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The effect of the electron withdrawing or donating character of groups located at the periphery of
the phthalocyanine ligand, as well as the influence of polar and nonpolar solvents are of
importance for the redox chemistry of metal phthalocyanines. Continuous wave and pulse
electron paramagnetic resonance and pulse electron nuclear double resonance spectroscopy at

X- and Q-band are applied to investigate the electronic structure of the complexes
Cu"'phthalocyanine (CuPc), copper(in) 2,9,16,23-tetra-tert-butyl-29 H,31 H-phthalocyanine (CuPc"),
and copper(m) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29 H,31 H-phthalocyanine
(CuPcF) in various matrices. Isotope substitutions are used to determine the g values, the copper
hyperfine couplings and the hyperfine interactions with the "*N, 'H and '°F nuclei of the
macrocycle and the surrounding matrix molecules. Simulations and interpretations of the spectra
are shown and discussed, and a qualitative analysis of the data using previous theoretical models
is given. Density functional computations facilitate the interpretation of the EPR parameters. The
experimental g, copper and nitrogen hyperfine and nuclear quadrupole values are found to be
sensitive to changes of the solvent and the structure of the macrocycle. To elucidate the
electronic, structural and bonding properties the changes in the g principal values are related to
data from UV/Vis spectroscopy and to density functional theory (DFT) computations. The
analysis of the EPR data indicates that the in-plane metal-ligand o bonding is more covalent for
CuPc' in toluene than in sulfuric acid. Furthermore, the out-of-plane © bonding is found to be
less covalent in the case of a polar sulfuric acid environment than with nonpolar toluene or H,Pc
environment, whereby the covalency of this bonding is increased upon addition of terz-butyl

groups. No contribution from in-plane n bonding is found.

Introduction

The phthalocyanine (Pc) macrocycle (Fig. 1) is a synthetic
analogue of the porphyrin macrocycle. Around seventy differ-
ent metal ions can be placed in the central cavity of Pc and the
choice of this cation can strongly influence the physical
properties of the metal phthalocyanines. Many of the metal
ions (e.g. Cu™, Co", Fe') are held so tightly that they cannot
be removed without the destruction of the macrocycle.
Phthalocyanines and metal phthalocyanines (MPc) are used
in industry in a variety of applications ranging from conven-
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tional dyes to catalysis, or from coatings for read/write
CD-RWs to anti-cancer agents. Their extremely high thermal
stability, inertness to acids and alkalis, insolubility in most
solvents, high dyeing power, and color intensity have ensured
their reputation and wide application in the painting, printing,
textile, and paper industries, as well as in chemical fibre and
plastic dyeing processes.' Due to their photocatalytic activ-
ities* these compounds are also applied as oxidation—reduction
catalysts® in industrial synthesis, enzyme catalysis, and the
electrochemical reduction of oxygen and water in fuel cells.®®
Several electrically conducting phthalocyanines are used in
commercial electronic devices.” Furthermore, phthalocyanines
are applied in the production of heavy isotopes and are used as
corrosion inhibitors.®

Metal-free phthalocyanine and the majority of its divalent
metallic derivatives have limited solubility in most solvents
except in sulfuric acid. The solubility in common organic
solvents can be greatly increased by placing substituents on
the Pc ring at peripheral (p = 2, 3, 9, 10, 16, 17, 23, 24) and
non-peripheral (np = 1, 4, 8, 11, 15, 18, 22, 25) benzo sites.
The ring substituents reduce the intermolecular attractions
between the Pcs in the crystalline form, thereby increasing
their solubility. Note that in this paper we use the phthalo-
cyanine nomenclature given in ref. 6.
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R=R'=H or F
R=H, R =tert-butyl group

Fig. 1 Structure of Cu''phthalocyanine (CuPc, R = R’ = H) and the
related complexes CuPc' (R’ = tert-butyl, R = H) and CuPc" (R =
R’ = F), with the definition of the axes used in the analysis.

In view of the different industrial applications of MPcs, the
influence of the benzo-substituents and the solvent on the
characteristics of the complexes should be known. It has been
demonstrated that the introduction of appropriate electron-
donating and -withdrawing substituents in the Pc macrocycle
allows for a fine-tuning of the electronic structure. In the case
of paramagnetic MPcs, the g matrix and the spin density
distribution, which influences its catalytic activity, can be
determined using electron paramagnetic resonance (EPR)
spectroscopy.

Most EPR investigations on MPcs done so far used con-
tinuous wave (cw) EPR.''® The results are partially contra-
dictory and many of the magnetic parameters are still not
known. During the last two decades, different pulse EPR and
electron nuclear double resonance (ENDOR) techniques'®!
have been developed, which allow for a much more detailed
investigation of the influences of matrix molecules and ring
substituents on the spin-density distribution in these com-
plexes.

In this work, we present a cw and pulse EPR and ENDOR
study of the Cu"! complexes of Pc, 2,9,16,23-tetra-tert-butyl-
29H, 31H-phthalocyanine (Pc'), and 1,2,3,4,8,9,10,11,15,16,
17,18,22,23,24,25-hexadecafluoro-29H, 31H-phthalocyanine
(PcF) in various matrices. By means of cw-EPR, hyperfine
sublevel correlation®? (HYSCORE) and Davies- and Mims-
ENDOR?*?* spectroscopy at X- and Q-band? frequencies in
combination with isotope substitutions, the g values, copper
hyperfine couplings and hyperfine interactions of the '*N, 'H
and 'F nuclei of the macrocycle and the surrounding matrix
molecules are determined and discussed. The hyperfine and

nuclear quadrupole couplings of the isoindole nitrogens and
the copper hyperfine values are found to be sensitive to the
solvent and the type of ring substituents. Moreover, clear
changes were observed in the proton-ENDOR spectra upon
changes or deuteration of the solvent. The use of deuterated
solvents shows that sulfuric acid, which is often used as a
solvent for metal phthalocyanines, interacts with the CuPc
complexes. Moreover, in the preparation of CuPc magneti-
cally diluted in H,Pc, great care has to be taken to remove all
sulfuric acid by vacuum sublimation. This becomes obvious
from spectral comparison with the data of CuPc in sulfuric
acid. In view of this finding, some of the results presented in
the literature have to be revised. Furthermore, the motional
behaviour of CuPc' in toluene is found to be different to that in
sulfuric acid.

