 K). For the

plexes, VO(salen) and VO(salophen), and one sp-hybrid isothio- complexes studied here, the echo intensity was sufficiently strong and

cyanate complex, VO(NC$). We have found that the

the relaxation time was sufficiently long at 77 K. In fact, although we

isotropic HFC parameter of the isothiocyanate nitrogen is measured VO(oep) at 10 K, the quality of the data was not very different
distinctively larger (in magnitude) than those of the amine and from that obtained at 77 K. ESEEM time-domain data typically with

imine nitrogens, which not only extends the correlation rule to
a new nitrogen type but also allows detailed discussion on the

origin of the good correlation.

Experimental Section

Materials. Reagents were purchased from Wako (salicylaldehyde),
Sigma (Hedda), and Kanto Chemicals (other reagents) and used without
VO(edda) was prepared by mixing aqueous

further purification.
solutions of VOS@xH,0O (x = 3 is assumed), ¢dda, and NaOH.
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a 20 ns interval were collected on a JEOL ESPRIT330 computer. Prior
to cosine FFT, linear prediction singular value decomposition (LPSVD)
was applied to reconstruct the data lost to instrumental dead®time.

Computer simulation was performed on the basis of the spin density
formalism of Mims323% The system treated here can be described with
the spin Hamiltonian foS= %, andl; =1 (i =1, 2, ...,N)

H=uzSgB+ z(hS-Ai-Ii + hl+Qpl; — 1y @n1i°B) (1)
]

where the symbols have usual meanings. FheHFC tensorA and
14N NQC tensorQ have sets of principal valuegy, Av, Az) and Qx,
Qv, Qy), respectively. The principal axe€YZof the A andQ tensors
are connected with the molecular axgsténsor axesxyzby the sets
of Euler anglesda, fa, ya) and @q, fa, ¥q), respectively (Figure 1).

(26) Tomiyasu, H.; Dreyer, K.; Gordon, Giorg. Chem1972 11, 2409~
2414.

(27) Tomiyasu, H.; Gordon, Gnorg. Chem.1976 15, 870-874.

(28) Tomiyasu, H.; Gordon, Gl. Coord. Chem1973 3, 47—56.

(29) Dutton, J. C.; Fallen, G. D.; Murray, K. $horg. Chem 1988 27,
34-38.

(30) Hazell, A. C.J. Chem. Sacl963 30, 5745-5752.

(31) (a) Barkhuijsen, H.; De Beer, R.; BaeWN. M. M. J.; Van Ormondt,
D. J. Magn. Resonl985 61, 465-481. (b) Stephenson, D. 8rog.
NMR Spectroscl988 20, 515-626.

(32) Mims, W. B.Phys. Re. B 1972 5, 2409-2419.

(33) Mims, W. B.Phys. Re. B 1972 6, 3543-3545.



5520 Inorganic Chemistry, Vol. 36, No. 24, 1997

We may also usé\, Ay, andA; (and Qy, Q,, andQ,), whereA,, for
example, denotes the principal component corresponding # teesor
axis parallel or most parallel to thg axis.

Theoretical Background. For“N nuclei coordinated equatorially
to VO?* ion, the size of HFC is of the order of-8 MHz, which is
larger than those of NQC {12 MHz) and NZC 1 MHz at X band).
Then the nuclear spin states in the twg = 41/, manifolds can be
regarded approximately as the Zeeman statgs= |—1[] |00 and|10
guantized along the local field due to HFC. Thus each manifold exhibits
one double-quantum transitiogqe: (Am = 2) and two single-quantum
transitionsvsq:® and vs.® (Am = 1). This is in contrast to the
situation under “exact cancellatiof"where one of the manifolds splits

Fukui et al.

(4)

for three-pulse ESEEM, wheke= A; (Q: — Q,)/(Vuq+Vaq-). The cosine

term in eq 4 expresses thesuppression (or enhancement) effect. Such
simplez-suppression effects can be generally expected as long as the
double-quantum transitions of the= 1 system are concernétl. The
quantityk can be reduced tb~ (Q: — Q,)/A: when the relation HFC

> NQC, NZC holds as in the V& complexes studied here. On the
other hand, under exact cancelation, where NQ@HFC — NZC|, k

can be reduced th ~ AJ/(Q: — Q,). This equation is in accordance
with the previously reported tendency of the ESEEM line intensities
under exact cancellatich. The amplitudes of the “sum and difference”

| (vgq)/1(0) = 2K(1 — €O 21 v47)/3

into the “pure quadrupole” states and exhibits the quadrupole transitions,combinations of the double-quantum transitiong: = vag+ £ Vag-

vo, ¥4, andv_. Under the condition of strong HFC, the double-quantum

transitions usually participate as the most strong modulations in ESEEM

patterns®* The modulations due to the single-quantum transitions are
usually weak and broad and even not obsetvé@u contrast to the
situation in ENDOR spectroscopy. Besides the modulations due to

can be obtained with the same marthas
|(vga)/1(0) = —2K2I3 (5)

On the other hand, the single-quantum frequeneigg? and vsq @

these fundamental transitions, two-pulse ESEEM contains the “sum can be expressed as

and difference” frequency modulations, where the sum and difference
are about one fundamental frequency from one manifold and the other

from the other manifold such asg+ & vaq-, Vagr £ Vsg-®, vagr £
vsq-@, etc323% The “sum and difference” modulations are often in

Veqe™ = Vgqe/2 + 3|Qul2 ~ |ANI2 £ 2, + 3|Q,l/2

(6)

and

counter-phase and appear as negative-amplitude lines in the cosine FT

spectra*¢ Finally, in the case of multiple nitrogen coordination,
another type of “sum and difference” combinations can arise in both
two-pulse and three-pulse ESEEM from the interactions between

Ve = v4qel2 = QU2 ~ A2 £ 2v, = 3[Q 12 (7)

Their modulation amplitudes are exactly the zero in this simplified

different nuclear spins connected by one electron $pin. system. Their “sum and difference” combinations also have exactly
The expected frequencies and amplitudes of the above listed the zero amplitude. These lines are therefore only observable when
modulation components can be calculated using the Mims forfAdia. the applied field is deviated from the tensor axes, or eithegtie or
Numerous studies have been made to characterize the quantitativeQ tensor axis is not collinear with others. Thus the single-quantum
aspects of ESEEM of the= 1 system under various conditioffs’®-4° lines and their “sum and difference” lines can be used as an indicator
In the following, we summarize some of the important results relevant of the deviation of the tensor axes. Such selection rules were first
in the interpretation of the ESEEM results presented here. To keep pointed out by Flanagaet al3* They showed that the quadrupole
equations simple, we will confine ourselves to a simple case where transitions,vo, v—, andv., observed under exact cancelation are, in a
coincidence occurs about all the relevant orientations, the orientationssensez, y, andx polarized, respectively. (Under exact cancelation,
of applied field and principal axes of thg 14N HFC A, and**N NQC the double-quantum transition,- becomesyo, v—, and vy when ¢
Q tensors. The equations thus simplified still retain many important coincides with thez, y, andx axis, respectively.) On this basis, the
features reported previoudf?s+° as shown below and would suffice  orientations of the NQC tensor axes of the imidazole nitrogen ¥h-Fe
the initial analyses of the observed spectra. Furthermore, in maAy VO myoglobin—-SEt were determined by ESEEM spectrosc&py.
complexes, theg; axis is most likely parallel to the %O direction,gx It is important to note the difference between eq 2 and the well-
~ gy, and the coordinating nitrogens are often situated in the equatorial known equation given by Astashket al3®
plane. Thus the coincidence of all the relevant orientations will actually
occur when they, (=g)) line of the CW EPR spectrum is selectively
excited for such V@ complexes.
When the orientations of applied field and principal axes (€g9.,
axes) of theg, A, andQ tensors all coincide, the frequencies of the
double-quantum transitions can be expressed as

