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Electron spin-echo envelope modulation (ESEEM) measurements were made for three substituted oxovanadium(IV)
phthalocyanines ([VO(tcpe)], [VO(tbpe)], and [VO(tape)]), where the phthalocyanine rings are modified with four carbox-
yl, -butyl, and amino groups, respectively. The "N hyperfine coupling (HFC) and nuclear quadrupole coupling (NQC)
tensors of the phthalocyanine isoindole nitrogens were determined by computer simulations of orientationally selected
ESEEM spectra. The HFC tensors of these three complexes were found to be almost identical, and no appreciable effects
from the substituents were detected. The isotropic HFC constants, as determined by the simulations, are |Aj,| = 7.08,
7.08, and 7.05 MHz for [VO(tcpe)], [VO(tbpc)], and [VO(tapc)], respectively. The NQC constants were also found to be
very similar to one another: e2qQ/ h =2.2,2.1, and 2.0 MHz for [VO(tcpc)], [VO(tbpc)], and [VO(tapc)], respectively.
However, the simulations revealed a difference in the orientation of the NQC unique axis, where the unique axis is
parallel to the V=N bond in [VO(tcpc)] and [VO(tbpc)], whereas this axis is perpendicular to the V-N bond within the
phthalocyanine plane in [VO(tapc)]. An analysis of the NQC parameters based on the Townes-Dailey model indicates an
increase in the electron population of the nitrogen 7 orbital in [VO(tapc)], which is consistent with the expected effects of
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the amino group.

Electron-spin echo envelope modulation (ESEEM) spec-
troscopy is a powerful method to investigate the environ-
ments of paramagnetic centers, probing weak couplings
(typically<10 MHz) between an unpaired electron spin and
nearby nuclear spins.” This spectroscopy has been applied
to a number of oxovanadium(IV) complexes, and the hyper-
fine coupling (HFC) due to *N nuclei coordinated directly
to VO?* ion has been investigated. Through these studies, a
useful correlation has been found to exist between the mag-
nitude of HFC and the type of nitrogen.>® The correlation
can be summarized in terms of the isotropic HFC parameter
(Aiso) as (1) |Ajso| = 5 MHz for sp3-hybrid amine nitrogens,
(2) ~ 6—7 MHz for sp?>-hybrid imine nitrogens, and (3)
= 7.5 MHz for the sp-hybrid isothiocyanate nitrogen. The
sp?-hybrid imine nitrogens may be further divided into two
subclasses as (2a) |Aiso| & 6—6.5 MHz for Schiff-base ni-
trogens, pyridines and imidazoles,>® and (2b) ~ 7 MHz for
porphyrin pyrrole nitrogens.” Phthalocyanines also have sp?-
hybrid nitrogens (isoindole nitrogens) capable of coordinat-
ing to metal ions. The HFC of this type of nitrogens attracts
interest because of its close relation to porphyrin nitrogens.
However, to the best of our knowledge, oxovanadium(I'V)
phthalocyanines have not been studied by ESEEM or elec-
tron-nuclear double resonance (ENDOR) spectroscopy, and
thus the HFC parameters of the phthalocyanine nitrogen are
not known.

In addition to the close relation to biologically relevant
porphyrins and chlorophills, phthalocyanines themselves
have been receiving great attention owing to their versatile
characteristics, such as usefulness as dyes and pigments,®
photocatalytic activities,” and solid-state conductivity.'?
Several substituted phthalocyanines have been synthesized
with the aim to improve these characterisctics.>!*'? Sub-
stituents are expected to modify the solubility, redox poten-
tial, electronic properties, crystal packing, and other chem-
ical and physical properties. Substituents will also affect
the HFC and nuclear quadrupole coupling (NQC) of the
phthalocyanine isoindole nitrogen, which simultaneously al-
ter the ESEEM spectral properties of metal phthalocyanines.
Itis therefore interesting to examine whether such substituent
effects are observably large and, if so, how the substituent
effects influence the ESEEM spectra.

Here we describe the ESEEM results of three oxo-
vanadium(IV) phthalocyanines: [VO(tcpc)], [VO(tbpc)],
and [VO(tapc)] (Scheme 1). We have determined the
4N HFC and NQC tensors of the phthalocyanine isoindole
nitrogens of these complexes by computer simulations of ori-
entationally selected ESEEM spectra. The simulations show
that the "N HFC parameters of these complexes are almost
the same as one another. Furthermore, these HFC param-
eters are fairly similar to the previously reported '*N HFC
parameters of oxovanadium(IV) porphyrins, [VO(oep)] and
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Scheme 1.

[VO(tpp)] (Hyoep = 2,3,7,8,12,13,17,18-octaethylporphine, ,

Hatpp = 5,10,15,20-tetraphenylporphine).” As for the NQC
parameters, on the other hand, we have found a difference
in the orientation of the largest magnitude NQC axis (unique
axis). We show that this finding can be explained in terms of
a change in the electron populations on the nitrogen orbitals
due to substituent effects.

Experimental

Materials. The complexes [VO(tcpe)], [VO(tbpc)], and [VO-
(tapc)] were prepared as previously reported.'*!¥ We also inves-
tigated the non-substituted complex [VO(pc)]. However, unfor-
tunately, the limited solubility of this complex prevented us from
obtaining sufficiently strong electron spin-echo signals. Accord-
ingly, we can not include [VO(pc)] in this study.