For the design of new MPc materials, it is of importance to
evaluate the effect of electron-donating and electron-with-
drawing peripheral and non-peripheral substituents in the
macrocycle and to assess the influence of the different solvents
on the electronic structure of the complexes. Our present
investigation shows that advanced EPR techniques provide
very sensitive tools to probe these effect.

Experimental

Sample preparation

CuPc, CuPc!, CuPcF, and phthalocyanine (H,Pc) (98%) were
obtained from Aldrich. Sulfuric acid (Merck, 98% suprapure)
and toluene (Fluka, puriss., absolute, over molecular sieves)
were used as solvents. Deuterated sulfuric acid (D,SO,4) and
toluene-dg (>99.6% purity) were obtained from Cambridge
Isotope Laboratories (CIL). Since the commercially available
compounds are not of sufficient purity for EPR studies, CuPc,
CuPc!, CuPcF, and H,Pc were washed successively with water,
acetone and ethanol in a Soxhlet apparatus to remove organic
impurities, and dried at 80 °C overnight. The dried products
were then further purified by vacuum evaporation for 1 h
(107> mbar). CuPc and CuPc" were dissolved in sulfuric acid
and in D,SO, to a concentration of 107> M. CuPc' was
dissolved in sulfuric acid, D,SO,, toluene or toluene-dg to a
concentration of 107> M. The magnetically diluted compound
CuPc : H,Pc (1 : 500 weight ratio) was prepared according to
Abkowitz et al.'' The sulfuric acid was removed by sublima-
tion and the p-form was isolated.?®?’

Optical spectroscopy

The UV/Vis spectra were recorded at room temperature with a
Perkin Elmer Lambda 900 spectrophotometer between 200
and 900 nm with a scan rate of 375 nm min~". In addition to
CuPc, reference spectra of sulfuric acid and toluene solutions
were measured to allow for a baseline correction of the copper
phthalocyanine complexes.

EPR spectroscopy

The X-band cw-EPR spectra were recorded at 110 K on a
Bruker ESP300 spectrometer (microwave (mw) frequency,
9.43 GHz) equipped with a liquid nitrogen cooling system. A
mw power of 20 mW, modulation amplitude of 0.5 mT and

This journal is © the Owner Societies 2006

Phys. Chem. Chem. Phys., 2006, 8, 1942-1953 | 1943



modulation frequency of 100 kHz were used. Solution spectra
at room temperature were measured using a flat cell (mw
frequency 9.81 GHz). The X-band pulse ENDOR and EPR
experiments (repetition rate 1 kHz) were carried out with a
Bruker Elexsys spectrometer (mw frequency 9.73 GHz)
equipped with a helium cryostat from Oxford Inc. (tempera-
ture 15 K). The spectra were recorded at different observer
positions to analyze all the molecular orientations (orientation
selectivity?®).

The HYSCORE spectra®* were measured with the pulse
sequence m/2-t-m/2-1,-m-1,-1t/2-1-echo, with pulse lengths
txp = 24 ns and 1, = 16 ns. Two 7 values, 96 and 344 ns,
were used and the time intervals 7; and 7, were varied from
96-8272 ns in steps of 16 ns. An eight-step phase cycle was
used to eliminate unwanted echoes.?

Mims-ENDOR spectra®* were recorded using the mw pulse
sequence 1t/2-t-1t/2-T-1t/2-t-echo, with pulse lengths of 16 ns.
A selective radio frequency (rf) pulse with variable frequency
vyrand a length of 10 ps was applied during the time interval 7.
The rf increment was 50 kHz, and time t was varied from
120280 ns in steps of 8 ns to avoid signal distortions due to
blind spots.

Davies-ENDOR spectra®® were measured with the mw
sequence n-7-n/2-1-n-t-echo with a time interval of © = 900
ns. To detect weakly coupled 'H (strongly coupled "*N) nuclei
mw pulses with a length of 77, = 200 (26) ns and ¢, = 400 (52)
ns were used. An rf © pulse of variable frequency v,y and
lengths 10 (5.4) pus was applied during time 7. The rf increment
was set to 25 (50) kHz.

Q-Band cw-EPR and pulse-ENDOR spectra were recorded
using a laboratory-built pulse-EPR spectrometer (mw fre-
quency 35.30 GHz).>® Davies-ENDOR experiments were car-
ried out at 25 K with a repetition rate of 200 Hz. Mw pulses
with a length of 7, = 20 ns and 7, = 40 ns and a time interval
T = 220 ns were used. An rf © pulse of variable frequency
vy¢ and lengths 25 us was applied during time 7. The rf
increment was set to 50 kHz.

Data manipulation and simulations

The data were processed with the program MATLAB 6.1
(The MathWorks, Inc., Natick, MA). The time traces of the
HYSCORE spectra were baseline corrected with a third-order
polynomial, apodized with a Hamming window and zero
filled. After a two-dimensional (2D) Fourier transformation,
the absolute value spectra were calculated. In order to elim-
inate the t-dependent blind spots appearing in the HYSCORE
and Mims-ENDOR spectra, the spectra taken at different
7 values have been added. The cw-EPR, Davies- and Mims-
ENDOR spectra were simulated using the program EasySpin
written in-house (http://www.esr.ethz.ch).*

DFT computations

Spin-unrestricted density functional theory (DFT) computa-
tions of hyperfine and nuclear quadrupole couplings were
performed with the Amsterdam Density Functional (ADF
2003.01) package.’' * The geometry optimizations were done
using the RPBE functional together with a Slater-type basis set
of triple-{ quality and a single set of polarization functions

(TZP, old name: basis set IV). For the calculations of the
hyperfine and nuclear quadrupole parameters in ADF, we also
used the RPBE functional and a triple- basis set with double
polarization functions with the zeroth-order regular approx-
imation (TZ2P, formerly known as basis set ZORA V).*® For
each computation step solvent effects have been taken into
account by applying the conductor like screening model
(COSMO) of solvation.*® A fourfold protonation of the meso
nitrogen nuclei has been applied for the calculations of the
phthalocyanine complexes in sulfuric acid in agreement with
previous experimental findings.>”~*°

The dielectric constants were taken from ref. 41. A spin
density cube was generated with 0.5 b (coarse grid) resolution
using the auxiliary program DENSF within the ADF package.
The visualization of the spin density was performed with
Molekel.** The hyperfine tensors have been visualized using
a MATLAB-based program written in-house.