Vags = V(AL £ 20,)% + 4K%(3 + 1) ®)
whereK = maxX{ |Qg|, |Q,l, |Q¢c[}/2 andy is the asymmetry factor of

the NQC tensor. This equation expresses the maxima of the double-
guantum frequencies in the powder spatial summation (under the
constraint of isotropic HFC¥3° Thus this equation must be taken as
designed for the case of no orientation selection. On the other hand,
eq 2 is designed for the case of (strict) orientation selection. Note that
eq 2 permits the anisotropy of HFC, though it assumes that the applied
field and theg, A, andQ tensor axes coincide. Equation 8 might be
also used for the case of incomplete orientation selection, which
typically occurs when measurements are made at the CWdsHiRe.
However, one must take care whether the maxima can be encountered
in thexy summation or, more basically, whether the anisotropy of HFC

is negligible compared to isotropic HFC and N&CBecause of this
ambiguity, we estimated only an HFC parameter in the initial analyses
of the data obtained witly line excitation by using

Vo = V(AL £ 202+ Q. — QP ~ Al £ 20, (2)
where Q;: and Q, are the remaining principal components of Qe
tensor. Their modulation amplitudes relative to the nonmodulating
= 0 component (per one nitrogen) can be obtained according to
Flanagan and Singlas

|(v4q)/1(0) = 4K/3 (3)
for two-pulse ESEEM and
Al = (Vagy” = Vaq- (87

9)
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which follows from both eq 2 and eq 8.

Results

VO(edda). The CW EPR spectrum of VO(edda) in,®/
ethylene glycol (1:1 v/v) glass is shown in Figure 2 as a
representative of the spectra of the oxovanadium(lV) complexes
studied here. The highly anisotropic HFC due to¥hénucleus
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=32, 1/2,
—7/2“ 7/2|!
250 300 350 400
B/mT

Figure 2. CW EPR spectrum of VO(edda) in B/ethylene glycol
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MHz (Figures 3c,d), which are attributed to tf#N double-
qguantum lines. Hence we estimat@d| = 4.7 MHz using eq

9, whereAg denotes some average of thdensor components

in the xy plane. The two-pulse spectrum contains a negative
peak at 5.7 MHz. This peak is attributed to the special sum of
single-quantum linegissy = vsqr® + vsq-@ andvsq-@ + v D,

both of which becom@A| in the first order. When thA tensor

is nearly isotropic, thess line is expected to be observed as a
sharp line in the two-pulse spectrum even though the parent
single-quantum lines may be severely broadefiedhe ob-
served frequency 5.7 MHz well agrees with the averagg:(

(1:1 viv) glass. The arrows indicate important peaks and the positions + v¢q-)/2 = 5.55 MHz, as expected from eqs 6 and'g, () +
where ESEEM measurements were carried out (though the actual field () = yg, @ + 1s, (D = (v4qr + v4q-)/2. A shoulderlike

may be slightly different due to a difference in operation frequency).

Conditions: frequency, 8.843 GHz; power 5 mW; modulation, 1
mT,; temperature, 77 K.

peak is additionally observed at 3.5 MHz in the three-pulse
spectrum. At present the origin of this peak is not clear.

Computer simulations were performed by use of the above

(I = 71;) well separates the parallel and perpendicular lines, estimated HFC and NQC parameters as first input. The two
which facilitates selective excitation of the molecules having a sets of Euler anglesif, Sa, ya) and @, Ba. q) are first set

particular orientation about the applied field. In particular, the equal.

orientation selection would be most effective whenhi@V)
= +7/, parallel lines and then (V) = —3/, and ¥/, perpen-

Since the two amine nitrogens in VO(edda) are
coordinated equatorially ieis positions and the, axis most
likely coincides with the ¥=O bond direction, the first choice

dicular lines are excited. Some of the ESEEM spectra obtainedwas @a, Sa, ya) = (aq, o, Yq) = (0°, 9C°, 0°) for one nitrogen
for VO(edda) are shown in Figure 3, where the selected fields and (90, 90°, 0°) for the other nitrogen. Figure 4 depicts some

are 258.2 mT iy(®V) = —7/, parallel line), 316.6 mT rfy-

simulated three-pulse ESEEM patterns and their cosine FFT

(®) = Y, perpendicular line), and 261.2 mT (intermediate spectra foB||zcomputed with variation ofQy — Qz| (=/Qx —

position near then(°V) = —7/, parallel line). In the two-

Q in the g-tensor frame). The simulations demonstrate that

pulse and three-pulse ESEEM spectra recorded at the parallethe modulation depth becomes steepelfs— Q| increases,
line (Figure 3a,b), two intense peaks are resolved at 4.4 andwhich is in accordance with eq 4. The modulation depth

7.2 MHz. These are attributed to th#N double-quantum lines

matches with that of the experimental data@¢ — Qz| ~ 2.7

vage. The separation between the two lines (2.8 MHz) is slightly MHz, which is in good agreement witl@x — Q,| = 2.6 MHz
but obviously small compared with the value predicted by the estimated from eq 2. Having estimatg@y — Qz|, we have

first-order equation, 4'*N) (=3.18 MHz undeB = 258.2 mT),
indicating significant second-order effects. We obtain&g
= 5.1 andQx — Qy| = 2.6 MHz by using eq 2. ThifA,| value
is smaller than the center frequencyiaf. (=5.8 MHz) by

only one NQC parametefy, to be estimated because tQe
tensor is traceless. The absence of the single-quantum lines in
the spectra recorded at the parallel line makes it impossible to
estimateQx from these spectra. We alternatively simulated the

0.7 MHz, which corresponds to the second-order correction. spectrum recorded at 261.2 mT, an intermediate field close to
The two-pulse spectrum also exhibits negative-amplitude peaksthe m(®V) = —7/, parallel line (Figure 3e). The peak at 3.1

at 2.7 and 11.6 MHz. These frequencies matgh — vaq-

MHz corresponds to a single-quantum line which gains intensity

andvgq + vaq—, respectively, and thus these lines are attributed because of the deviation of the applied field from the tensor
to the sum and difference lines of the double-quantum transi- axes. Since the selected field is near the parallel line, simulated

tions, vger. The appearance afgqr as negative peak is in
accordance with the theoretical predictfd#® No clear peaks

spectra are almost independentAf and Az. This property
allowed us to estimat®y efficiently (a rough estimate Qx|

attributable to single-quantum lines are observed, which suggests= 0.33 MHz). The remaining parameteks and Az, first set

that theg,, A;, andQ, axes are nearly collinear.

to |Ag| = 4.7 MHz, were estimated from the simulations of the

The two-pulse and three-pulse ESEEM spectra recorded atspectra at the perpendicular field by a trial-and-error procedure.
the perpendicular line both exhibit intense lines at 3.9 and 7.2 Having reached the best fits with the constraint of coaxial tensor