Measurements. CW EPR and ESEEM measure-
ments were carried out on a JEOL RE-3X EPR spectrometer
equipped with a JEOL ES-PX1000 pulse EPR unit. The two-
pulse sequence (7z/2~1—n—7—echo) and the three-pulse sequence
(72—1—m/2-T-m/2-7—echo) were applied with pulse widths of
tz/2 = 15 ns and t7 = 30 ns. The repetition rate of the pulse se-
quence was typically 1 kHz. Microwave pulses were amplified by a
Litton M-624 traveling-wave-tube amplifier to a power of a few kilo-
watts, and introduced to a TE¢,-mode rectangular cavity resonator.
Echo signals were accumulated (100—1000 scans, depending on
the intensity of the echo signal) on a Tektronix TDS 520B digi-
tal oscilloscope, and transferred to a JEOL ESPRIT 330 computer.
This procedure was performed typically for 256 times with a 20
ns increase of 7 for two-pulse measurements or T for three-pulse
measurements to yield one set of ESEEM time-domain data. The
data lost to the instrumental dead time were reconstructed with the
linear prediction singular value decomposition (LPSVD)'> before
the time-domain data were converted to a frequency-domain cosine

Fourier transform (FT) spectrum. All of the measurements were

performed at liquid-nitrogen temperature (77 K) using an Eikohsha
liquid-nitrogen dewar vessel.

Simulations. Simulations of ESEEM data were carried out on
an Apple Power Macintosh 8100 using a home-made program based
on the Mims formulas.'® In the simulation, the HFC A and NQC Q
tensors of each nitrogen were assumed to be coaxial unless specially
noted. The coaxial A and Q tensors are defined in the nitrogen local
frame fixed to the nitrogen atom. The orientation of the nitrogen
local frame with respect to the molecular frame (g tensor frame) is
described in terms of the Euler angles (¢, £, and y; the definition of
the Euler angles is given elsewhere).® The Euler angles for the four
nitrogens were first set at & = 0, 90, 180,270°, 8 =0°,and y = 0°,
where the A; (Q;) axis is parallel to the g, axis and the Ax (Qx) and
Ay (Qy) axes are in the gxy plane. In seeking the best fits, we also
varied the Fuler angles, and it turned out that a varjation of f is
indispensable to achieve the best fits. Thus, the A; (Q;) axis is not
parallel to the g; axis in the best-fit parameter sets. Nevertheless, we
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labeled the nitrogen local axis which is nearest to the g; axis as z (A,
and Q; axis). As for the nitrogen x and y axes, the axis containing
a smaller magnitude HFC component was labeled as x, which will
be concluded to be parallel to the V-N bond, and the remaining
in-plane axis was labeled as y. The width of pulse excitation due
to the pulse bandwidth and inhomogenious EPR linewidth, which
prevents ideal orientation selection, was neglected for simplicity.
For VO?* complexes, the separation of the CW EPR g i and g1 lines
are sufficiently wide compared to the pulse excitation width, so that
fairly ideal orientation selection can be made. In fact, although we
tentatively performed simulations taking the pulse excitation width
into account, the resulting best-fit values were practically identical
with those presented in this paper (the difference between them did
not exceed the estimated uncertainties).

Results

CW EPR Spectroscopy. The CW EPR spectrum of
[VO(tcpe)] in DMF/toluene glass is shown in Fig. 1 as arep-
resentative of the oxovanadium(IV) phthalocyanines studied
here. All of the three complexes exhibited an axial-type EPR
spectrum with the parallel and perpendicular components
each split due to the 'V nuclear spin ( = 7/2). The gand >'V
HEC parameters of the oxovanadium(IV) phthalocyanines
are listed in Table 1. The oxovanadium(IV) phthalocyanines
were previously studied by CW EPR spectroscopy in other
glass media, and it was shown that [VO(tcpc)] and [VO-
(tapc)] exhibit two or more sets of CW EPR signals."” For
example, two sets of signals were observed from [VO(tapc)]
in C¢Hg/CHCl3 glass and in DMSO/CHCI; glass, and some
complicatedly overlapping signals were observed from [VO-
(tcpe)] in DMSO/CHCI; glass. The appearances of two or
more sets of signals were attributed to the coexistence of five-
coordinate and six-coordinate species in the glass media.'
In contrast to these previous observations, we consistently
observed only one set of a signal from the oxovanadium(IV)
phthalocyanines in DMF/toluene glass, as shown represen-
tativlely in Fig. 1. This indicates that only one species is
present in DMF/toluene glass, unlike in C¢Hg/CHCl3 and

=3/2;
—7/2" +3mT
' T 1 1 H | 1 T T T I 1 1 1 1
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Fig. 1. CW EPR spectrum of [VO(tcpc)] in DMF/toluene

(1:1 v/v) glass. Conditions: frequency, 8.840 GHz; power,
5 mW; modulation width (100 kHz), 1 mT; temperature, 77
K. The intense “—1/2, ” line is truncated for clarity. Rep-
resentative field positions at which ESEEM measurements
were made are indicated as “—7/2”, “—7/2;+3 mT”, and
“—~3/2.7.
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CW EPR Parameters of Oxovanadium(I'V) Phthalocyanines

in DMF/Toluene (1: 1 v/v) Glass (T = 77 K)

A1 C'V)/107* em™!

A C'V)/107* em ™!

8L S
[VO(tcpe)] 1.982 1.970 52.0 153.7
[VO(tbpc)] 1.982 1.971 52.2 153.4
[VO(tapc)] 1.983 1.965 55.3 ' 157.5

DMSO/CHCIl; glasses. In order to avoid unnecessary com-
plexity due to the presence of more than one species, we
used DMF: toluene glass in ESEEM measurements of the
phthalocyanine complexes.