Theoretical background of EPR spectroscopy

The spin Hamiltonian of a system with a Cu'" ion (electronic
configuration 3d°, § = 1/2, 1 = 3/2), N (I = 1), YFand 'H
(I = 1/2) nuclei (in frequency units) is given by

HO:@+§AC“1+Z§A{VL+HM. (1)
i

The first term is the electron Zeeman interaction with the
external magnetic field vector By and the second term repre-
sents the hyperfine interaction between the electron spin S and
the nuclear spin 1 of the copper nucleus (**Cu, **Cu). The third
term describes the hyperfine interactions with the isoindole
nitrogen nuclei, whereas the last term describes all the remain-
ing hyperfine and nuclear quadrupole interactions of the
surrounding nuclei. For CuPc complexes, the g and A"
matrices are assumed to be axially symmetric and coaxial.
The cw-EPR spectra are dominated by the first three terms in
eqn (1). The hyperfine and nuclear quadrupole parameters of
the isoindole nitrogens and the proton and °F hyperfine
couplings can be determined using ENDOR, whereas the
interactions with the four remote nitrogens can be inferred
from electron spin echo envelope modulation (ESEEM) ex-
periments. In general, a hyperfine matrix 4 can be written as
the sum of an isotropic hyperfine coupling, @, and an
anisotropic part, which can often be described by the point-
dipole approximation. In this case, the elements of the hyper-
fine matrix are given by

Ajj = o0y + 28elag, B3rir; — 05) (i, = x,3,2)  (2)

which depends on the distance r between the unpaired electron
and the nucleus.** For an axial g matrix, (g, = & = g1,
g- = g1,y = sing, [, = 0, and I. = cos¢ with ¢ defining the
angle between the g, principal axis and the vector r.

The nuclear quadrupole tensor @ is traceless, with principal
values Q. = [—(’gQ/4)] (1 — 1), O, = [~(*qQ/4m] (1 + 1),
and Q. = ¢’qQ/2h = 2K, where 7 is the asymmetry parameter.
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Results

The UV/Vis spectra of CuPc, CuPc' and CuPcF in sulfuric acid
and of CuPc' in toluene (not shown) exhibit strong absorp-
tions in the Q-band and the B-band (or Soret band) (see Table
S1 of the ESI¥). The dominant Q-band absorption, respon-
sible for the characteristic blue color of the complexes, can be
assigned to a m—m* transition from the highest occupied
molecular orbital (HOMO) of a;, symmetry, to the lowest
unoccupied molecular orbital (LUMO) of e, symmetry.** This
band splits when the complex has a symmetry lower than Dygj,.
The Q-bands split also upon protonation of the meso nitrogen
nuclei. Non-peripheral substitution greatly influences the
Q-band absorption, whereas peripheral substitution (such as
in CuPc') has a smaller effect on the position of the Q-band.®
The copper d—d absorption band largely overlaps the n—n*
absorption bands of the organic ring, which has an extinction
coefficient of 10* higher than the one of the d—d absorption
bands.'® Therefore, d—d transition energies have to be assessed
by other spectroscopic methods such as EPR. From the UV/
Vis spectrum of CuPc” in sulfuric acid it could be seen that
even after vacuum sublimation the sample is not pure (see also
later).

The X-band cw-EPR spectra of CuPc and CuPc' recorded in
different matrices at 120 K are shown in Fig. 2a and b and
Fig. S1 of the ESIL.{¥ The spectra are axially symmetric with
resolved copper hyperfine splittings (isotopes *Cu and %Cu).
These features are further split due to the hyperfine interaction
with the four geometrically equivalent isoindole nitrogen
nuclei (I = 1). Based on symmetry considerations, the g, axis
is oriented perpendicular to the phthalocyanine plane (along
the molecular z-axis). The other two axes of the molecular
frame are taken as indicated in Fig. 1. The spectrum of CuPc
in H,Pc shows a strong signal of a free radical (see Figure
S1b¥). This signal has also been observed in other CuPc
samples, 10:11:13:45

The g values can be more accurately determined at Q-band
(Fig. 2c¢ and Fig. S2 of the ESI{). The spectral features
corresponding to the two principal g values (g and g,)
overlap in the X-band spectra. In the Q-band EPR spectra
they are fully separated. Since in the g, region the copper and
nitrogen hyperfine couplings are of the same order of magni-
tude (Fig. 2, Fig. S1 and S27), A" is difficult to determine. For
CuPc and CuPc' in liquid solutions, the isotropic copper
hyperfine coupling can in principle be evaluated from the
room temperature EPR spectra. From the knowledge of these
parameters together with the clearly resolved A" splittings
observed in the cw-EPR spectra of the frozen solutions, the
A" values can then be deduced.

Fig. 3a shows that this procedure is indeed successful for
CuPc' in toluene, where the rotational correlation time is less
then 0.3 ns. However, the EPR spectra of CuPc and CuPc' in
sulfuric acid recorded at room temperature in a flat cell do not
show an averaging of the signal. Possible explanations for this
finding are: (i) the surface of the flat cell orients the CuPc
molecules with their plane parallel to the surface, (ii) the CuPc
molecules undergo a complicated rotational motion (slow
motion regime for rotations around the in-plane axes) mainly
due to the high viscosity of the solvent, or (iii) the torque on

a
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Fig.2 Experimental and simulated X-band cw-EPR spectra recorded
at 120 K, (a) CuPc in sulfuric acid and (b) CuPc' in toluene. (c)
Experimental and simulated Q-band cw-EPR spectrum of CuPc' in
sulfuric acid obtained at 120 K. The simulated spectra are denoted by
a’, b’ and ¢’

the molecule caused by the magnetic field due to the
g anisotropy is sufficiently strong to orient the molecules.
Option (i) was excluded by using a capillary instead of a flat
cell. Option (iii) could be discarded by freezing the sample
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Fig. 3 Experimental X-band cw-EPR spectra recorded at room
temperature in a flat cell. (a) CuPc' in toluene. (b) CuPc in sulfuric
acid. (c) CuPc' in sulfuric acid. Experimental X-band cw-EPR spectra
of CuPc' in sulfuric acid in a capillary at (d) 295, (e) 235 and (f) 200 K.
The simulated spectra of (a)-(e) are shown below the experimental
data in grey. The fast motion (a) and slow motion spectra (b)—(f) were
simulated using EasySpin.** The simulation of the rigid limit spectrum
(f) is not shown here.

while the field was applied (Fig. 3d—f). Upon lowering the
temperature from 295 to 235 K, the rotational correlation time
changes from 44 ns to 1 ps, approaching the rigid limit (see the

ESI for the exact simulation datat). Below 235 K, the full
powder spectrum is observed (Fig. 3f). This behaviour reflects
the slowing down of the molecular motion upon freezing and
confirms case (ii).