2582 mT

316.6 mT

261.2 mT
€

7=270ns

N

0 5 10 15 20 0 5
frequency / MHz

frequency / MHz

———r e —
15 20 0 5 10 15 20
frequency / MHz

Figure 3. ESEEM spectra of VO(edda) in,B/ethylene glycol (1:1 v/v) glass (frequeney8.800 GHz). The dotted lines correspond to simulations.
The symboby, indicates the peak due tl nuclei. Key: (a) two-pulse spectrum at 258.2 mT.; (b) three-pulse 870 ns) spectrum at 258.2 mT;
(c) two-pulse spectrum at 316.6 mT; (d) three-pulse=(300 ns) spectrum at 316.6 mT; (e) three-pulse=(270 ns) spectrum at 261.2 mT.
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Table 1. Hyperfine Coupling and Nuclear Quadrupole Coupling Parameters of Nitrogen-Coordinated Oxovanadium(lV) Complexes as
Determined from Computer Simulation of ESEEM Data

IAX (|Azd), IAV] Al aa, Ba, yal Qx(*Qz), Qv.Q/ 0q, Ba, Yo eqQe/
Na MHz (£0.05p deg MHz (£0.1p deg @5)° MHz n9
VO(edda) 2 5.10, 5.10, 4.75 0, 90, 0; 90, 90, 0 F0.4,¥1.15,£1.55 25,90, 0; 65, 90, 0 3.1 0.48
VO(gly)2 2 5.40, 5.20, 4.70 0,90, 10; 180, 90410 ¥1.0,£1.35,70.35 15,90, 10; 165, 90,10 2.7 0.48
0, 90, 10; 90, 90, 10 15, 90, 10; 75, 90, ¥O

VO(salen) 2 6.30, 5.90, 5.30 0, 90, 0; 90, 90, 0 F0.4,70.8,£1.20 f 2.4 0.33
VO(salophen) 2 6.30, 5.85, 5.20 0, 100, 0; 90, 100, 0 ¥0.4,¥70.9,£1.30 f 2.6 0.38
VO(NCS)?> 4 7.90, 7.90, 6.60 0, 90, 0; 90, 90, 0 +0.25,+0.25,+05 f 1.0 0

180, 90, 0; 270, 90, 0

aNumber of coordinated nitrogensThe numbers in the parentheses indicate respective uncertafifigs.uncertainty cannot be estimated
because simulations are insensitive to these paraméteasis configuration assumed.cis configuration assumedCoaxial with theA tensor.
9 Calculated fromQx, Qv, andQ;.
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Figure 4. Experimental and some computed ESEEM patterns (a) and
their spectra (b) for VO(edda) (three pulse= 370 ns,B = 258.2
mT). The computed patterns and spectra are obtained|@ith- Q]
=0, 0.9, 1.8 and 2.7 MHz and the other parameters fixed at the values
listed in Table 1. In panel a, sudden drops are added at the end of the M T T 1 N
ESEEM patterns to indicate respective zero levels. Experimental data © 5 10 ; 1520 0 5 10 15 20
for T + 7 > 6 us are omitted, and the sudden drop is only for frequency / MHz frequency / MHz
presentation purposes. Figure 5. ESEEM spectra of VO(gly)in H,O/ethylene glycol (1:1
viv) glass (frequency= 8.802 GHz). The dotted lines correspond to
systems, we allowed the tensor axes to misalign. It was found simulations. The symbaly indicates the peak due i nuclei. Key:
that variation ofaq, in-plane rotation of th& tensor frame, (a) two-pulse spectrum at 259.4 mT; (b) three-pulse=(360 ns)
effectively improves the fittings. The variation of the other ~SPectrum at 259.4 mT; () two-pulse spectrum at 317.1 mT; (d) three-
Euler angles did not improve the fittings. In fact, to reproduce PUIS€ € = 300 ns) spectrum at 317.1 mT.
the absence of the single-quantum lines in the spectra at the

parallel line, theAx andQy axes must be kept parallel or almost ESEEM spectra at the parallel line (Figures 5a,b) have a
parallel to theg; axis; i.e. Sa, ya fo, andyo must be kept complicated pattern compared with the corresponding spectra

close to their initial values. Furthermore, theensor is found ~ ©f VO(edda). The peaks at 4.4 and 7.2 MHz in the two-pulse
to be well isotropic, so that the variation of tAetensor frame ~ SPectrum and the peaks at 4.3 and 7.3 MHz in the three-pulse
gives little effect. Repetitive fitting procedure has finally yielded SPectrum have a separation comparablest¢*) and, thus,
the best fits shown in Figures 3, and the final parameters are2'€ assigned to the double-quantum lines. From the frequencies
listed in Table 1. The resulting value 8| (=|Q,) = 0.4 in the three-pulse spectrum we estimagég = 5.4 and|Qx — .
MHz predicts the single-quantum frequencies for the parallel- Q1 = 1.9 MHz. It seems that the peaks at 3.4 and 5.0 MHz in
line excitation as 1.6, 2.8, 3.0, and 4.2 MHz. Thus the very the three-pulse spectrum correspond to the feature at 3.2 MHz
weak features around 1.5 and 4.0 MHz in Figure 3b may be and the shoulder near 5.0 MHz in the two-pulse spectrum (not
attributed to single-quantum lines. (The simulation in Figure indicated in the figure), respectively. Their separation is too
3b also contains very weak peaks at 8.8 and 14.4 MHz. TheseSmall to assign to the double-quantum lines. These peaks can
are due to combination harmonicsig- and 244+, appearing be attributed to single-quantum lines appearing because of a
because of multiple nitrogen#®) deviation of theA; and/orQ, axes from they, axis. Assignments
VO(gly),. Tiptonet all® previously reported ESEEM results ~ Of the higher frequency peak teq:™ and the lower frequency
of this complex. However, they reported only the spectra Peak tovse-(® give a consistent estimate (6, = 0.8-0.9 MHz.
recorded at then(5V) = —1/, line, though with two frequency ~ The negative peaks at 2.8 and 5.6 MHz in the two-pulse
settings 8.826 and 10.125 GHz. Thus the reported HFC andspectrum are reasonably assigneddp andvss:, respectively.
NQC parameters may have ambiguity (actuadly = Ay in The appearance of the latter limg; in the spectrum obtained
their simulation). Because of the relevance of VO(glQ with parallel-field setting also indicates a misalignment of the
biological systems, we re-investigated this complex. Figure 5 tensor axes. The two-pulse and three-pulse spectra recorded at
shows two-pulse and three-pulse ESEEM spectra of VO{gly) the perpendicular line (Figures 5c,d) are rather featureless
in H,O/ethylene glycol (1:1 v/v) glass, where the selected fields compared with the spectra at the parallel line. The 3.7 and 7.1
are 259.4 mT iy (V) = —7/, parallel line) and 317.1 mTng- MHz peaks in the two-pulse spectrum and the 3.7 and 7.2 MHz
(®W) = 1/, perpendicular line). The two-pulse and three-pulse peaks in the three-pulse spectrum are assigned to the double-
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Figure 6. ESEEM spectra of VO(salen) in DMF/toluene (1:1 v/v) glass (frequen®806 GHz). The dotted lines correspond to simulations. The
symbolvy indicates the peak due i nuclei. Key: (a) two-pulse spectrum at 261.2 mT; (b) three-pulse 820 ns) spectrum at 261.2 mT; (c)
two-pulse spectrum at 306.0 mT; (d) three-pulse=(310 ns) spectrum at 306.0 mT; (e) three-pulse=(270 ns) spectrum at 264.2 mT.

quantum lines|@o| = 4.9 MHz from the three-pulse spectrum). the differences are only about the “multinuclear” combination
The negative peak at 5.8 MHz in the two-pulse spectrum is harmonics, which can depend on the relative position of the
assigned togg;. two nitrogens. More detailed and specially designed experi-

While the two amine nitrogens in VO(glypre very likely ments would be required if one aims to decide the actual
coordinated equatorially, it is not known whether the nitrogens conformation by ESEEM spectroscopy.