ESEEM Spectroscopy, General. Some important field
positions employed in ESEEM measurements are indicated
in Fig. 1 as “—7/2)”, “~7/2;+3 mT”, and “—3/2,”. The
position “—7/2)” corresponds to the lowest field parallel line,
where the azimuthal quantum number of the >'V nuclear spin
ism (V)= -7 /2 (AC'V) <0 assumed). ESEEM measure-
ments at this line provide “single-crystal-like” spectra,'” i.e.
only those molecules whose g, axis is parallel to the applied
field are selected. The position “—7/2;+3 mT” is an inter-
mediate position upfield of the “~7/2)” line by 3 mT. Mea-
surements at this position provide selective observations of
a group of molecules whose g, axis directs ca. 20° off from
the applied field (the angle ca. 20° is estimated from the
CW EPR parameters). The position “—3/2 " corresponds
to the my(°'V) = —3/2 perpendicular line, and a group of
molecules whose g, axis is perpendicular to the applied field
is selectively observed at this position.

All of the three complexes exhibited ESEEM signals at-
tributable to the isoindole *N nuclei (I = 1), which is the
nitrogen coordinated to the VO?* ion. It seems that the sig-
nal due to the bridging nitrogen, which is not coordinated to
the VO?* ion, is not observed because of a too small HFC.
The observed N ESEEM signals appear over a range of 0—
10 MHz. Spectra of this pattern are obtained when HFC ex-
ceeds both NQC and the nuclear Zeeman coupling (NZC). In
this case, the ESEEM spectra are dominated by the double-
quantum (DQ) lines due to the AM; = 2 transitions within
the N nuclear spin manifolds.'® This is in good contrast to
the ENDOR spectra, which are usually dominated by single-
quantum (SQ) lines (AM; = 1).' In the first-order approxi-
mation, the DQ lines appear at

Vag: = Az | £ 2v("*N) (D

when magnetic field is applied along the  axis ( =x, y, 2).
Thus, the DQ lines appear as a pair of peaks separated by
4v(**N) with their center being |A¢|. On the other hand, the
first-order frequencies of the SQ lines (Vsqi(l) and vsqi(z))
under the same conditions are

Vg = [Ag]/2 £ v(*N) +3(Q¢ | /2 (2a)

and
i @ = [Ag|/2 £ v(*N) - 3|Q¢| /2. (2b)

However, according to the Mims formulas,'® the intensities
of the SQ lines are zero when the g, A¢, and Q axes are all

coincident and the applied field is parallel to this axis. Thus,
the SQ lines are only observable when at least one of the
axes is misaligned or the applied field is deviated from the
tensor axes. In fact, the SQ lines were very weak, or even not
observed, in the spectra recorded at “—7/ 2” ” which indicates
that the g,, A,, and Q, axes are roughly colinear in the oxo-
vanadium(IV) phthalocyanines. This situation, however, is
somewhat troublesome because the absence of the SQ lines
makes it impossible to estimate |Q,| using Eq. 2. In order
to overcome this, we also measured the position “—7/ 2“ +3
mT”, where the SQ lines would gain intensities because of a
slight deviation of the applied field and, on the other hand,
the frequencies of the SQ lines would not be very different
from those at the point “-~7/2)”.

Besides these fundamental lines (SQ and DQ lines), ES-
EEM spectra can exhibit multinuclear combination lines,
which appear at the sum and difference frequencies of some
(not all) pairs of fundamental lines. This type of combina-
tion occurs because of the presence of two or more nuclear
spins interacting with the same electron spin. Since the oxo-
vanadium(IV) phthalocyanines have four nitrogens coordi-
nated to the VO?* ion, this type of combination can be ob-
served. Furthermore, two-pulse spectra can exhibit another
type of “sum and difference” combination, which appears
even when only one nuclear spin is interacting with an elec-
tron spin. Quite interestingly, the time-domain echo modula-
tions due to these “sum and difference” combinations are of-
ten in counter phase, so that these combination lines often ap-
pear as negative-amplitude peaks in the cosine FT spectra.!®
Important “sum and difference” combinations are as follows:
Viadr = VagrtVag— R 2|A¢ |, Vad— = Vagr — Yag— = 4v(**N), and
Vss+ = Vsq:l:(1)+ Vsq:F(z) ~ IA§|-17)

ESEEM Spectroscopy, [VO(tcpe)].  Figure 2 shows
five selected ESEEM spectra of [VO(tcpc)]; the three-pulse
spectra recorded at the positions “~7/2)”, “~7/2+3 mT”
and “—3/2 7, and the two-pulse spectra recorded at “—7/2))”
and “—3/2,”. The peak appearing at the 'H Larmor fre-
quency (v('H) =11.0 MHz at 257.6 mT and 12.9 MHz
at 301.8 mT) is due to 'H nuclei near to the VO** jon
(phthalocyanine protons and/or solvent protons). Because
the HFC of 'H nuclei is not the subject of this paper, we
do not consider the 'H signal here. Figures 2a and 2d ex-
hibit intense peaks at 6.4 and 9.5 MHz. Since the separation
of these peaks (3.1 MHz) agrees well with 4v(}*N) (=3.17
MHz at 257.6 mT), they are readily assigned to the DQ lines.
Note that the actual separation can be slightly smaller than
4y(“N), owing to higher order effects. In the present case,
however, the difference between 4v(1*N) and the actual sep-
aration is small, which shows that the higher order effects
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Fig. 2. Three-pulse (a, b, and ¢) and two-pulse (d and e) ESEEM spectra of [VO(tcpc)] in DMF/toluene (1: 1 v/v) gléss. Conditions:
frequency, 8.708 GHz; temperature, 77 K; B =257.6 mT (a), 260.7 mT (b), 301.8 mT (c), 257.6 mT (d), 301.8 mT (e); 7 =360 ns
(a), 360 ns (b), 310 ns (c). The lower trace in each panel represents the best fit to the experimental data. The peaks denoted with