The g and A" parameters obtained from simulations of the
experimental cw-EPR spectra (Fig. 2) are collected in Table 1.
The sign of the copper hyperfine values is taken to be negative
in accordance with earlier studies on copper complexes*’ and
with the DFT results (see Table 4).

To determine the hyperfine and nuclear quadrupole princi-
pal values of the isoindole nitrogens, Davies-ENDOR spectra
at X- and Q-band were recorded for different settings of the
magnetic field. Fig. 4 shows the X-band nitrogen Davies-
ENDOR spectra of CuPc and CuPc' in different matrices
taken at observer position By | g, . The spectra were recorded
using hard mw pulses in order to suppress the ENDOR signals
of weakly coupled protons. Both the matrix and macrocycle
substituents affect the hyperfine and nuclear quadrupole cou-
plings of the isoindole nitrogens. The ENDOR signals shift to
lower frequencies upon going from a relatively inert matrix
(toluene or H,Pc) to the polar sulfuric acid.

Fig. 5 shows the X-band and Q-band nitrogen Davies-
ENDOR spectra of CuPc' in sulfuric acid recorded at the
high-field position (B || g1), and the low-field position (By |
g, my = —3/2) together with the corresponding simulations.
Fig. S3 of the ESI shows similar experimental and simulated
nitrogen ENDOR spectra for CuPc' in toluene and CuPc in
sulfuric acid and H,Pc.t From the Q-band ENDOR spectra at
By | g\ , the values 4,, 4,, Q,, O, can be derived as is
indicated by the splitting pattern (Fig. 5c). The Q-band
ENDOR spectra at the low-field position (Fig. 5d) show a
well-resolved doublet centered at A./2 with a negligible nuclear
quadrupole splitting. The hyperfine and nuclear quadrupole
values obtained from simulations are given in Table 2.

To determine the magnetic parameters of the remote nitro-
gens of the macrocycle, HYSCORE spectra at X-band were
recorded (not shown). All spectra show two diagonal peaks in
the (+,+) quadrant at low frequencies. The diagonal peak at
(3.12,3.12) MHz is attributed to weakly coupled carbons in
natural abundance, whereas the diagonal peak at (3.61,3.61)
MHz does not fit any of the expected nuclear Zeeman fre-
quencies. We assume that this peak stems from interactions
with the remote nitrogens of the Pc ring, with hyperfine
couplings close to zero. For weakly coupled nitrogens the
strongest cross-peaks in a HYSCORE spectrum, correlate in
general to the two double-quantum (DQ) frequencies,

vye :2\/(a/2:I:1/1)2+K2(3+11)2, 3)

where « is the hyperfine coupling at the observer position, vy is
the nuclear Zeeman frequency and K and 5 have been defined
earlier. For a very small hyperfine interaction, v2¢ ~ vf;’ Q
which leads to a value of K(3 + #°) = 2.5 MHz for the remote
nitrogens. With 0 < < 1, we find 3.65 MHz > |¢’qQ/h| >
3.16 MHz, in good agreement with nuclear quadrupole reso-
nance data of the bi-coordinated nitrogen in /-histidine (|e*qQ/
h| = 3.267 MHz, n = 0.129).* Fig. 6 shows the X-band
proton-ENDOR spectra of CuPc and CuPc' in sulfuric acid
and toluene and in the corresponding deuterated solvents
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Table 1 The g and A" principal values of CuPc and CuPc' in various matrices in comparison with different Cu' porphyrin and phthalocyanine

complexes (hyperfine values (in MHz) given for the **Cu isotope)

g1 &l Aiu 43 Aﬁu 43 Ref.
CuPc'“toluene 2.0405¢ 2.1625¢ —86° —643° This work
CuPc-H,S0, 2.0525¢ 2.1994¢ —54b —608° This work
CuPc-H,S0, 2.0520¢ 2.1990¢ —520 —616" This work
CuPc-H,Pc powder 2.0390¢ 2.1577¢ —83° —648° This work
CuPc-H,Pc powder 2.060 2.179 —80 —637 45
CuPc'toluene 2.048 2.163 —96 —636 12
CuPc'-toluene 2.045 2.162 —90 —651 15
CuPc-H,SO, — 2.168 — —588 14
CuPc/H,S0, 2.045 2.175 -96 —606 17
CuPc-H,S04 2.062 2.20 —54 —646.50 18
CuTPP single crystal 2.045 2.190 —-102.7 —615 46
CuTPP-toluene-dg 2.055 2.186 —98.6 —631 45

“ Experimental error 0.0005. ® Experimental error 3 MHz.

observed at the field position By || g, . The Davies-ENDOR
spectra are recorded using weak mw pulses to suppress the
signal of the strongly coupled isoindole nitrogens. Upon
deuteration of the solvent some of the proton signals disap-
pear, indicating that these features represent hyperfine inter-
actions with protons of the solvent. The remaining signals are
due to the interactions with protons of the macrocycle. The
broad shoulders in the proton-ENDOR spectra of CuPc and
CuPc' in sulfuric acid (Fig. 6d and e) arise from the hyperfine
interaction of the protons attached to the bridging aza nitro-
gen nuclei. Upon dissolving the compounds in deuterated
sulfuric acid these features disappear (Fig. 6a and b). As the
protonation of the meso nitrogen nuclei is not expected in the
case of CuPc and CuPc' in toluene, the broad features in Fig.
6f have to be assigned to another interaction. A coordination
of solvent molecules to the phthalocyanine complex, e.g. by
n—n stacking, could account for this observation. This
m-interaction between various aromatic groups and the por-
phyrins ring has been documented.*® This hypothesis is sup-

1 1 2 27 31
° o vEND(?R / MHz 3

Fig. 4 Experimental X-band nitrogen Davies-ENDOR spectra, pulse
lengths (52/26/52 ns), recorded at observer position g, . (a) CuPc' in
toluene. (b) CuPc' in H,SO4. (c) CuPc in H,SOy4. (d) CuPc in H,Pc.

ported by the shoulders which are lacking in the spectrum of
CuPc' in deuterated toluene (Fig. 6c). Furthermore, a peak at
the proton Zeeman frequency vy is observed for CuPc (Fig.
6d) and CuPc' in H,SO, and toluene (Fig. 6e and f), which
disappears upon deuteration of the solvents. This signal
represents a large number of distant solvent protons. From
the ENDOR spectra of CuPc in D,SO4 (Fig. 6a) the hyperfine
interactions of the octa-peripheral and octa-nonperipheral
protons can be determined (Table 3).