are in cis conformation ortrans conformation. Thus the Tipton et al!® reported three-pulse ESEEM spectra of VO-
simulations were performed for two conformations. B (gly)2 recorded at two different frequencies but with excitation
conformation, the Euler angles were first set@g, (3a, ya) = of the samen (®V) = —%/, line. The parallel and perpendicular
(0, Ba, yo) = (0°, 9C°, 0°) for one nitrogen and (9090, 0°) lines overlap at then(®V) = —/; line, so that no orientation

for the other. Fottrans conformation, on the other hand, the selection was made in their experiments. From the simulation,
first choice was da, Ba, ya) = (0o, Ba, 7q) = (0°, 9C°, 0°) they obtained\,, = Ay, = 4.85,A,, = 5.3,€’qQ = 2.55 MHz,

and (180, 9¢°, 0°) for the two nitrogens. As noted in the andzy = 0.5. Now we can compare our results with theirs. In
Theoretical Background section, the nonzero intensities of the our simulation, theX axis is approximately parallel to the
single-quantum lines in the spectra recorded with the parallel- molecularz axis and ther andZ axes fairly lie in the molecular
field setting could not be reproduced with these first sets of Xy plane. Thus our results can be converted iAo (=Ayy)

Euler angles. It was found that the angle responsible for this and Az; with the eqs Ay + Az)/2 = A and Ax = Az, which

is yq, corresponding visually to the rotation about the-N provide Ay = 4.95 MHz andA;; = 5.4 MHz. These values
bond direction. With the increase ¢f, from 0, the single- are in excellent agreement with the values reported by Tipton
guantum lines become visible through reasonable reproductionet al. As for the NQC parametere?qQ is the double of th&

of the experimental data around®land become too intense at  principal value having the largest magnitude. Thus our results
yq ~ 15°. (Table 1 includega = 10° as well asyq. This is correspond t@qQ = 2Qy = 2.7 MHz andy = (Qx — Q2)/Qv
because we set the andQ tensors coaxial in the initial stage = 0.48 (Table 1), which are also in good agreement with theirs.
of the simulation. As a matter of fact, the rotation of the VO(salen) and VO(salophen). The results for VO(salen)
tensor frame has little effect owing to the isotropic nature of and VO(salophen) are quite similar, so that we describe the
HFC, so that we were unable to determjneand have leftya results together. The CW EPR spectra of VO(salen) and VO-
at the value of the initial stage.) In the variatiomef however, (salophen) in DMF/toluene (1:1 v/v) glass exhibited slight
the 5.0 MHz peak was always more intense than the 3.4 MHz rhombicity with higher-field perpendicular lines split into their
peak, so that we were unable to fit the intensity distribution of x andy componentd! Nevertheless, while the splitting is most
the single-quantum lines completely. The variation of the other noticeable at the highest-fielt(3V) = 7/, line, the splitting
parameters also failed to reproduce this intensity distribution. becomes smaller as the resonant field decreases and eventually
This disagreement is presumably because the two nitrogens ardecomes unresolved below thg5V) = 1/ line. At the region

not ideally symmetry-related and/or there is heterogeneity in of the m(®V) = — 3/, line, at which ESEEM measurements
the complex geometry and the nitrogen HFC and NQC were made, no evidence of rhombic splitting was observed
parameters, both of which were not included in the simulation. (peak-to-peak width 1 mT). Therefore the effects of tige

It was also found that, in the simulation of the three-pulse rhombicity can be ignored in the following ESEEM results.
spectrum at the perpendicular line (Figure 5d), the variation of  Figure 6 presents ESEEM spectra of VO(salen) recorded at
0o improves the fitting to the line shapes of the 3.7 MHz peak 261.2 mT (m(>V) = —7/, parallel line), 306.0 mTry(>V) =

and the 4.7 MHz shoulder. The best fits were achieved when — 3/, perpendicular line), and 264.2 mT (intermediate position
aq = aa £ 15° for both the two conformations. Satisfactory close to them(®V) = —7/, parallel line). These spectra can
fits were finally obtained for the two conformations. Of the be interpreted in the same manner as described above. The
two conformationstransconformation provided slightly better  two-pulse spectrum in Figure 6a exhibits the double-quantum
fits thancis conformation. The simulated spectra presented in lines at 5.0 and 8.1 MHz and their sum and difference lines
Figure 5 are those obtained fdrans conformation. We vaer at 2.7 and 13.3 MHz. The 2.7 MHz peak is slightly
however note that the differences between the simulated ESEEMdistorted, and thus its frequency is not in good agreement with
patterns for the two conformations are too slight to allow
convincing determination of the actual conformation. In fact, (41) Jezerski, A.; Raynor, J. B. Chem. Soc., Dalton Tran$981, 1—7.
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Figure 7. ESEEM spectra of VO(salophen) in DMF/toluene (1:1 v/v) glass (frequen8y811 GHz). The dotted lines correspond to simulations.
The symboby indicates the peak due bl nuclei. Key: (a) two-pulse spectrum at 260.4 mT; (b) three-pulse 820 ns) spectrum at 260.4 mT;
(c) two-pulse spectrum at 305.4 mT; (d) three-pulse=(310 ns) spectrum at 305.4 mT; (e) three-pulse=(270 ns) spectrum at 263.4 mT.

