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Crystal-to-Crystal Transformation in Solid-State
Electrochemical Doping of Cl Ions to a Nano-Porous
Neutral Radical, Lithium Phthalocyanine; Revelation
of Electron-Electron Correlations in a 1D Half-Filled
System

Yasuhito Miyoshi,” Hirofumi Yoshikawa® and Kunio Awaga*“’

We carried out electrochemical doping of Cl” ions to the x-form single crystals of a neutral
n radical LiPc, in which the structure consists of 1D stacking chains of LiPc and nano-
channels parallel to them. It was found that the LiPc crystals on the working electrode were
electrochemically oxidized in an acetonitrile solution of tetrabutyl ammonium chloride
(TBA-Cl), exhibiting a crystal-to-crystal transformation to LiPc-Cl, (0<x<0.5), in which the
x value was controlled by the electrochemical potential. The crystal structures of the
LiPc-Cl, series were successfully solved and refined by the X-ray single-crystal analysis,
and the obtained structures clearly indicated the presence of the Cl™ ions in the 1D channels,
and a systematic structural change in the « stacking chain of LiPc. Namely, as the value of x
increased, the interplanar distance between the neighboring LiPc molecules showed a
decrease, which was associated with a significant enhancement of the conductivity. These
oxidative-doping effects indicate that the structural and electrical properties of the 1D half-
filled electron system of LiPc are governed by the electron-electron correlations between the

unpaired electrons.

Introduction

Solid-state electrochemistry is a powerful tool to control the
valences and properties of materials. In a conventional
electrochemical cell, a thin layer of an electroactive material on
the working electrode is oxidized/reduced by the potential
difference between the working and counter electrodes. This
process is associated with doping of counter anions/cations
from the electrolyte solution (see Scheme 1). The most
significant advantage of this electrochemical doping is a precise
and reversible control of the dopant concentration under
electrochemical equilibrium, which is tuned by the potential of
the working electrode. While this doping technique has been
extensively applied to semiconductive organic polymers such
as polyacetylene,' polythiophene,” and polyaniline® in order to
control their conductivity, color, etc., the application to the
solids of small molecules has been limited,*’ because these
materials are much more soluble into electrolyte solutions than
organic  polymers, especially after electrochemical
oxidation/reduction. The limited examples include macrocycles
such as phthalocyanines (abbreviated as Pc), because they form
robust thin films against the redox cycles due to their strong
intermolecular interactions.

LiPc (see Scheme 1) is a well-known neutral © radical,®
while the other divalent MPcs have a closed-shell © system.

This journal is © The Royal Society of Chemistry 2013

The crystals of LiPc exhibit three polymorphs: monoclinic a-
and B-forms and a tetragonal x-form. While the structures of the
a- and B-forms are common to those for the divalent MPcs, the
x-form is unique to the m-radical Pcs, such as LiPc,” NiPc-1'°
and FePc-X.!" This structure consists of 1D uniform n-stacking
chains with a large face-to-face overlap that is much larger than
those in the a- and B-forms,'? and between the 1D chains of
LiPc, there are 1D cavities parallel to the chains, and these
cavities are large enough to accommodate small gas molecules
such as N, and O,. It is known that the EPR linewidth of x-LiPc
is significantly dependent on the concentration of O,, and thus
this compound is applicable to O, sensors.”> Due to the
presence of the unpaired electron, LiPc exhibits electrical and
magnetic properties'*'; e.g., the resistivity of the single
crystals of LiPc (10° Q cm) is much lower than those of the
other Pc crystals (~ 107 Q cm).'” The polarized reflectance
measurements indicated that LiPc can be characterized as a
Mott-Hubbart system with a transfer integral # and an effective
Coulomb energy U.y =U—V, where U and V are on-site and
inter-site Coulomb energies, respectively.'®