W are due to 'H nuclei.

are small and that Eqs. 1 and 2 can be safely used. Hence,
the parallel component of HFC can be estimated using Eq. 1
as |A,| = 7.95 MHz. Figures 2a and 2d also contain weak
peaks at 3.2 and 4.8 MHz, respectively, which are attributed
to the SQ lines. There are two choices for assigning these
peaks: one choice is to assign the 3.2 MHz peak to v,q_"
(or ¥q—?) and the 4.8 MHz peak t0 ¥q:+" (or 140.?); the
other is to assign the 3.2 MHz peak to ¥4 and the 4.8 MHz
peak to %, ". Computer simulations executed individually
for the two cases revealed that the former choice is appro-
priate, which leads to an estimate of |Q,|~1.0—1.1 MHz.
Figure 2a also contains a very weak peak at 12.9 MHz. This
peak frequency is in good accordance with two-times the
peak frequency of the lower DQ line, i.e. 2vy4q—. Thus, this
peak is attributed to a multinuclear combination line. The
negative peaks at 3.0 and 15.9 MHz in Fig. 2d are assigned
to “sum and difference” combination lines vyq— and Vyq4,
respectively, which are characteristic of two-pulse spectra.
The three-pulse spectrum recorded at “—7/2;+3 mT”
(Fig. 2b) exhibits DQ lines at 6.4 and 9.5 MHz and SQ
lines at 3.1 and 4.6 MHz. As noted above, the intensities
of the SQ lines are greatly enhanced in the “—7/2+3 mT”
spectrum owing to the deviation of the applied field from the
tensor axis, though the peak frequencies are not remarkably
changed because the deviation is still not very large (ca. 20°).
Another important change occurs in regard to the lineshape
of the DQ line: in the “~7/2)+3 mT” spectrum, the DQ
lines display a significantly asymmetric lineshape, where a

shoulder-like feature is seen in the lower-frequency side (this
may be more clearly seen in Fig. 3b). As described below,
simulations show that this feature is due to a deviation of the
nitrogen local z axis from the g, axis.

The three-pulse spectrum recorded at “—3/2, ” (Fig. 2c)
exhibits two peaks (8.5 and 8.9 MHz) in the region of the
higher-frequency DQ line, which are assigned to the two
perpendicular components (x and y) of V4. We label the
smaller frequency component (8.5 MHz) as x and the larger
one (8.9 MHz) as y. At 301.8 mT, the first-order separation
of the DQ lines is 4v(**N) =3.7 MHz, so that the lower
frequency partners of the 8.5 and 8.9 MHz peaks are assigned
to the 4.9 and 5.3 MHz peaks, respectively. Thus, one can
estimate |A,|~6.7 and |A,|~7.1 MHz using Eq. 1. The
remaining peak at 5.7 MHz is most likely the high-frequency
edge of the SQ line, which corresponds to the maximum-
frequency SQ line in the xy summation. The two-pulse
spectrum recorded at this position (Fig. 2e) exhibits broad
DQ lines at 5.3 and 8.8 MHz, where the x and y components
are merged. Figure 2e also shows an intense negative peak
at 7.1 MHz. This peak is attributed to a sum combination,
Vost = Vaqe D+ vsqx@ & |Ag|. Quite interestingly, because
of the small variation of |A¢] in the xy summation (roughly
|A;| = 6.7—]|A,| = 7.1 MHz), this combination survives the
xy summation to exhibit an intense line, even though the
parent SQ lines are broadened out.

Computer simulations were carried out using the above
estimated HFC and NQC parameters as a first input. The
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Fig. 3. Effects of the variation of the Euler angle 3 on the

intensities of the SQ lines in the three-pulse ESEEM spec-
trum recorded at “—7/2);” (a) and on the lineshapes of the
DQ lines in the spectrum recorded at “—7/2+3 mT” (b).
The simulations were obtained with the other parameters
fixed at the best-fit values of [VO(tcpc)] listed in Table 2.
The experimental spectra in a and b are the enlargement of
the spectra in Figs. 2a and 2b, respectively.

resulting best fits to the experimental spectra are included in
Fig. 2, and the best-fit parameters are listed in Table 2. The
best-fit values are not very different from their respective
first input values, which confirms the above assignments of
the peaks. As noted above, the weak SQ lines in the “—7/2)”