Experimental and simulated ENDOR spectra are shown in
Fig. 7a and b. Furthermore, comparison of the ENDOR
spectra of CuPc and CuPc' in D,SOy reveals a coupling of
0.4 MHz that can be attributed to the zert-butyl groups in
agreement with the findings from DFT calculations. Finally, a
comparison of the spectra in Fig. 6b and ¢ shows that the
hyperfine interaction with the protons of the phthalocyanine is
only slightly dependent on the solvent. Fig. 7c shows the
Mims-ENDOR  spectrum of CuPct in D,SO, taken at

oy |A/2]
Al2 5,

a

d
b
b’ d

S IR Y NN (NN BN B
35 5 1015 2025303540
Venoor | MHZ

| | | |
15 20 25 30
Venoor / MHZ
Fig. 5 Experimental and simulated X- and Q-band nitrogens Davies-
ENDOR spectra pulse lengths (40/20/40 ns). (a) X-Band, observer
position g . (b) X-Band, observer position at g;. (¢c) Q-Band, observer
position g ;. (d) Q-Band, observer position g;. The simulated spectra
are denoted by a’, b’, ¢/, and d’.
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Table 2

N hyperfine and nuclear quadrupole parameters of the isoindole nitrogens for different Cu' phthalocyanine and Cu' porphyrin

systems used in the simulations of the X- and Q-band ENDOR spectra (in MHz)

AX A}’ A: Q.\’ Q)' Qz Ref.
CuPc'“toluene 56.4¢ 44.8¢ 45.7¢ —0.790° 0.820° —0.030° This work
CuPc-H,S0, 52.4¢ 41.2° 41.8° —0.882° 0.995° —0.113° This work
CuPc-H,S0, 51.4¢ 40.8¢ 41.0° —0.878" 0.998” —0.120° This work
CuPc-H,Pc powder 56.5¢ 447 45.4¢ —0.760° 0.765" —0.005" This work
CuTPP single crystal 54.2 4.8 44.06 —0.619 0.926 —0.307 46
CuTPP-toluene-d 542 42.6 42.6 —0.696 0.826 —0.130 45
CuPc—H,Pc powder 57.2 42.0 42.08 —0.800 0.950 —0.150 45

@ Experimental error 0.2 MHz. ® Experimental error 0.005 MHz.

observer position By | g, together with the corresponding
simulations.

The spectrum represents the hyperfine interactions of the
F nuclei, which allows for an assignment of the spin density
at the octa-peripheral (p) and octa-nonperipheral (np) posi-
tions of the PcF ring. The peak marked by (*) in Fig. 7c
corresponds to proton interactions. Since deuterated sulfuric
acid (>99.6%) was used, these proton signals probably arise
from proton impurities in the solvent. Note that the EPR
spectrum of CuPcF in sulfuric acid showed the presence of a
second unidentified Cu'! complex, which could not be removed
by sublimation. This is in accordance with our earlier observa-
tions using UV/Vis spectroscopy. The ENDOR spectra shown
here are taken at field positions where the second component
did not contribute to the spectrum.

Assuming the spin-density distribution in the macrocycle
remains unchanged when going from CuPc to CuPcF, the '°F
hyperfine values can be estimated from the corresponding
proton hyperfine values. The isotropic part of the hyperfine
interaction scales as ak, = ali, (49910/1420).° We would
therefore expect large '°F couplings (a;so(F(1)) ~16.5 MHz,
ais0(F(2)) ~—1.68 MHz). However, such couplings are not
observed, indicating that the spin-density distributions in
CuPc and CuPcF are different. Fig. 7¢’ shows a good fit of
the spectrum using the parameters in Table 3.

Finally, it should be noted that CuPc could only be diluted
in metal-free phthalocyanine using vacuum sublimation'!-*6-27
(see Experimental). The cw-EPR spectrum of CuPc-H,Pc
obtained by a simple co-precipitation shows the same features
as the spectrum of CuPc in sulfuric acid. Furthermore, the
ENDOR analysis showed the presence of acidic protons in this
sample. In view of this finding, one should be very cautious
when interpreting data from the literature. Greiner et al.,** for
instance, prepared a CuPc-H,Pc sample without using the
sublimation technique.

In order to elucidate some of the experimental observations,
DFT computations of the magnetic parameters of CuPc,
CuPc' and CuPc’ have been carried out. We have to empha-
size that the precision of DFT computations with the present
functionals is not overwhelming and quantitative agreement
with the experimental data cannot be expected. The DFT
results will therefore only be used to check experimentally
observed trends. Tables 4-6 show the computed copper, '*N,
'H and "F hyperfine data for the different complexes. The
hyperfine tensors are visualized in Fig. 8.

The DFT results confirm that a change of the periphery of
the phthalocyanine macrocycle has little influence on the
copper and isoindole nitrogen hyperfine values as found
experimentally (compare results in Table 4 and experimental
data of CuPc and CuPc' in H,SO,). The experimental trends
observed for the copper hyperfine values upon changing the
polarity of the solvents could not be reproduced by the DFT

M%M
o Mww

N
- /\M
/)

Venoor -Vu! Mhz

Fig. 6 X-Band proton Daviess-ENDOR spectra, pulse lengths (400/
200/400 ns), recorded at observer position g . (a) CuPc in D,SOy, (b)
CuPc'in D,SOy, (¢) CuPc' in dg-toluene, (d) CuPc in H,SOy, (e) CuPc!
in H,SO, and (f) CuPc' in toluene.
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Table 3 Principal values (in MHz) of the proton and fluorine hyperfine interactions of the p and np nuclei of CuPc and CuPcF in D,SO, and
Cu-H. Cu-F distances are given in A, and x” and )’ lie in the Pc plane, whereas z’ points along the normal of the plane. It is assumed that x’ lies

along the Cu—H (Cu-F) direction

Nucleus A A, A. iso r r (X-ray)*
H(p)* 0.85 0.37 0.25 0.49 7.9 8

H(np)* 0.85 -0.5 0.5 —0.05 5.7 5.6

F(p)® 1.1 0.7 0.4 0.7 8.3 —

F(np)” 13 0.3 0.3 0.6 6.1 —

@ Experimental error 0.08 MHz. * Experimental error 0.1 MHz.