Recently, we examined the solid-state electrochemistry of the
crystalline thin-films of LiPc, which were prepared by vacuum
deposition. The as-prepared films in the o-form exhibit
irreversible structural transformation to the x-form after the
electrochemical oxidation to LiPc-X (X= BF4, ClO,4 ). Then,
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the obtained x-form thin films exhibit a reversible potential was loaded on the working electrode under a nitrogen
electrochemical doping/dedoping of X, maintaining the atmosphere, using a Hokuto Denko HZ-5000 electrochemical

structure of the x-form.'® This structural persistence of the x-
form under the electrochemical redox cycles is probably caused
by its nano-porous structure. Note that the crystalline thin-films
of ZnPc in the o-form become amorphous after the
electrochemical doping of counter ions.*

The structural and electrochemical features of the x-form
LiPc inspired us to examine the solid-state electrochemistry of
its single crystals. In the present work, we carried out the
electrochemical doping of Cl into the x-form single crystals of
LiPc, and found a crystal-to-crystal transformation from LiPc to
LiPc-Cl,. We report the crystal structures and the electrical
properties of the LiPc-Cl, series, which are significantly
dependent on the doping level, x.
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Scheme 1 Solid-sate electrochemical doping of ions to the x-form LiPc thin-
film/crystal. Red circles represent the counter ions. Blue, green, and orange
rectangles represent the LiPc molecules in different oxidative states.

Experimental

Preparation of LiPc¢ Crystals

LiPc crystals were grown by the electrochemical oxidation of
Li,Pc under a constant current condition, using an H-shaped
glass that consisted of the anode and cathode compartments
(see Scheme 2(a)). They were separated by a glass filter (pore
size: 40-50 pum) for a slow diffusion speed. The electrodes
were platinum rods with a diameter of 1 mm, and the
supporting electrolyte was tetrabutylammonium perchlorate
(TBA-P). TBA-P was purified by recrystallization from a
mixed solution of ethyl acetate and toluene prior to use, and
dried under a vacuum for at least one day. To each
compartment were added 100 mg of TBA-P and 8 mL of
acetonitrile, and 20 mg of Li,Pc prepared by a method
described in the literature”' was added to the anode side. This
electrochemical cell was set under a nitrogen atmosphere, to
prevent contaminations of water and oxygen from the air. After
dissolving all reagents, the electrolysis was started using a
constant current regulator (YAZAWA CS-12Z). Within 34
weeks, dark-green needle-shaped crystals of LiPc of 0.2-1.0
mm in length were grown on the surface of the platinum anode.
Keeping the crystals on the electrode, we washed them with
acetonitrile three times, and then dried them in air.

Electrochemical Doping of C1” Ions to LiPc Crystals

The electrochemical doping of Cl ions to the LiPc crystals was
carried out using a three-electrode electrochemical cell that
contained a 0.1 mol dm™ tetrabutyl ammonium chloride
(TBA-Cl)/acetonitrile solution, as shown in Scheme 2(b). The
platinum electrode on which the LiPc crystals were grown was
used as a working electrode. An Ag/Ag’ electrode (BAS Co.,
Ltd.) and a platinum electrode (1 mm in diameter) were used as
reference and counter electrodes, respectively. A constant
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analyzer. We stopped doping, when the doping current became
constant (see Fig. 2).

in CH,CN in CH,CN

Scheme 2 (a) Electrochemical crystal growth of LiPc and (b) electrochemical
doping of CI” ions to the single crystals of LiPc.

Single-Crystal X-ray Structural Analysis

XRD data for the obtained crystals of LiPc-Cl, were collected
at 173 K on a Rigaku RA-Micro7 equipped with a Saturn70
CCD detector, wusing graphite-monochromated Mo K,
(4=0.71073 A) radiation. The crystal structures were solved by
a direct method using the SHELXS-97 program® and refined
by successive differential Fourier syntheses and a full-matrix
least-squares procedure using the SHELXL-97 program.”® The
occupancy of the Cl ions in LiPc-Cl, was first optimized,
assuming isotropic thermal ellipsoids for these ions. Then,
fixing the occupation number, all non-hydrogen atoms
including ClI' were anisotropically refined. Hydrogen atoms
were located by the differential Fourier synthesis and were
isotropically refined.