the differencevqq+ — vag-. This slight disagreement and the Table 1. For VO(salen), the slight disagreement between the
presence of an edge feature~8.5 MHz suggest an unresolved experimental and simulated spectra about the edge feature
peak near this frequency. The three-pulse spectrum in Figure(Figure 6a) suggests a slight misalignment of the tensor axes.
6b shows the double-quantum lines at 5.1 and 8.1 MHz, which However, although the fit to this spectrum was indeed improved
gives|A| = 6.2 MHz and|Qx — Q,| = 2.3 MHz. With the by slight variation offq, the fits to the other spectra became
perpendicular field setting, the two-pulse spectrum exhibits the poor. Variation of the other Euler angles also did not improve
double-quantum lines at 4.3 and 7.8 MHz and the line at the total fittings. We have therefore left theA, andQ tensors
6.1 MHz (Figure 6¢). The three-pulse spectrum recorded with coaxial.
the same field setting exhibits the double-quantum lines at 4.4  With the help of the computer simulation, we can make
and 7.9 MHz [Ag| = 6.2 MHz) and a shoulder at 4.9 MHz due  further assignments with respect to the features observed for
to the high-frequency edge of a single-quantum*R&(Figure VO(salophen). According to the simulation, the edge feature
6d). In the spectrum recorded at the intermediate field, two around 3.5 MHz is due to the single-quantum lings.) and
single-quantum lines are well resolved at 1.8 and 4.4 MHz as y,,, @ distorted by the overlap withys—. These single-quantum
well as the double-quantum lines at 5.1 and 8.1 MHz (Figure l|ines appear because of the misalignment of the tensor axes.
6e). The two single-quantum lines are assigneds and The simulation also predicts the appearancesgfat 6.7 MHz
vse-@, which gives an estimate dQ,] = 0.37 + 0.13 MHz as a negative peak with the tilt of ti, axis, which accounts
from egs 6 and 7. This estimate predicts that the remaining for the steep drop between the 5.0 and 8.1 MHz lines (Figure
two single-quantum frequencies are ca. 3.1 and 3.5 MHz. Thus7a). The 4.7 MHz shoulder in Figure 7b is assigned to the
the weak feature around 3.5 MHz may be assigned as a singlesingle-quantum linesq(® on the basis of the simulation. The
quantum line. 3.9 MHz shoulder in Figure 7d is assigned to the lower-
Figure 7 shows the ESEEM spectra of VO(salophen) recorded frequency partner of the double-quantum lines corresponding
with the same field settings as for VO(salen) (though the actual to a different stationary direction from that of the 4.3 and 7.9
fields are slightly different). These spectra are quite similar to MHz pair (see Discussion).
the corresponding ones of VO(salen). Slight but important  VO(NCS),. The two-pulse ESEEM spectrum of VO(NGS)
differences are however observed: In the two-pulse spectrumin MeOH/ethylene glycol (3:1) glass recorded at the lowest-
recorded at the parallel line (Figure 7a), the edge feature aroundfield parallel line (n(52V) = —7/,) is shown in Figure 8a. The
3.5 MHz is more obvious than in the corresponding spectrum echo modulation due to the isothiocyanfe nuclei was found
of VO(salen). In addition, the feature between the 5.0 and 8.1 to be quite shallow, and thus the presented spectrum is noisy.
MHz peaks drops more steeply in the spectrum of VO(salophen), Only one peak at 6.4 MHz is clearly resolved in the spectrum.
suggesting the presence of an unresolved negative peak betweeThe ESEEM pattern recorded at another parallel Img5gV)
them. The three-pulse spectrum recorded at the parallel line= 7/,) was also shallow, yet its spectrum resolves two peaks at
(Figure 7b) exhibits a shoulder at 4.7 MHz. A new shoulder 5.6 and 10.3 MHz (Figure 8b). The field dependence of6.4
also appears at 3.9 MHz in the three-pulse spectrum recordeds.6 MHz with B = 259.0— 387.6 mT is consistent with the
at the perpendicular lines (Figure 7d). expected behavior ofgq-. Thus we assign the 6.4 MHz peak
Computer simulations for the spectra of VO(salen) and VO- in Figure 8a and the 5.6 and 10.3 MHz peaks in Figure 8b to
(salophen) were conducted with the same procedure describedhe double-quantum linegA; ~ 7.8 MHz). The partner of
above. The computer simulations have revealed that thethe 6.4 MHz peak in Figure 8a is expected to appear at 9.5
differences between the spectra of the two complexes are dueMHz. In the observed spectrum, the 9.5 MHz peak is almost
essentially to a tilt of th&), axis in VO(salophen). Simulations  buried under the tail of théH peak. We also performed three-
with 8o (=Ba) ~ 10° well reproduced the features in VO- pulse ESEEM measurements at the two parallel lines. However,

(salophen) while satisfactory fits were obtained wWith(=a) the echo modulations were extremely shallow so that no peaks
~ 0° for VO(salen). Variation of the other Euler angles did were resolved in the FT spectra despite that the echo height
not improve the fittings: For example, variation @§, which itself was sufficiently strong. The ESEEM spectra recorded at

is successful in the cases of VO(edda) and VOggtydly makes 303.3 mT M (°V) = — 3/, perpendicular line) exhibit a different
the 4.4 MHz peak (Figure 6d) broad and merged with the 4.9 pattern from those of the other complexes. The two-pulse
MHz shoulder. The final parameters obtained are included in spectrum contains well-resolved peaks at 2.8 and 4.8 MHz
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Figure 8. ESEEM spectra of VO(NC$ in MeOH/ethylene glycol (3:1 v/v) glass (frequeney8.802 GHz). The dotted lines correspond to
simulations. The symbaly indicates the peak due 1 nuclei. Key: (a) two-pulse spectrum at 259.0 mT; (b) two-pulse spectrum at 387.6 mT;
(c) two-pulse spectrum at 303.3 mT; (d) three-pulse=(310 ns) spectrum at 303.3 mT.

(Figure 8c), and the three-pulse spectrum also exhibits peaksorientations) of the coordinatédN nuclei in the five oxova-

at practically the same frequencies 2.7 and 4.9 MHz (Figure nadium(IV) complexes (Table 1). Although tieandZ axes

8d). It seems impossible to interpret these spectra without are experimentally indistinguishable, we have assigned the axis

computer simulation. containing the smallest magnitudefditomponent to th& axis
Since the experimental data do not contain sufficient informa- (the component along the-WMN bond direction),? which will

tion for determination of the many parameters in the simulation, be supported by the consideration on the mechanism of HFC

we placed some restrictions on the simulation parameters: The(vide infra). Additionally, the NQC axis parallel or most parallel

g, A, andQ tensors are set coaxial, and theand Q tensors to Az is assigned t@;. In the simulation, we set th& andQ

are assumed to be uniaxial with respect to theN/direction. tensors coaxial unless to change this is necessary to provide

These constraints are based on the X-ray data showing that thehetter fits. As a matter of fact, computed ESEEM patterns and

NCS" ligands are well placed in the equatorial plane and the their spectra were usually insensitive to the variation ofahe

atoms V-N—C—S align linearly?® The peak frequencies and  tensor Euler angles owing to the well isotropic nature ofhe

the modulation amplitudes of the ESEEM data recorded at the tensor. In the case of VO(salophen), for example, equally good

parallel lines are well reproduced with,] = 7.9 MHz, and fits were obtained witt8x = 90° instead offx = 100° (with

|Q«— QI =0.75MHz. Since thé andQ tensors are assumed g fixed at 100). It seems almost impossible to determine the

uniaxial, they immediately giveAx| = Ayl = 7.9 MHz, Qx = A tensor orientations precisely for these complexes. In contrast,

Qv = £0.25 MHz, andQz = F 0.50 MHz (theZ axis is set  computed results were sensitive to etensor Euler angles,

parallel to the N direction, and theX axis parallel to the 54 we were able to determine @etensor orientations enough
molecularz axis). The resulting NQC parameters agree well reliably.

Vh\;llg]ztgﬁ dpnrell%ugquoR Zﬁjﬂgﬁqn?pjriﬁ%g Qil ((:)SS;SZZ O.i_?]Se? The ESEEM spectra recorded with the parallel-field settings
remaining paramete; was varied to achieve fits to the spectra we(;e qu_lte m;orme;ﬂvec,j alltc:lwmg |rr:medf|ate estl_mategbzﬂ f
recorded at the perpendicular lines. The above procedure wad! |Qc— Q| from € double-quantium Irequencies. Some o
repeated to refine the HFC and NQC parameters, and thethe spectra also co_ntaln S|_ngle-quantum lines, whlch_also e_n_abled
parameters listed in Table 1 were finally obtained. us to estimatdQ,| immediately. Furthermore, the intensities
of the single-quantum lines provided insights into the deviation

The resultingg?qQ value is quite small compared with those .
of the other complexes, which can be attributed to the extremely of theQ te_nsor axes from thg tensqr axes. When the sm_gle-
guantum lines were not resolved in the spectra, we estimated

shallow modulations. The expected modulation amplitude per . : )
one nitrogen for they, line excitation B||Ay, Qx), for instance, |Q;| from the spectra recorded at an intermediate field near the

is proportional tde ~ |Qy — Qz|%/|Axl2 (eq 3) From the resulting parallel line. This approach will be widely applicable to

HFC and NQC parameters, we can estimiex 5 x 103, interpret ESEEM data of the strong HFC condition.

This value is much smaller than th& values of VO(edda)k? On the other hand, analyzing the ESEEM spectra recorded
~ 3 x 1071 and VO(salen)kZ ~ 1 x 1071 estimated similarly with the perpendicular-field settings was not straightforward.
from their HFC and NQC parameters. It seems thatAg| is the only parameter that one can estimate

From comparison with the simulations, the dips at 3.2 and immediately. To gain further insights into these spectra, we
16.0 MHz in Figure 8a are assigned to the sum and difference examined the angular dependence of the three-pulse ESEEM
linesvgyqr, and the broad dip at 6.9 MHz in Figure 8c is assigned frequencies and intensities computed using the parameters
to vss+. Interpretation of the other peaks in Figures 8c,d is obtained from the simulations. The results computed for three

discussed in the next section. representative complexes, VO(edda), VO(salophen) and VO-
_ ) (NCS)?~, are shown as contour plots in Figure 9. In the plots
Discussion only the fundamental lines of one nitrogen are shown for clarity.