negligible.
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spectrum show that the g,, A,, and Q, axes can be regarded
as roughly collinear. However, the fact that the SQ lines are
still observable in the “—7/2” spectrum indicates that the
deviation among the g,, A,, and O, axes are not completely
Simulations allowing a variation in the Euler
angles showed that the variation of £ can greatly improve
the fittings, whereas the variations of the other Euler angles
are almost meaningless. The effects of  are demonstrated
in Fig. 3.9 Figure 3a compares a series of computed spec-
tra with the experimental three-pulse spectrum recorded at
the —7/2) line, demonstrating the 8 dependence of the SQ
line intensities (each spectrum is normalized with the inten-
sity of the 144 line at 6.4 MHz). In the computed spectra,
two bands of the SQ lines become visible at f0°, and gain
more intensities as  increases. One band appears in a re-
gion of 3.0—3.5 MHz. At = 15°, its normalized intensity
becomes ca. 0.2, becoming comparable to the intensity of
the 3.2 MHz peak in the experimental spectrum. The other
band appears in a range 4.5—5 MHz in the simulations. The
computed intensity for this band is, however, weak even at
B =15°, so that this band is most likely obscured by noise
in the experimental spectrum. Another conspicuous effect
of f3 is to distort the DQ lines in the “~7/2)+3 mT” spec-
trum. Figure 3b demonstrates the change in the lineshapes
of the DQ lines with the variation of 3. As /3 increases, the
DQ lines become asymmetric with the lower frequency tails
swelling into shoulders. A comparison between the series of
computed spectra and the experimental spectrum shows that
the best fit can also be achieved around f = 15°.

ESEEM Spectroscopy, [VO(tbpc)]. Since the ES-
EEM spectra of [VO(tbpc)] were found to be very similar
to those of [VO(tcpe)], we only depict the three-pulse spec-
tra recorded at positions “—7/2)” and “~7/2;+3 mT” in
Fig. 4. The HFC and NQC parameters estimated from the
first-order equations for this complex were almost identical
with those for [VO(tcpc)]. A subtle difference between the
two complexes is that the SQ lines are not clearly resolved
in the “—7/2)” spectrum of [VO(tbpc)] (Fig. 4a). This may
indicate a smaller deviation of the nitrogen local z axis from
the g, axis. Nevertheless, the asymmetric DQ lines in the
“—7/2;+3 mT” spectrum indicates that a deviation of the
tensor axes still occurs in [VO(tbpc)] (Fig. 4b and its enlarge-
ment in Fig. 4c). The best fits to the experimental spectra

Table 2. *N ESEEM Parameters of Oxovanadium(IV) Phthalocyanines and Oxovanadium(IV)
Porphyrins
HFC/MHz? NQC/MHZz? Euler angle®®
AL AL A Akl O« 0, Q: pldeg

[VO(tepe)] 6.50 7.00 7.75 7.08 —1.10 1.00 0.10 15
[VO(tbpe)] 6.55 6.95 7.75 7.08 —1.05 0.95 0.10 10
[VO(tapc)] 6.50 6.95 7.70 7.05 —0.80 1.00 -0.20 15
[VO(oep)]? 6.7 7.2 7.7 7.2 -0.75 1.0 —-0.25
[VO(tpp)]® 6.8 7.3 7.8 7.3 -0.75 0.95 —-0.20

a) Estimated uncertainties are 0.1 for HFC and NQC parameters and £5° for the Euler angle 5. b) The

other Euler angles are set at the ideal values; a =0, 90, 180, 270° and y =0°.

c) Taken from Ref. 7.
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Fig. 4.  Three-pulse ESEEM spectra of [VO(tbpc)] in
DMF/toluene (1 : 1 v/v) glass. Conditions: frequency, 8.707
GHz; temperature, 77 K; B =257.5 mT (a), 260.5 mT (b);
7 =360 ns (a), 360 ns (b). The panel c is an enlargement
of b. The lower trace in each panel represents the best fit to
the experimental data.

were obtained with a slightly smaller Euler angle of £ = 10°.

ESEEM Spectroscopy, [VO(tapc)].  Figure 5 shows
selected ESEEM spectra of [VO(tapc)]: the three-pulse spec-
tra recorded at “—7/2””, “—7/2” +3 mT” and “—3/2,”, and
two-pulse spectra recorded at “—7/2” and “—3/2, . These
spectra are roughly similar to those of the above two com-
plexes ([VO(tcpc)] and [VO(tbpe)]), and the assignments of
the peaks and estimates of the HFC and NQC parameters
can be made in the same manner as described above. Never-
theless, there are two remarkable differences in the ESEEM
spectra between [VO(tapc)] and the other complexes. One
is that the “~7/2)” spectrum of [VO(tapc)] does not exhibit
SQ lines (Fig. 5a), although the asymmetric DQ lines in the
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“~7/2+3 mT” spectrum (Fig. 5b) still indicate a deviation
of the nitrogen local z axis from g,. The other is that the
intensity distribution between the x and y components of the
DQ lines in the “—3/2 ” spectrum is altered. In Fig. 5c, we
assign the 4.9 and 8.6 MHz peaks to the x components of
Vaq— and Vyq4, respectively, and the 8.8 MHz peak to the y
component of Vyqr. The 5.8 MHz peak is assigned to the
high-frequency edge of the SQ line, and the y component
of vyq— is most likely buried between the 4.9 and 5.8 MHz
peaks. A comparison between the “—3/2 ” spectra of [VO-
(tapc)] and [VO(tcpe)] reveals that the x components become
relatively intense in the spectrum of [VO(tapc)]. The x com-
ponents (4.9 and 8.6 MHz peaks) in Fig. 5c are relatively
intense compared with the 4.9 and 8.5 MHz peaks in Fig. 2c.
The same change in the intensity distribution was found in
the three-pulse spectra recorded at the “1/2, ™ line (data not
shown). Simulations showed that the intensity distribution
for [VO(tapc)] can not be reproduced without taking the ori-
entation of the NQC unique axis as being different from that
in [VO(tcpc)] and [VO(tapc)].??