Physical Measurements

Cyclic voltammograms (CVs) were measured on a Hokuto
Denko HZ-5000 electrochemical analyzer. Scanning electron
microscopy (SEM) images and energy dispersive X-ray (EDX)
spectra were obtained using a Hitachi S-4300 field-emission
SEM equipped with a Horiba EMAX 6853-H EDS system.
Conductivity measurements were performed by a two-probe
method under a vacuum and the sample temperature was
monitored by a thermocouple. EPR measurements were
performed on a JEOL JES-FA200.

Results and Discussion

CV of LiPc Crystals

The x-form LiPc single-crystals were grown by the
electrochemical oxidation of Li,Pc in an acetonitrile solution of
TBA-P. Then the Pt electrode on which the LiPc crystals had
been grown was transferred to a three-electrode electrochemical
cell, and was used as a working electrode for the CV
measurements and the electrochemical doping (see Scheme 2).
To investigate the oxidation potential of the LiPc crystals,
the CV measurements were performed in a 0.1 mol dm™
acetonitrile solution of TBA-Cl. The results are shown in Fig. 1,
where panel (a) shows the data at the scan rate of 1 mV/s, and
panel (b) shows the scan rate dependence of the CV curves
from 0.2 to 500 mV/s. The curve at 1 mV/s clearly indicates the

This journal is © The Royal Society of Chemistry 2012
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anodic and cathodic peaks at 0.4 and 0.3 V, respectively. This
confirms the electrochemical oxidation and re-reduction of
LiPc even in its crystals. These processes are associated with
the penetration and detachment of the counter ion, CI,
respectively, as shown later. As the scan rate increases, the two
peaks exhibit an enhancement in intensity and the CV curves
become less symmetric. In addition, the oxidation and re-
reduction peaks exhibit significant high- and low-voltage shifts,
respectively. This is more obvious for the re-reduction peaks, as
indicated by the arrow in Fig. 1(b). At the high scan rates, the
CV curves become much less symmetric, with an increase in
the potential difference between the anodic and cathodic peaks.
In general, the reversibility between the oxidation and re-
reduction processes on the CV curves is governed by the
diffusion rate of the reactants (redox species). In the present
case, however, the reactant, LiPc, is fixed on the working
electrode, so that the reaction kinetics is not governed by the
reactant diffusions, but by the diffusion of the counter anion,
Cl', in the crystals of LiPc.**?® Therefore, the irreversible
behavior of the CV curves at the high scan rates indicates a
slow diffusion of the counter anions. In contrast, the voltage
difference between the anodic and cathodic peaks is as small as
ca. 80 mV when the scan rate is less than 1 mV s '. This value
of the voltage difference roughly agrees with the theoretical one
of 57 mV at room temperature for the reversible systems, which
is estimated based on the fact that the redox peak potential is
shifted by 28.5 mV from the half wave potential in the one-
electron redox reaction.?’ As a result, the CV curves at the slow
scan rates (< 1 mVs ') are quasi-reversible, indicating that the
motion of the Cl ions is smooth in the lattice of LiPc.

T T T T T T T T T T T T
—— 500 mV/s
6001 200mV/s
—— 100 mV/s
50 mVis
20mV/s
10 mV/s
SmVis
—2mVis
200k — 1mvis
—05mVis

1/10°A
1/10°A

E/V (vs. Ag/Ag))

E/V (vs. Ag/Ag)

Fig. 1 (a) Cyclic voltammogram of LiPc crystals in 0.1 mol dm™ acetonitrile
solution of tetrabutylammonium chloride, measured at 1 mV/s, and (b) those at
various scan rates from 0.2 to 500 mV/s. The arrow in (b) indicates a shift of the
re-reduction peaks, dependent on the scan rates.