From the computer simulation, we have determined the HFC 1he applied field is rotated within they plane, being parallel

A and NQCQ tensors (principal values and principal-axis ©' most parallel to thé\; axis (visually corresponding to the
V—N bond direction) at Dand parallel to thedy axis at 90.

(42) Hsieh, Y.-N.; Rubenacker, G. V.; Chemg. C. P.; Brown, TJ.LAm. Figure 9a shows the contour plot computed for the three-pulse
Chem. Soc1977, 99, 1384-1389. ESEEM lines of VO(edda). The traces varying around 7 MHz
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the 3.5 MHz shoulder comes from thgy- line at a stationary
point of 115.

The contour plot in Figure 9b shows the angular dependence
of the three-pulse ESEEM lines of VO(salophen). The traces
varying around #8 MHz and around 4 MHz correspond to
thevyq andvgg- lines, respectively, and the other traces to the
single-quantum lines. According to the simulation, the HFC
and NQC axes are collinear in this complex, but they are not
coincident with they axes; i.e. théd; andQz axes are tilted by
10° from thexy plane. Thus the applied field is not parallel to
the Az or Qz axes at 0, and the single-quantum lines have
nonzero intensities at this angle. In particular, the single-
guantum line situated at 5.4 MHz at &xhibits a considerable
intensity around this angle. Thus the 5.0 MHz shoulder in the
experimental spectrum (Figure 7d) can be attributed to this line.
The disagreement between the frequencies in the contour plot
(5.4 MHz at 0) and in the spectrum (5.0 MHz) should be noted.
This is partly because of the overlap with another single-
guantum line, which is situated at 5.3 MHz at’90Moreover

0+ T f f f o it is essentially due to the somewhat perverse behavior of the

0 5 ' intensity of the single-quantum line. The intensity shows its

8 maximum off the stationary point, and as the angle approaches
£ the stationary point, the intensity decreases and reaches its local
=g- minimum at the stationary point. As a result of this, the peak
= e T—— frequency in thexy summed spectrum does not match the
54' frequency at the stationary point. Rather the tail end of the
3 2 .
EE M | peak seems to well correspond to the frequency at the stationary

point. Another important insight into the experimental spectrum
can be gained concerning the assignment of the 3.9 MHz
shoulder. Inthe plot, the lower-frequency partner of the double-
angle / deg guantum linevye is situated at 3.8 MHz at “Owith an

Fi . - . appreciable intensity. Thus the 3.9 MHz shoulder in the
igure 9. Contour plots showing the variations of the positions and . . .

intensities of the three-pulse ESEEM lines with the direction of the ©XPerimental spectrum is assigned to tfiedmponent of the
applied field. The ESEEM lines from only one nitrogen are shown for Vdq- line. Quite interestingly, this shoulder does not appear in
clarity. The applied field is parallel or most parallel to tAgaxis at the corresponding spectrum of VO(salen) (Figure 6d). This can
0° and parallel to they axis at 90. The plots are computed with the  be explained as follows: According to the computer simulation,
parameters obtained for (a) VO(edda), (b) VO(salophen), and (C) the essential difference between VO(salen) and VO(salophen)
VO(NCS)*". See Table 1 for the parameters. is that theg, A, andQ tensors are well coaxial in VO(salen)
while the A andQ tensor frames are slightly tilted from tlge
tensor frame in VO(salophen). For VO(salen), therefore, eq 4
can be applied when the applied field is parallel to ZrendY
axis. According to eq 4, the intensities of the double-quantum

and 3.5-4 MHz correspond to the double-quantum lingg:
andvqq-, respectively, and the other traces to the single-quantum
lines. According to the simulation, th andQz axes and the

Ay and Qv axes are not collinear in this complex with the ¢ ) )
deviation angle being 25 The applied field is therefore parallel  'in€s are esxpected to be prgportmnall@ow |(Q2X - QY)/AZ|2

to theQ; andQy axes at 25 and 1¥5respectively. The plot = 6 X 107°at 0" (BJ|Z) andk® ~ |(Qx — Qz)/Av* =7 x 107
shows that the stationary points of the ESEEM lines rather &t 90 (BIIY). Comparison between the two values shows that
appear at these angles. The single-quantum lines exhibit theirth€ intensity at © are much weaker than the intensity ar90
minimum intensities at these angles. This is because, as note@Plaining the absence of thé Gomponent in Figure 6d. In

in the Theoretical Background section, the single-quantum lines YO(salophen), on the other hand, Qe axis is deviated from

should disappear when all the relevant orientations coincide. the g« axis. Then the 0 component will be more intense
For VO(edda), they tensor is axial and tha tensor is nearly because the deviation of the applied field from the NQC axis

isotropic, so that only the orientations of applied field and the allows further mixing of the.states. This explains the appearance
Q tensor axes are relevant to tgplane variation. Whenthe ~ ©f the ¢ component in Figure 7d. In the contour plot, the
applied field is off the stationary points, on the other hand, the @nhgular dependence ofq; is also worth noting. This line
single-gquantum lines have considerable intensities. In spite of SNOWs considerable intensities in two separate regions4d5

this, however, since their line positions show vigorous angular @1d 75-90°. This accounts for the unique shape of thg:
dependence, the summation of these lines overxghplane line, which consists of the sharp peak at 7.9 MHz and the broad
results in only broad backgroundlike features. In contrast, the feature around 7.5 MHz (Figures 6d and 7d). The contributions
positions of the double-quantum lines are much less dependenfrom 15-45° and 75-90° must correspond to the broad feature
on the direction of the applied field, and eventually only these around 7 MHz and the sharp feature at 7.9 MHz, respectively.
lines form resolved peaks in the spectréfmQuite interestingly, For VO(NCS), only a few lines are seen in the contour plot
the frequencies and intensities of the double-quantum lines show(Figure 9c¢). As noted in Results section, the double-quantum
anomalous angular dependence owing to the misalignmentlines are not observed because of the relatively small NQC and
between the HFC and NQC axes. This accounts for the smalllarge HFC. In the plot, only a faint trace is seen near 10 MHz
splittings of the 3.9 and 7.2 MHz peaks in the experimental around 90. The peak corresponding to this trace is, of course,
spectrum (Figure 3d). Inspection of the plots also reveals that not resolved in the experimental spectrum (Figure 8d). Of the
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traces concerning the single-quantum lines, three traces exhibitTable 2. Decomposition of Vanadium'“Nitrogen Hyperfine

appreciable intensities. One trace becomes visible around 5
MHz when the angle is 1650°. This trace must correspond

Coupling into Contributions from Indirect Spin Transfes{ and
Ayz) and Dipole-Dipole Coupling Aqd)

to the 4.9 MHz peak in the experimental spectrum. Since the Ao/ o) Al Add X-ray data

frequency of this trace varies very gradually, this can give a MHz c2 % M,p_|z MHz /A /A ref

sharp peak in the spectrum. Another trace appears around 3 — o —

MHz when the angle is 2070°. This trace is less intense, but yg%gggf) _g:?g 1;1 _Hg _8:3? 8:2273 %:éi 2132 ¢

also shows a gradual variation in frequency. This trace must vo(salen)  -5.83 %; —0.97 —0.36 0.62 2.09 2.053d

correspond to the weak but sharp peak observed at 2.7 MHz invO(salophen) —5.78 %; —0.96 —0.35 0.65 2.07

the spectrum. The remaining trace is the most intense, but its VO(NCS)?~ —7.47 '/, —0.82 —0.23 0.66 2.05 2.04 e

frequency is rather strongly dependent on the angle. Thus thisVO(meoxy* — —6.27 */; —1.04 —0.38 0.66 2.05 2.136f
. - VO(min)CI*2 —6.43 %; —1.07 —0.39 0.61 2.11 2.122¢g

gives the broad peak centeree2.5 MHz seen only in the VO(oep} ~72 1, —119 —044 069 202 2102 h

simulation. Since this peak is too broad, the corresponding echo
modulation must decay within the dead time. For this complex,
unfortunately, all the peaks resolved in the spectrum come from
the off-axis components. Thus it seems impossible to estimate
parameters only from an inspection of the experimental spec-
trum.