results. Nevertheless, toluene modelling correctly leads to a
lower value of |¢>qQ/h| of the isoindole nitrogen than sulfuric
acid modelling and the trend for # is in agreement with the one
observed experimentally (compare Table 4 and Table 5).
Comparison of Tables 3 and 6 gives confidence in the assign-
ment of the n and np proton hyperfine interactions of CuPc in
D,SO,. Furthermore, the '°F hyperfine values computed for
CuPcF are clearly smaller than those expected from a simple
extrapolation of the proton data of CuPc. This corroborates
the experimental observations and confirms that no fluorine
signals were missed in the ENDOR spectra.

Discussion
Motional behaviour of the CuPc complexes in solution

The X-band solution EPR spectrum of CuPc' in toluene
recorded at room temperature (Fig. 3a) shows the four-line
pattern expected for a coupling of an electron spin with a
nucleus with spin / = 3/2 (Cu) with well-resolved lines for
my; = +3/2 and +1/2. The linewidth becomes larger at lower
my values (m; dependence of the linewidth, I' = 4 + Bm; +
Cm?3).3! At room temperature, the molecular motion of CuPc'
and CuPc in sulfuric acid in a flat cell and in a capillary (Fig.
3b and ¢) is about three orders of magnitude slower than that
of CuPc' in toluene. The cooling experiment (Fig. 3d—f)
revealed that at room temperature, the rotation around the
in-plane axes is slow, whereas rotation around the z-axis is still
possible. This rotation is stopped upon freezing, resulting in
the usual powder spectrum for 7' < 235 K (Fig. 3f). This
motional behaviour, which is only observed in sulfuric acid
and could be well simulated in the slow motion regime, can be
mainly ascribed to the large viscosity of this solvent.

Interpretation of the EPR parameters

The delocalization of the unpaired electron spin over the
complex can be studied in order to probe the energetic state
of a molecule, as a change in the spin density distribution is the
direct consequence of a change in the energy levels. Thus, a
careful analysis of the experimental EPR data provides deeper
insight into the chemical behaviour of the investigated com-
pound. These data are important in order to understand how
peripheric ring substitutions and solvent effects can modulate
the catalytic properties of the phthalocyanine complexes, e.g.
by changing the characteristics for axial ligation.

The g and A" matrices of CuPc and CuPc' are axially
symmetric, reflecting the Dy, core symmetry in the molecules.
The four isoindole nitrogens are equivalent within the experi-

mental error of the ENDOR experiments. The principal values
of the matrices g and 4" are given in Table 1. The observa-
tion that gy > g, and [4] > |4 | implies a B;, ground state.
The ground state as well as the symmetry correspond to the
DFT results. Using the definition of the x and y axes given in

| | | | J
-2 -1 0 1 2
Venoor -Vu/ MHz

2 -1 0 1 2
Venoor -Ve/ MHZ

Fig. 7 Experimental and simulated X-band proton Davies-ENDOR
spectra, pulse lengths (400/200/400 ns). (a) and (b) CuPc in D,SO;,.
(a,a’) Observer position g, . (b,b’) Observer position g;. (¢) Experi-
mental X-band fluorine Mims-ENDOR spectrum of CuPcF in D,SO,,
observer position g ;. (¢/) Simulation of (c).
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Fig. 8 Visualization of the hyperfine tensors of the CuPc complex.
Both the form of the ellipsoids and the mapping represent the full
tensor. The sizes of the tensors have been normalized.

Fig. 1, the relevant molecular orbitals with Dy, symmetry

a1_616717,47,52
a, X y X y
blg = O(dxz_yz - 5(_01 +o0;+ 03— G'4)7 (4)
ﬁ/
by = fdy, — E(n}l' + 73—y — ), (5)
g, . : ,
alg = Edzz — 5(0‘? + 0}2 - 0_;,( - 0i)7 (6)
ody. — \‘}—% (nf —m3)
€ = 5d O (2 zy\ |° (7)
yz T 75 (752 - 7124)

The b;, and a;, orbitals account for the ¢ bonding to the
metal, and by, represents the in-plane and e, the out-of-plane «
bonding. Subscripts 1 and 3 (2 and 4) denote the nitrogens on
the xy axis. The g and copper hyperfine values can then be
expressed as

81022
=2.0023 - —— 8
il A(ng - blg) ®)
20028°
=20023 - — 9
i Aleg —big) ®
4, 3
A =P —K =z +AgH+7Agl , (10)
2 11
AL:P<7K+7a2+ﬁAgL) (11),
where 2 = —830 cm™! is the spin—orbit coupling constant

of the free copper(i) ion,>> —Px is the Fermi contact term,
P = Bfugeg, (r3) = 1164 MHz (**Cu')> is the dipolar
hyperfine coupling parameter of the unpaired electron and
AgiL = gL — 2.0023.

From eqn (10) and (11) and the experimental copper
hyperfine couplings, the values for x and «” can be determined
(Table 6). The parameter ¢’ is a covalency parameter, which
describes the in-plane metal-ligand o bonding. For pure ionic
bonding, o> = 1, for covalent bonding «®> < 1. For the Cu"
complexes under study, o is found to vary between 0.72 and
0.77 and « is in the range 0.28-0.31. This agrees with values

Table4 Computed copper hyperfine values (in MHz) for the different
Cu"" phthalocyanine complexes and spin population of copper. The
data should be compared with Table 1. For the visualization of the
hyperfine tensors, see Fig. 8

A, /MHz A, /MHz A. /MHz pct
CuPc/vacuo -20 -20 —612 0.54
CuPc—H,SO4 9.3 9.7 —630 0.61
CuPcF/vacuo —18 —19 —613 0.54
CuPc"-H,S0, 13.3 14.7 —632 0.62
CuPc'-toluene —15 —15 —615 0.55
CuPc-H,S0,4 8.9 9.4 —630 0.61

reported earlier for other copper complexes.*” The values of o>
indicate that approximately 74% of the spin population is in
the copper d,2_,2 orbital. The b, orbital is quite covalent in
nature. This result contradicts earlier DFT computations on
CuPc systems where o was predicted to be only 44%.%* These
values are also lower than those found in our present DFT
analysis (54-62%, Table 4).