1/107A

0.0 !
0 2000 4000 6000 8000
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Fig. 2 Time trajectory of the oxidation current in the electrochemical doping at
0.3,0.4,and 0.5 V.
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Since the oxidation was found around 0.4 V in the scan rate
of 1.0 mV/s (see Fig. 1(a)), we measured the time evolution of
the oxidation current due to the electrochemical doping at the
constant voltages of 0.3, 0.4 and 0.5 V. The results are shown
in Fig. 2. The time dependences of the oxidation current at 0.3
(blue) and 0.4 V (green) are similar; the current shows a quick
decrease with an insertion of the Cl ions into the crystals, and
becomes nearly zero after complete doping within several hours.
It is notable that this completing time exhibited a significant
sample dependence. In contrast, the electrolysis curve (red) at
0.5 V is quite different from the others. The current decreases at
the beginning, but reaches at a non-zero value after 2000 sec. In
a control experiment using bare platinum electrodes, it was
confirmed that the acetonitrile solution of TBA-Cl at 0.1 mol
dm™ is oxidized continuously above 0.5 V vs. Ag/Ag".
Therefore, the non-zero steady-state current at 0.5 V would be
caused by the electrochemical oxidation of the Cl ions. This
means that the electrochemical doping to the LiPc crystals in
the TBA-Cl electrolyte should preferably be done in the voltage
range less than 0.5 V.

Structural Characterization of LiPc-Cl,

The electrochemical doping to the LiPc crystals was done at 0.3,
0.4 and 0.5 V. The EDX analyses were performed on the
obtained materials—after rinsing with acetonitrile three times
to remove the excess electrolyte remaining on the crystal
surfaces—in order to determine whether these materials
contained Cl ions. Figure 3 shows an SEM image of an
LiPc-Cl, crystal, which was doped at 0.3 V. The EDX analysis
indicates the presence of Cl and all the elements in LiPc, except
hydrogen and Ilithium atoms due to their small electron
densities. We confirmed that the presence of Cl was not caused
by the contamination from the electrolyte (TBA-Cl); there was
no EDX signal of Cl from the LiPc crystals, which had just
been soaked in a TBA-Cl solution of acetonitrile and then
rinsed with this solvent prior to EDX measurements. Figure 3
also shows the results of the EDX mapping analysis at the five
spots indicated by the yellow circles. The concentration of Cl
was calculated from the atomic ratio between Cl and N from
the EDX measurements. As indicated in this figure, the Cl
concentrations obtained from these spots vary from 0.25 to 0.33.
These deviations are within the experimental error of the EDX
measurements, namely ca. £ 0.1. It is concluded that the
fluctuation of the CI" concentration in a single LiPc-Cl, crystal
is not very significant.

x=0.33

0.29

0.26 0.31 0.25

Fig. 3 SEM image of a typical LiPc single crystal prepared at 0.3 V. The values of x
indicate the special distribution of the Cl concentrations in LiPc-Cly at the five
points on the crystal, estimated from the EDX mapping analysis.

We used EDX measurements to examine the CI
concentrations in the numerous LiPc-Cl, crystals grown at the
voltages of 0.3, 0.4 and 0.5 V. Figure 4 shows the variations in
x for the LiPc-Cl, crystals grown at the three doping potentials.
In this figure, one plot represents the data obtained from one
piece of crystal, and the plots at one potential come from the
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different crystals grown in the same batch, namely, on the same
electrode. The results indicated that, although the fluctuation in
x was small in one crystal (see Fig. 3), the value of x changed
significantly from crystal to crystal. The obtained x values were
0.34 + 0.06, 0.43 + 0.14, and 0.48 £ 0.05 at 0.3, 0.4, and 0.5 V,
respectively. This large variation in x would be caused by an
inhomogeneity in the effective potential at each crystal, because
the conductivity of the LiPc crystals is not very high. Even so,
the results in Fig. 4 clearly show that the doping concentration
tended to increase with an increase in the potential applied to
the working electrode. It is also notable that the dopant
concentration x was limited to less than 0.6 at the doping
potential of less than 0.5 V.