The magnitude of HFC of 58 MHz found for the V&*—
14N system is much smaller than that for Tu-1%N systent'3
In square-planar Cti complexes, the unpaired electron occupies
the dz-y2 orbital (when the ligand atoms are on tkeandy
axes). Because this orbital has sufficient overlap with the
nitrogen lone-pair orbital, direct spin transfer from the d orbital
to the nitrogen orbital would easily occtf. In VOZ" com-

aReference 19 Reference 21¢ Reference 48. The ¥Namine dis-
tance in (M@N)[VO(L-histidine)(NCS)]-H,0. ¢ Reference 4% Ref-
erence 30f Reference 50¢ Reference 51" Reference 52.

and can be expressed as

_ o 9eta( Nty

4 4 hr

=5.70x (r/A) 3 (MHz) (12)

wherer is the V—N bond distance. Since the unpaired electron

plexes, on the other hand, the unpaired electron occupies theMust be predominantly on the vanadiuny drbital, we have

dyy orbital, and thus such direct spin transfer is unlik¥lyThe
HFC of the VG&*—N system is, however, much larger than that
expected only from the dipotedipole coupling mechanisis.
Such a size of HFC would be well understood in terms of
indirect spin transfer mechanism, where the nitrogen orbital is
polarized by exchange interaction with the unpaired electron
on the vanadium d orbitdP. Since thes spin electron on the
nitrogen lone-pair orbital receives more Coulomb repulsion from
the unpairedx spin electron on the vanadium, a negative spin
is expected to be induced on the lone-pair orbital. Thusthe

set the spin population of thdy orbital at the unity in eq 12.
The spin population of the nitrogen lone-pair orbital can be
readily estimated from eq 10, where we sét= 1/, for sp*-
hybrid amine nitrogerngs? = /3 for sp-hybrid imine nitrogert/
andcZ = Y, for sp-hybrid NCS nitrogen. The estimated spin
populations are listed in Table 2, where the signs of the principal
A values are set minus based on the prediction of the indirect
spin transfer mechanism. The resulting values are all around
—1% with a slight difference of amine imine > NCS in
magnitude. It may be noted that this order is in accordance

tensor components must be negative. Since the lone-pair orbitalVith the order of the basicities of the ligands. The lone-pair

Indis an sP hybrid, this orbital can be expressed as
In0= ¢N2sH ¢,,IN2p, L]

wherec + ¢,22 =1. Then theA tensor components can be
divided into three parts as (with neglect of the rhombicity of
HFC)

A=Ay = Ao~ Az~ Agg
Az = Agot 2A; + 2Ay4
where

Ao = pn G5 Ao(N25) (10)

Az = gy A(N2p)

Herep, is the spin population of the nitrogen lone-pair orbital.
The symbolsAg(N2s) andAo(N2p) denote the HFC parameters
expected when the unit spin is on the nitrogen 2s and 2p orbitals,
respectively, andg(N2s)= 1811 andAy(N2p) = 55.5 MHz4%

The symbol Ayg denotes the dipolar coupling between the
unpaired electron on vanadium and the nitrogen nuclear spin

(11)

(43) Brown, T. G.; Hoffman, B. MMol. Phys.198Q 39, 1073-1109.

(44) Mulks, C. F.; van Willigen, HJ. Phys. Chenl981, 85, 1220-1224.

(45) Scholes, C. P.; Falkowski, K. M.; Chen. S.; BankJ.JAm. Chem.
Soc.1986 108 1660-1671.

(46) Atherton, N. WPrinciples of Electron Spin Resonanédlis Horwood
and Prentice Hall: London, 1993.

orbital also has p-orbital character, and this contributes to the
anisotropic part of theA tensor. With use of the above
estimatedp, values, one can estimafg; = —0.47 t0—0.23
MHz from eq 11 (Table 2). The remaining anisotropy can be
attributed to the dipoledipole coupling. Before estimating the
remaining anisotropy, however, we must mention the axis
assignments made in the simulation becausevthadZ axes

are experimentally indistinguishable. Equation 12 shows that
the magnitude of\yq is always larger than the magnitude of
the above estimate#z: Aqq = 0.54-0.7 MHz whenr is in

the likely range of 2.22.0 A. ThusA, the component along
the V—N bond, is expected to be the largest of the three principal
components. Since thevalues must be negative, the principal
value having the smallest magnitude must correspond t@ the
component. This is the criterion which we followed in the
simulation. By subtractingso and 2,z from Az, we can
estimate the contributions of the dipole-dipole coupling, and
further the VV-N bond distances using eq 12 (Table 2). We

(47) One may expeat? = cot20 = 0.528 @ is the half of the &N—-C
angle§’ for five-membered ring nitrogens such as imidazole and
pyrrole, where 2 = 108. However, thiscs value has given
unreasonable ¥N bond distances. This presumably indicates that the
hybridization ratio does not varies so drastically with thesNe—C
angle. Unfortunately we could not decide an appropriate value, so
that we tentatively used? = 1/3 for the imidazole and pyrrole nitrogen
as well as for the six-membered ring nitrogens. The tentative value,
interestingly, has given a reasonable estimate for theNVbond
distance of VO(min)CI* (Table 2). On the contrary, the agreement
is not very good for VO(oep). For this complex? = 0.38 can be
obtained when calculated reversely from the experimentel\bond
distance.
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also performed the same analysis for some literature'déta,
and the results are included in Table 2. The resultinglues

are in agreement with the X-ray determined-M bond
distancesg?48-52 validating the indirect spin transfer mechanism.
This analysis provides valuable insights into the origin of the
good correlation between the HFC parameters and nitrogen
types. The analysis shows that the polarizations of the lone-
pair orbitals are invariably aroun&é1%. On the other hand,
the sp hybridization ratio should vary largely frorfi, to /5,
depending on the type of nitrogen. This explains the good
correlation between the HFC parameters and nitrogen types.

The A tensors additionally show the rhombicity A% = Ay.
There would be two possible mechanisms responsible for the
rhombicity: One mechanism is based on indirect spin transfer
to the nitrogenr orbital. Such indirect spin transfer will induce
a negative spin on the nitrogenorbital and add &, and—A,

(A < 0) to theA tensor components parallel and perpendicular
to thex orbital, respectively. For VO(salen) and VO(salophen),
where ther orbital is along theéix axis, this mechanism predicts

Ax < Ay. This is consistent with the ESEEM results. The other

Fukui et al.