When comparing the values of o for CuPc! in sulfuric acid
and toluene, it becomes clear that the metal-nitrogen bond is
less covalent in the case of sulfuric acid. This may be caused by
the protonation of the meso nitrogens,*’*° which increases the
ionicity in the metal-nitrogen bond. Normalization of the b,
orbital yields

o+ o= 200'S =1, (12)
with the overlap integral

S =(de 2(~0] + 0} + 0 - 0}))/2
—2(dgel(—o))- (13)

The overlap integral was earlier determined to be S = 0.093."7
Eqn (12) allows for the determination of the (o/2)* values
from the o values. They are also given in Table 6. To
determine the energy splittings A(b,,—b1,) and A(eg—b;,) from
the experimental g values using eqn (8) and (9), the covalency
parameters of the in-plane © bonding () and the out-of-plane
n bonding (5% have to be known. A first guess of these
parameters can be obtained indirectly from the analysis of
the hyperfine values of the isoindole nitrogens.

From X-ray studies on B-polymorphous CuPc a Cu-N
distance of ¥ = 1.934 A has been found.*® Using this distance,
the point-dipole part of the nitrogen hyperfine matrix can be
calculated using eqn (2) with ¢ = 90°. As the Cu—N bonds are
along g, the principal axes frame of the point-dipole con-
tribution and the g principal axis frame are not tilted. The
hyperfine matrix of the isoindole nitrogens can then be split
into an isotropic part a;,, and three anisotropic contributions.
In the following partitioning of the hyperfine principal values,
the first term describes the isotropic hyperfine interaction, and
the second one the aforementioned point-dipole contribution.
The latter is orthorhombic and not traceless because of the g
anisotropy.'® This term therefore has to be deduced first from
the full hyperfine matrix, after which the isotropic part can be
calculated as one third of the trace of the remaining part. After
subtraction of the isotropic part the remainder is separated
into the second and third anisotropic terms arising from the
metal-ligand o bonding (in the plane with the largest value
along the Cu—N bond) and from the out-of-plane © bonding
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Table 5 Computed hyperfine and nuclear quadrupole parameters (in MHz) of the isoindole nitrogens of different Cu'! phthalocyanine complexes.
The value py is the s-orbital spin population on each of the isoindole nitrogens. This table should be compared with Table 2. For the visualization

of the hyperfine tensors, see Fig. 8

A, A4, A, 0. 0, 0. " N
CuPc/vacuo 63 50 48 —-0.74 0.90 —-0.16 0.64 0.023
CuPc-H,SO4 60 48 47 —0.80 1.09 —-0.29 0.47 0.022
CuPcF/Vacuo 62 49 48 —0.71 0.91 —-0.20 0.55 0.022
CuPcF—H2SO4 58 47 46 —0.82 1.12 —0.29 0.47 0.021
CuPc'-toluene 62 49 48 —0.76 0.92 —-0.16 0.65 0.022
CuPc'-H,S0, 59 48 47 —0.80 1.10 —0.31 0.44 0.022

(perpendicular to the complex plane). A fourth anisotropic
term describing the in-plane © bonding cannot be derived from
solving the underlying linear equations.

We find for CuPc' in toluene

56.4 MHz 1.62 MHz 6.10 MHz ~0.32 MHz
448 MHz | = 48.98 MHz + | —0.81 MHz | + | —3.05 MHz | + | —0.32 MHz |,
45.7 MHz ~0.85 MHz ~3.05 MHz 0.64 MHz

(14)
for CuPc' in sulfuric acid
52.4 MHz 1.63 MHz 5.44 MHz —0.20 MHz
412 MHz | =45.35 MHz + | —0.80 MHz | + | —2.72 MHz | + | —0.20 MHz |,
41.8 MHz ~0.87 MHz ~2.72 MHz 0.40 MHz
(15)
for CuPc in sulfuric acid
51.4 MHz 1.63 MHz 5.48 MHz ~0.09 MHz
40.8 MHz | = 44.42 MHz + | —0.82 MHz | + | ~2.74 MHz | + | —0.09 MHz
41.0 MHz ~0.87 MHz ~2.74 MHz 0.18 MHz
(16),
and for CuPc in H,Pc

56.5 MHz 1.62 MHz 6.22 MHz —0.23 MHz
44.7MHz | =48.90 MHz+ | —0.81 MHz | + | —=3.11 MHz | + | —0.23 MHz |.

45.4 MHz —0.86 MHz —3.11 MHz 0.46 MHz
(17)
From the Fermi contact term, the spin density (p" = ajs0/do

with gy = 1538.22 MHZz>®) on each of the isoindole nitrogen
nuclei is calculated. The p™ values (Table 6) correlate nicely
with the values of (o//2)* (o™ =~ 1/3(s’/2)%) and the s-orbital
spin densities on the nitrogen nuclei obtained by DFT calcula-
tions (Table 5, Fig. S4 and ESIf). Since the atomic ¢ orbitals
in eqn (13) are sp> hybrids, the theory given above is con-
firmed. No contribution from in-plane © bonding is found
(' ~ 0), suggesting a true sp> hybridization. This confirms
earlier results'®'® but contradicts the work of Kivelson and
Neiman, who derived from their EPR data a marked cova-
lency of the in-plane © bonding and postulated this bonding to

be the origin for the large stability of the metal phthalocya-
nines.!” Our DFT computations show that there is some in-
plane © bonding, but that it does not contribute to the SOMO
and is thus not reflected in the EPR parameters. Substitution
of B ~ 1 in eqn (8) allows one to estimate the A(bsg—byy)
transition energy (Table 6). The calculated values agree with
the absorption band observed at 33 300 cm™ " in CuPc.>’” This
absorption band was earlier also assigned to the A(byz—bi,)
transition.'® Furthermore, the calculated values agree with
those derived for other Cu" complexes.*” The addition of
sulfuric acid reduces A(b,z—by,), which is in good agreement
with the result obtained by comparing the DFT data of the
complexes protonated at the meso positions with the non-
protonated ones.