The best-fit parameters are listed in Table 2 as well. The
resulting NQC unique axis for this complex is parallel to
the axis containing the middle-magnitude HFC component
(A,). This is in contrast to the results that the unique axis for
[VO(tepc)] and [VO(tbpc)] is parallel to the axis containing
the smallest-magnitude HFC component (A,). The relation
between the orientation of the NQC unique axis and the
intensity distribution between the components of the DQ
line will be considered in the Discussion section.

Discussion

We have determined from computer simulations the prin-
cipal values and the axis orientations of the HFC A and
NQC Q tensors of the phthalocyanine isoindole nitrogens
(Table 2). The resulting HFC parameters are very similar
among the three complexes. Their isotropic HFC parame-
ters are |Ajso| = 7.05—7.08, being fairly similar to the |Ajs|
values of oxovanadium(IV) porphyrins (7.2—7.3 MHz)” and
distinctively larger than those of other sp?-hybrid nitrogens
(ca. 6—6.5 MHz).>>%?» Thus, with respect to the strength of
HFC, the phthalocyanine isoindole nitrogen can be classified
into the same subclass as the porphyrin pyrrole nitrogen. As
for the NQC parameters, on the other hand, we have found
a change in the unique-axis orientation, where the unique
axis is parallel to the middle-magnitude HFC axis (4,) in
[VO(tapc)], whereas this axis is parallel to the smallest mag-
nitude HFC axis (A,) in [VO(tcpe)] and [VO(tbpc)]. Of the
three, [VO(tapc)] possesses NQC very similar to that of the
oxovanadium(IV) porphyrins.

The computer simulations have shown that the orientation
of the NQC unique axis is closely related with the intensity
distribution between the components of the DQ line. A
theoretical explanation for this can be given as follows. As
previously reported,>*® the intensity of the DQ £ component
(I¢) is approximately proportional to |Qg —Q,|*/A¢?, where

& and 7 are the other NQC axes, provided that the relation

HFC>NQC, NZC holds and the deviations of the tensor
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Fig. 5. Three-pulse (a, b, and c) and two-pulse (d and ) ESEEM spectra of [VO(tapc)] in DMF/toluene (1 : 1 v/v) glass. Conditions:
frequency, 8.706 GHz; temperature, 77 K; B =256.7 mT (a), 259.7 mT (b), 301.3 mT (c), 256.7 mT (d), 301.3 mT (e); v =360 ns
(a), 360 ns (b), 310 ns (c). The lower trace in each panel represents the best fit to the experimental data. The peaks denoted with

w are due to 'H nuclei.

axes are small. When HFC is quite isotropic as in the present
case, one can include the factor As ~2 into a constant (k) and
write as Ir = k(Qg —Q,,)Z. Then, since the NQC tensor is
traceless (Q, = — 0, —Q)), the expected intensities for the
DQ x and y components can be expressed as

L~ KQy — Q) = k(Qx +20,), (3a)
L~ kQx — Q) =k(20:+ Q) (3b)

which provides
L— I, ~ 3k(Q," — Q). 3c)

This approximated equation predicts that the x component
should become intense in comparison with the y component
as |Qy| increases and, reversely, the y component should be-
come intense in comparison with the x component as |Q,|
increases. In other words, of the three cases where mag-
netic fields are respectively applied along the NQC principal
axes, the magnetic field along the unique axis provides the
weakest DQ lines. It is interesting to point out that the
same field-orientation dependence of the DQ line intensity
was reported concerning the remote nitrogen ESEEM signal
of Cu**-imidazole complexes, where the exact cancellation
occurs: HFC =~ NZC.?¥

In addition, simulations showed that the change in the
NQC unique-axis orientation causes a change in the intensi-
ties of the SQ lines in the “~7/2)” spectrum. It was found
that, when @, is set to the unique axis as in [VO(tapc)], the

increase in S from 0° does not effectively enhance the SQ
line intensities. As can be seen in Fig. 5a, the simulated
spectrum exhibits extremely weak SQ lines, even though it
is computed with £ = 15°. This is in good contrast to the
simulations in Fig. 3a, where Q, is set to the unique axis and
the SQ lines are remarkably enhanced with the increase in
[3. This property of the SQ line intensity reasonably explains
the absence of the SQ lines in the “—7/2)” spectrum of [VO-
(tapc)] in spite of the asymmetric DQ lines in the “—7/2+3
mT” spectrum.

During the simulations, we simply labeled the smaller
magnitude in-plane HFC axis as x, and the remaining in-
plane axis as y. Since the two in-plane axes are experimen-
tally indistinguishable, the orientations of the nitrogen x and
y axes with respect to the nitrogen local geometry can not be
determined only from simulations. In fact, simulations pro-
vide the same spectrum when A, and A,, and Q, and Q, are
simultaneously interchanged. (Then the Euler angles must
be also changed as, for example, a, 5, ¥ =0°, 15°, 0° to 90°,
15°,90°.) Determining the orientations of the nitrogen x and
y axes, therefore, requires consideration of the mechanism of
HFEC. The HFC of nitrogen nuclei coordinating to the VO**
ion has been studied for several types of nitrogens, and it
is now believed that their HFC arises predominantly from
indirect spin transfer of the vanadium unpaired electron spin
to the nitrogen lone-pair orbital.? The indirect spin transfer
produces a negative spin population on the nitrogen orbital,
and thus the HFC principal values should be negative.”
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Furthermore, the HFC tensor will be quite isotropic, because
the lone-pair orbital contains a sufficient s-orbital charac-
ter (25—50%, depending on its sp” hybridization ratio) and
the s-orbital electron interacts with the nuclear spin much
stronger than does the p-orbital electron. The through-space
dipole—dipole interaction is believed to provide a minor con-
tribution, rendering HFC slightly uniaxial with respect to the
V—-N bond axis. Since the HFC component along the V-N
bond axis due to the dipole—dipole interaction is positive, this
component will be the largest of the three principal compo-
nents. Since the signs of the HFC components are expected to
be negative, the component along the V-N bond axis should
consequently be the smallest in magnitude. We have chosen
|A,| as being smaller than |A,|, and Table 2 shows that |A,|
is also always smaller than |A,|. Therefore we conclude that
this A, axis is parallel to the V-N bond.