VO(gly),

Figure 10. Possible orientations of the HF& and NQCQ tensor
axes of VO(edda) (top) and VO(glyjlower) based on the computer

because of the nonzero overlap of the vanadiypodbital with

the nitrogen in-plane p orbital (prbital when the nitrogen atom

is on thex axis). The unpaired electron delocalized slightly on
the g orbital will give additional contributions of 2, and—Ay

(Ay > 0) to theA tensor components parallel and perpendicular
to the p orbital, respectively. For VO(salen) and VO(salophen),
where we have chosen tig axis as parallel to the molecular
framey axis, this mechanism predicts the same relafign<

Ay. Although the two mechanisms are indistinguishable for VO-
(salen) and VO(salophen), they will become distinguishable
when the GEN—C plane of the imine nitrogen is perpendicular
to the equatorial plane. Such configuration occurs in VO-
(mim),CI*. (The X-ray data of an analogous complex, VO(1-
vinyl-imidazole}ClI*, are availablé®) Reijerseet all°reported
that, for VO(mim)CI™, theA tensor axis for the smallest (largest
in absolute value) component is perpendicular to the imidazole
plane, i.e. in the molecular framg plane. They also reported
that the corresponding axis in VO(megi9 also perpendicular

to the C=N—C plane, which is, on the contrary, parallel to the
z axist® as in VO(salen) and VO(salophen). This exchange of
the smallest component axis with respect to the molecular frame
can only be explained in terms of the indirect spin transfer to
the nitrogensr orbital. This may also explain the smaller
rhomicity in the amine nitrogens.

According to the computer simulation, t#e and Q; axes
(and alsoAy and Qy axes) are obviously misaligned in VO-
(edda) and VO(gly)(Figure 10). Since thA; axis most likely
coincides with the ¥-N bond direction, these findings suggest
that the Q; axes of the edda and gly nitrogens are
significantly deviated from their respective-\W directions. This
suggestion, though seemingly unexpected, is in fact in line of
the previous study by Ashbgt al53 They proposed a model
explaining the observed NQC tensors of metal-coordinated
amine nitrogens. Their model shows that the NQC tensor axes
of the amine nitrogens usually deviate from the-M bond
directions (except ammonia and possibly tertiary amines). This

(48) Li, X.; Zhou, K.J. Crystallogr. Spectrosc. Re$986 16, 681—685.

(49) Riley, P. E.; Pecoraro, V. L.; Carrano, C.; Bonadies, J. A.; Raymond,
K. N. Inorg. Chem.1986 25, 154-160.

(50) Shiro, M.; Fernando, QAnal. Chem1971, 43, 1222-1230.

(51) Calviou, L. J.; Arber, J. M.; Collison, D.; Garner, C. D.; Clegg, W.
Chem. Soc., Chem. Commur®92 654—-656.

(52) Molinaro, F. S.; Ibers, J. Anorg. Chem 1976 15, 2278-2283.

(53) Ashby, C. I. H.; Paton, W. F.; Brown, T. l. Am. Chem. Sod98Q
102, 2990-2998.

are underlined.

is essentially because the local symmetry of amine nitrogen is
only Cs even when the nitrogen has an idealized geometry. Thus
the local symmetry only indicates that one NQC axis should
be normal to theCs mirror plane (M—N—C plane for primary
amines and M-N—H plane for secondary amines) and the
remaining two axes should be within this plane forming certain
angles with the M-N bond. This is in contrast to the situation
of imine nitrogen, where its idealized local symmetryds,
with the C, axis coincident with the MN bond. Thus it is
reasonable to expect that the NQ@E axis coincides with the
M—N bond direction and also with the HE&; axis. In fact,
in the simulation of VO(salen) and VO(salophen), no evidence
was found for the misalignment of the HFC and NQC tensors.
In closing, we mention possible exceptions to the correlation
rule. To the best of our knowledge, a V@ydrotris(3,5-
dimethyl-1-pyrazolyl)borate complex is the only ¥Ccomplex
hitherto reported to exhibit an exceptiodd\ HFC parameter,
|Asodl = 1.7 MHz18 However, the pyrazole moiety contains
two nitrogens, where one nitrogen is directly coordinated to the
VOZ* ion and the other nitrogen is a second neighbor of the
VO?* ion and attached to the boron atom. Unfortunately, it
was not determined as to which nitrogen exhibits the observed
ESEEM signal. Quite interestingly, thi8iso| value is in good
agreement with that of the second-neighbor nitrogen in~vVO
hydroxamate complexes|/As = 1.8 MHz)5 Since the
ESEEM signal is expected to be most intense under exact
cancelation condition¥, there remains a possibility that the
ESEEM signal from the directly coordinating nitrogen is
obscured by the observed signal. Of course, however, this does
not exclude the other possibility that the coordinating nitrogen
gives such a small HFC parameter owing to the significant
distortion of the comple*® The HFC parameters of axially
coordinated nitrogens are also controversial. Altholgh=
13.2 MHz for an axial nitrogen of VOD-xylose isomerase was
suggested by a previous ENDOR stilythis value was
guestioned by the subsequent ESEEM stifdyhich reports
rather a usual value diy| = 5.7 MHz (Aisol = 6 MHz) and
suggests that this nitrogen derives from an equatorially coor-
dinated imidazole. On the other hand, it has been suggested

(54) Kofman,K.; Dikanov, S. A.; Haran, A.; Libman, J.; Shanzer, A,
Goldfarb, D.J. Am. Chem. S0d.995 117, 383-391.

(55) Bogumil, R.; Httermann, J.; Kappl, R.; Stabler, R.; Sudfeldt, C.;
Witzel, H. Eur. J. Biochem1991, 196, 305-312.
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that the axially coordinated nitrogens may have a too small HFC
value to be observed by ESEE#br ENDORS® spectroscopy.
Anyway, it must be recalled that indirect spin transfer mecha-

Inorganic Chemistry, Vol. 36, No. 24, 1995529

the types of nitrogens can be identified by means of ESEEM
spectroscopy. We may provide the following criteria for the
VO?r—14N system: TheAis| values are (1)~5 MHz for amine

nism itself does not guarantee the good correlation, and rathernitrogens, (2)~6—7 MHz for imine nitrogens, and (3)-7.5

the occurrence of the nearly constant polarization of the nitrogen
orbitals is responsible for the correlation. The polarization of
the nitrogen orbital may depend on the position of the
coordinating nitrogen relative to the=sO bond. For axially
coordinated nitrogens, it is also likely that theans effect
lengthens the ¥N bond distance and eventually reduces the
polarization of the nitrogen orbital. Furthermore, the coexist-
ence of strongly electron donating or withdrawing ligands may
also affect the polarization of the nitrogen. Therefore it may
be unsurprising if the correlation does not hold for such
complexes.

Concluing Remarks

The present study has extended the correlation rule to the
sphybrid nitrogen and provided strong support for the idea that

(56) Kirste, B.; van Willigen, HJ. Phys. Chem1982 86, 2743-2749.

MHz for the NCS nitrogen. The analysis based on the indirect
spin transfer mechanism has shown that this good correlation
is due to the fact the 8hybridization ratio of the nitrogen lone-
pair orbital is inherent to the type of nitrogen. Of the three
types of nitrogens, thep-hybrid NCS™ nitrogen has the largest
magnitude of HFC, followed by the $ybrid imine nitrogens
and the sprhybrid amine nitrogens in accordance with the order
of the s-orbital contents in the 'Spybrid orbitals. It is also
important to note that the good correlation is largely owed to
the nearly constant polarization of the nitrogen lone-pair orbitals.
This, in other words, suggests that, if the polarization is affected
by significant geometry distortion or coexistence of strongly
electron donating/withdrawing ligands, the correlation rule may
be violated.
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