Eqn (14)-(17) indicate that a significant out-of-plane =
bonding takes place (0> > 0, 8 < 1). The covalency of this
bonding increases upon addition of terz-butyl substituents.
Furthermore, the polar sulfuric acid environment reduces the
covalency in comparison to the nonpolar toluene or to the
H,Pc environment. The data can further be analyzed by
calculating the out-of-plane n-bonding parameter 5 by insert-
ing in eqn (9) the two possible values for the energy of the
A(ey—by,) absorption band taken from the experimental UV/
Vis spectrum of CuPc in sulfuric acid (14 970 and 15 723
cm ™). This yields 6 2 = 0.58 and 0.61, respectively.

Table 2 shows that the nitrogen nuclear quadrupole inter-
action is also very sensitive to the environment of CuPc. Since
the electric field gradient depends on the total electron density,
it is not surprising that the change from a nonpolar surround-
ing (toluene, H,Pc) to sulfuric acid induces a change of the
asymmetry parameter and an increase of |e*¢Q/h|. Both effects
are nicely reproduced by our DFT computations using solvent
modelling and including the protonation of the meso nitrogen
nuclei. Furthermore, the nuclear quadrupole interaction of the
isoindole nitrogens in CuPc is more asymmetric than that of
the pyrrole nitrogens in copper(i) tetraphenylporphyrin

Table 6 Parameters derived from the EPR data of the different CuPc complexes. Pk = Fermi contact term, o> = covalency parameter, p™ = spin
population on each of the isoindole nitrogens, A(b,g—b;s) = energy splitting

K o? (' )2 oN Albagbig) Jem™" @
CuPc'-toluene 0.310 0.729 0.0919 0.0318 30 374
CuPc“-H,SO4 0.304 0.763 0.0825 0.0293 25 831
CuPc-H,S0, 0.305 0.773 0.0799 0.0289 26 215
CuPc-H,Pc powder 0.309 0.731 0.0913 0.0318 31 414

“ Derived from eqn (8) and B2 = 1.
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Table7 Computed principal values of the proton and fluorine hyperfine interactions (in MHz) of the p and np nuclei of CuPc and CuPcF in vacuo
and sulfuric acid, Cu—H, Cu-F distances (in A) and spin population on proton or fluorine

Nucleus A A4, A Uiso 0 pH/F
Vacuo: H(p) 0.72 0.19 0.12 0.34 7.65 0.0003
Vacuo: H(np) 1.00 -0.29 —0.38 0.10 5.95 0.0000
H,SO4: H(p) 0.71 0.20 0.13 0.34 7.60 0.0002
H,SOy4: H(np) 0.87 —0.37 —0.44 0.02 5.99 0.0000
H,SO,4: H(NH) —1.78 —1.41 1.40 —0.60 4.36 —0.0003
Vacuo: F(p) 2.70 0.71 —-0.18 1.06 7.92 0.0001
Vacuo: F(np) 1.25 0.97 —0.46 0.59 6.12 0.0001
H,SO4: F(p) 1.95 0.41 —0.64 0.57 7.94 0.0001
H.S0.: F(np) 1.16 0.55 ~0.69 0.34 6.16 0.0000
H,SO,4: F(NH) —1.71 —1.36 1.42 —0.55 4.37 —0.0002
(CuTPP).46 This may be because CuPc is a more rigid mole- Conclusions

cule, while the macrocycle in CuTPP could be more flexible.
The absolute signs of the nuclear quadrupole couplings cannot
be determined from the experiment. Brown and Hoffman*®
showed that for CuTPP the largest nuclear quadrupole cou-
pling is negative and oriented along the metal-N bond,
whereas its value is positive when it is perpendicular to this
bond but parallel to the heterocycle plane. Together with our
DFT data, this justifies the choice of the signs of the Q
principal values.

The hyperfine interactions with the p and np protons (Table
3) are obtained from the ENDOR spectra of CuPc in deuter-
ated sulfuric acid. The distances determined from the point-
dipole part of the hyperfine matrix are in agreement with the
X-ray data (p protons: 7.9 A, np protons: 5.7 10\).55 The spin
population on the Pc protons is caused by the conjugation of
the ring © system and agrees with a single crystal ENDOR
study of CuTPP, which revealed a hyperfine interaction of
about (2.5, 0.7, 0.8) MHz of the B-protons of the porphyrin
ring.*® Since in CuTPP the p-protons are closer to the Cu' ion,
the a5, values and point-dipole interactions are larger for the
protons in CuPc. Furthermore, DFT computations (Table 7)
corroborate the experimental assignment. The isotropic hy-
perfine couplings for the fluorine nuclei of CuPc® deviate
strongly from those predicted based on the proton hyperfine
values in CuPc. This might be due to a compensation of the
direct s-spin density by spin-polarization effects. Spin polar-
ization is not uncommon when n bonding is involved and the
p-orbitals of the fluorine atoms may take part in the n-bonding
system of the macrocycle, which is confirmed by the results of
our DFT calculations (Table 7). The s-orbital spin population
of the p protons in CuPc is around 0.0002 and it is below the
detection limit for the np protons. In the case of CuPcF the
situation is slightly different: the main contribution to the spin
population of the p-fluorine nuclei arises from the p-orbitals,
whereas it is a combination of s- and p-contribution for the np
nuclei.

Analysis of the proton-ENDOR spectra of CuPc' in proto-
nating and deuterating solvents indicates that in sulfuric acid
the largest observed proton hyperfine interactions stem from
the protons attached to the meso nitrogens whereas in toluene
this interaction could be assigned to solvent protons. This
again shows that the copper(11) ion senses the matrix environ-
ment. Finally, the difference in the proton-ENDOR spectra of
CuPc' and CuPc in sulfuric acid illustrates the power of
ENDOR in detecting small influences of substituents.

Our study shows that the environment and the ring substitu-
ents have a remarkable effect on the spin density distribution
in CuPc and thus influence the catalytic activity as well as the
color of the complex. Both features are important for indus-
trial applications of the Pc complexes. Furthermore, our
analysis shows that advanced EPR and ENDOR methods
are excellent tools for monitoring these effects and that the
spectral interpretation can be facilitated using DFT computa-
tions. The results should act as a stimulus for a more regular
use of these methods in the characterization of newly-synthe-
sized paramagnetic metal complexes. Moreover, the detection
of sulfuric acid in CuPc diluted in H,Pc indicates that the
methods can also be successfully used in optimizing purifica-
tion processes.
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