0.6 T T T T
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© OO0 O
1

04}

x
=1
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02 -

0.1 —

0.0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

E/V (vs. Ag/Ag)

Fig. 4 Concentrations of CI” in LiPc-Cl, at the three doping potentials, obtained
by the EDX measurements.

Table 1 Crystallographic data for the selected LiPcClx crystals with various dopant
concentrations as well as the pristine x-form LiPc.

Compound x-LiPc LiPcClyy;  LiPcClyny  LiPeClyn;  LiPeCloo:  LiPcClyss  LiPeClyss
Crystal system tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal
Space group Pd/mcc Pd/mcc Pd/mcc Pd/mcc Pd/mcc Pd/mcc Pd/mcc
a(A) 13.852(4) 13.8430(9) 13.829(5) 13.864(6) 13.841(4) 13.843(4) 13.8605(7)
c(A) 6.4216(17) 6.4156(6) 6.406(2) 6.414(3) 6.4027(18) 6.394(2) 6.3917(5)
Volume (A%) 1232.2(6) 1229.41(16) 1225.1(7) 1232.8(9) 1226.6(6) 1225.3(6) 1227.93(16)
Z 2 2 2 2 2 2 2

Crystal Structures of LiPc-Cl,

To obtain information on the crystallinity and structure after the
electrochemical doping, we carried out X-ray single-crystal
structure analysis on the various LiPc-Cl, crystals that had been
electrochemically doped at 0.3, 0.4, and 0.5 V. Table 1
summarizes the crystallographic data for representative
crystals.”® To our surprise, the crystallinity was well retained
and the structures were successfully solved and refined, with a
more accurate optimization of the dopant concentration x than
that in the EDX measurements. In fact, the value of x changed
from crystal to crystal, in the range of 0.1 <x < 0.5. This agrees
with the EDX analyses. It was found that the LiPc-Cl, series
crystals are isostructural to the parent x-form LiPc (see Table
1),” except that Cl ions exist in the 1D channels. The structure
of LiPc-Cl, is also isostructural to as the iodide salts of Pcs such
as LiPc-T?' and NiPc-1.'"° Figure 5 shows the crystal structure of
LiPc-Clyss (see also Table 1). The Li* ion is located at the
center of the inner four nitrogen atoms of a planar
phthalocyanine molecule. These LiPc molecules are stacked
metal-over-metal so that their molecular planes are

4| J. Name., 2012, 00, 1-3

perpendicular to the ¢ axis and are staggered by ca 39.1°. The
interplanar spacing, namely a half-length of the c¢ axis, is
3.1934(5) A at 173 K, which is shorter than that in the non-
doped LiPc crystal (3.2108(9) A at 173 K). In the 1D channel,
the C1 ions occupy a space on the ¢ axis, where they bridge the
distances between eight LiPc molecules. The thermal ellipsoid
of the CI” ions is stretched along the ¢ axis to a length 7- to 10-
fold greater than that of the ellipsoids in the transverse
directions (the a and b axes). This was probably due to the
disorder of the CI ions along the ¢ axis. A similar feature has
been reported for {[Si(Pc)O]Xy}n29 and M(Pc)Xy.10

(a)

Fig. 5 Crystal structure of LiPceClyss: the projections on the ab plane (a) and on
the bc plane (b). The green ellipses indicate the positions of Li ions.

DS 0.00 |~ .{ :iﬂ; } ..H 4
< % ¥ %
5 002f : & .
* I
0.04 s

Fig. 6 Dependence of the lattice constants a and ¢ on the CI” concentration in
LiPc- Cl,. The red line represents the lattice constant ¢ for LiPc-|I.

We have solved the X-ray structures of 32 crystals in the
LiPc-Cl, series. Figure 6 shows the dependence of the lattice
constants a and ¢ on the ClI" concentration x. It is found that the
cell parameter a (blue) depends little on x. The Cl ions are
located in the 1D channels between the LiPc columns, and the
ion size (3.34 A) is smaller than the channel diameter (ca. 4 A).