Equations for the HFC parameters based on the above
mechanism have been given previously.” In the previous
equations, it is assumed that HFC is axial with respect to the
V-N bond. For the oxovanadium(IV) phthalocyanines, how-
ever, the rhombicity of HFC is found to be relatively large
compared with the thombicity for other VO** complexes. It
was pointed out that the rhombicity of HFC predominantly
arises from an additional negative polarization of the nitro-
gen 7 orbital.” Thus, the literature equations can be modified
to include the rhombicity, as:

Ax = puciAo(N2s) + (2pncy” — pr)Ao(N2p) +24A4a,  (4a)
Ay = pactAo(N2s) — (pncy” + pr)Ao(N2p) — Add, (4b)
A, = pactAo(N28) — (pacp” — 2pm)Ao(N2p) — Ada.  (4c)

The HFC parameters for the unit unpaired electron on the
nitrogen 2s and 2p orbitals are denoted as Ag(N2s) = 1811
and Ag(N2p) = 55.5 MHz, respectively.?® The symbols p,
and p; are the spin populations of the nitrogen lone-pair
and v orbitals, respectively (Fig. 6), and ¢; and ¢, are the
coefficients of the 2s and 2p orbitals, respectively, in the
sp>-hybrid lone-pair orbital (they satisfy ¢ +c; =1). We

use the values for normal sp2 hybridization: ¢ = 1/(1/3)

4N ESEEM of VO** Phthalocyanines

P Pr

Fig. 6. Schematic drawing of the sp>-hybrid nitrogen orbitals.

and ¢, = 1/(2/3).*” The symbol A4q denotes the contribution
from the dipole—dipole interaction, and can be expressed on
the basis of the point-dipole approximation as

A= Ho gettpg (" N)un

47 hr3 ’
where r is the V=N bond length and the other symbols have
their usual meanings. By using Egs. 4 and 5, one can estimate
the spin populations (p, and py) and the V-N bond length
(r) from the HEC parameters (A,, A,, and A;). Assigning
the smallest-magnitude component to A, and the remaining
in-plane component to A,, one obtains V-N bond lengths of
2.12—2.16 A (Table 3). These values can be compared with
the X-ray determined bond length of 2.026 A for [VO(pc)].?®
On the other hand, when A, and A, are interchanged, one
calculates V-N bond lengths that are too large, as typically
shown for the case of [VO(tapc)] in Table 3. These results
confirm the assignment of the smallest magnitude HFC axis
to the V=N bond axis.

The conclusion that the smallest-magnitude HFC axis is
invariably parallel to the V-N bond means that the NQC
unique axis is parallel to the V=N bond for [VO(tcpc)] and
[VO(tbpc)], whereas it is perpendicular to the V-N bond for
[VO(tapc)]. We show in the following that such a change in
the orientation of the NQC unique axis is not surprising. Ac-
cording to the Townes—Dailey model® developed by Brown
et al.,>” the NQC principal components of the sp>-hybrid ni-
trogen can be expressed in terms of the electron populations
of the nitrogen lone-pair orbital, ¢ orbitals, and st orbital
(denoted as P, Py, and Py, respectively, as illustrated in

(%)

Table 3.  Spin Populations p, and Electron Populations P, of the Nitrogen Orbitals (y = o,
n, 7t) Estimated from the "N HFC and NQC Parameters
HFC? NQC”

cs® ol % prl% rlA rx-my/A  P5% Py Py
[VO(tcpe)] 1/3) —1.17 —-045 212 2.026 1.28 1.75 1.41
[VObpe)]  4/(1/3) —117  -048 216 128 172 141
[VO(tapc)] 1/3) —-1.17 —045 214 1.28 1.68 1.46

1/3) —1.17 —0.72 2.72 (Ax and A, interchanged)
[VO(oep)]? (1/3) -1.19 =030 2.11 2.102 1.28 1.67 1.47
[VO(tpp)]? 1/3) —-1.21 —-030 2.10 2.080 1.28 1.66 1.45

a) The uncertainties originating from the uncertainties of the HFC parameters are ca. £=0.01%,
+0.09%, and +0.06 A for pn, pr, and r, respectively. b) The uncertainties originating from the

uncertainties of the NQC parameters are ca. +0.03 and £0.02 for P, and Py, respectively.

parameter. d) Taken from Ref. 7.

¢) Fixed
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Fig. 6) as
0: = Qol(1 — ¢)(Pa — Po) — (1/2)(Pr — Po)], (62)
0y = Qol—(1/2)(1 — )Py — Po) — (1/2)(Px — P)l, ~ (6b)
0: = Qol—(1/2)(1 — c2)(Py — Po) + (Px — Po)l, (6¢)

where Qy is a constant, Qyp = —4.5 MHz. Equation 6 can be
rewritten into

Py — Py =2(Qx — 0,)/[3Q0(1 — 1)) (7a)
Py —Ps= 2(Qz - Qy)/(3Q0) (7b)

which show that the electron populations P, and P; can
be estimated as a difference from P,. By again setting
¢s = 4/(1/3), one obtains, for example, P, — P, = 0.47 and
Py —P;=0.13 for [VO(tepc)]. It would, however, be more
instructive to provide definite values for P, and Py, which
requires an estimate of P;. Fortunately, the electron pop-
ulation of the o orbital is expected to be fairly unaffected
by thé substituents, so that P, may be regarded as being
constant. Here, we use P; =1.28 on the basis of pre-
vious density functional calculations, which yielded a to-
tal charge of —0.6888 (=5—2P;—P,— P) for the isoin-
dole nitrogen of Co(pc).*? The charge of the nitrogen in
[VO(pc)] would not be extremely different from this value
(unfortunately, it seems that corresponding calculations have
not been made for [VO(pc)]). The value P; = 1.28 is slightly
larger than 1.0, being consistent with the fact that nitrogen has
aslightly larger electron affinity than does the carbon. Table 3
summarizes the P, and P, values of the oxovanadium(IV)
phthalocyanines and porphyrins calculated using this Py
value. In a naive scheme, P, would be 2.0 (no donation
to the vanadium) and P, would be 1.5 (the average of the
values for the N and N~ valence states). In reality, dona-
tion of the lone-pair electrons to vanadium and spread of the
N~ electrons over the phthalocyanine 5 system will reduce
P, and P, respectively, from these naive values. The re-
sulting P, and P values are therefore quite reasonable. It
is important to note that the P, and P, values fall in small
ranges (1.66—1.75 and 1.41—1.47, respectively) in spite of
the difference in the unique-axis direction among them. This
demonstrates that even such a small change of the electron
populations can induce a change in the NQC unique-axis
orientation. .
Table 3 suggests that the Py, values of the phthalocyanines
are generally smaller than those of the porphyrins. This
presumably reflects the fact that the averaged number of x
electrons per one atom is smaller in the phthalocyaninate di-
anion (1.05 m electrons per one atom, 42 it electrons over 40
atoms) than in the porphyrinate dianion (1.08 x electrons per
atom, 26 7 electrons over 24 atoms). A close inspection of
Table 3 also reveals that the P, value of [VO(tapc)] is sub-
tly larger than those of [VO(tcpe)] and [VO(tbpc)]. This is
in agreement with the expectation that the amine substituent
would increase the electron population of the phthalocyanine
7t orbital due to conjugation with the amine lone-pair orbital.
This increase of P, seems to be the main reason for the
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change of the NQC unique-axis orientation. As for [VO-
(tcpc)], on the other hand, one may expect a decrease of
P, due to substituent effects of the carboxyl group. The
calculation, however, yielded no difference between the P
values of [VO(tcpc)] and [VO(tbpc)]. This may indicate that
the carboxyl group mainly withdraws electrons from carbon
atoms, not from nitrogen atoms, owing to the difference in
electron affinity between the two atoms. A meaningful vari-
ation is also found in the electron population of the lone-pair
orbital P,. The P, value of [VO(tapc)] is slightly smaller
than those of [VO(tcpc)] and [VO(tbpc)]. This difference
can be attributed to the induction effect,’® where the elec-
tron population of the lone-pair orbital is decreased with an
increase of the m-orbital electron population because of the
Coulomb repulsion between them. (Unfortunately the dif-
ference between the P, values of [VO(tcpc)] and [VO(tbpc)]
is not larger than the uncertainty.)

We have concluded from the simulations that the HFC
and NQC x and z axes are considerably deviated from the
g1 plane (the phthalocyanine plane) and the g axes (the
V=0 bond axis), respectively, with the deviation angle being
3 =10—15°. Since the HFC and NQC x axis should coincide
with the V-N bond axis, these results suggest a molecular
geometry where the V-N bonds are tilted from the phthalo-
cyanine plane by F~10—15°. X-Ray data of [VO(pc)]
shows that the vanadium atom is situated above the phthalo-
cyanine plane, and that the distance between the vanadium
atom and the four nitrogen plane is 0.575 A and the mean V-N
bond length is 2.026 A.2® Hence, in the crystalline state, the
angle between the V-N bond and the phthalocyanine plane
is sin=!(0.575/2.026) = 16.5°. This value is very close to
/3 =10—15° determined from the simulations, which can be
strong support for the simulations. Furthermore, this agree-
ment suggests that the oxovanadium(IV) phthalocyanines do
not receive such strong solvent coordination as to cause a
movement of the vanadium atom into the phthalocyanine
plane in DMF/toluene glass.

In summary, we have described the ESEEM results of the
three oxovanadium(IV) phthalocyanines. The HFC tensors
of the phthalocyanines have been found to be almost identical
with one another, and, furthermore, quite similar to those
of oxovanadium(IV) porphyrins. In contrast, a remarkable
difference has been found between the NQC tensors. The
unique axis is along the V=N bond in [VO(tcpc)] and [VO-
(tbpc)], whereas this is perpendicular to the V=N bond within
the phthalocyanine plane in [VO(tapc)]. Quite interestingly,
the NQC tensor of [VO(tapc)] is exceptionally similar to
those of the oxovanadium(IV) porphyrins. An analysis of
NQC based on the Townes—Dailey model indicates that the
occurrence of the different unique-axis orientation in [VO-
(tapc)] is due to an increase of the nitrogen m-orbital electron
population induced by the electron- donating amino group.
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