This journal is © The Royal Society of Chemistry 2012
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Therefore, the steric hindrance of the dopant molecules hardly
affects the transverse direction of the LiPc molecules, resulting
in the little change in the lattice constant a. In contrast, the
length of the ¢ axis (red) decreases significantly with an
increase in x below 0.3, and becomes constant at values of x
above 0.3. The initial decrease means a significant decrease in
the intermolecular © spacing in the 1D stacking chain of LiPc
(see Scheme 3). The red line in Fig. 6 shows the value of the
lattice constant ¢ (6.38 A) of LiPc'I, in which the
intermolecular distance between the LiPc' cations is considered
to be governed by the electrostatic interactions, namely
LiPc"eseI sesLiPc’. The lattice constant ¢ of the LiPc-Cl, series
tends to approach this value with an increase in x.

O
CI-
unpaired -
electron —_>0O o
© =
O E + Cl
(]
£
(&) O
%7 § o}
+ CI
7 I
bk o
+0°0 |
LiPc LiPc+Cl,

Scheme 3 Effect of the partial removal of the unpaired electrons in the n
stacking of the x-form LiPc.

Electrical Conductivity of LiPc-Cl,

The electrical conductivity was measured on the selected
LiPc-Cl, crystals listed in Table 1 using a two-probe technique,
along the long axis of the crystal that corresponds to the
stacking axis of LiPc molecules (¢ axis).'? The conductivity
measurements were performed under a vacuum in the
temperature range between 80-300 K. The sample temperature
was monitored by a thermocouple adjacent to the crystal.
Figure 7(a) shows the Arrhenius plots for the temperature
dependence of the conductivities of the LiPc-Cl, series with x =
0, 0.11, 0.20, 0.21, 0.24, and 0.38, obtained by the two-probe
method. Since the doped LiPc crystals were small and fragile,
we could not adopt the four-probe method. All of the crystals
exhibit semiconductive properties. The conductivity of the
pristine LiPc crystal (x=0) was 7x10° S cm™' at room
temperature, which agrees with the previously reported value.*
With an increase in x, there is a significant enhancement in
conductivity, though the removal of the unpaired electrons
means a decrease in the carrier density. Figure 7(b) shows the
activation energy FE, The value of £, (0.14 eV) at x = 0
gradually decreases down to 0.03 eV at x= 0.2. Namely, E,
becomes one-fourth of the original value for the LiPc crystal,
due to the electrochemical continuous doping in the same
stacking framework of LiPc. However, the decrease in FE,
appears to be saturated in the range of x > 0.2 before displaying
a metallic state. Although it is possible that this saturation is
caused by a contact resistance, this observed conductivity
enhancement well agrees with the dependence of the lattice
constant ¢ on x, as shown in Fig. 6. This indicates that the
decrease in E, would be caused by the decrease in the
intermolecular spacing. It is notable that the room-temperature

This journal is © The Royal Society of Chemistry 2012

CrystEngComm

conductivities of the fully-oxidized LiPc-I*' and NiPc-1'° (0.2 S
cm ') are similar to that for LiPc-Cl, with x = 0.2-0.4. The
present electrochemical doping of LiPc has revealed the
presence of the electron-electron repulsion in the 1D stacking
chains of LiPc, which would cause the lower conductivity of
the pristine LiPc.

LiPc with a 1D half-filled electron system can be regarded
as a Mott insulator, characterized by the three parameters, ¢, U
and 7."® The conductivity of the neutral LiPc is higher than that
of the other divalent MPcs, but still exhibits non-metallic
behavior. Since there is no charge ordering in the ground state
of LiPc, U should be larger than V. The electrochemical doping
with Cl ions means a partial loss of the unpaired electrons in
the stacking of LiPc, so that the observed shrinkage along the ¢
axis and the conductivity enhancement, would strongly indicate
the role of U as a structure-controlling factor, and its
sensitiveness to the loss of the unpaired electrons.

T
140 (b) 4
o
120 g

100 - -

-1

80 - -

o/Sem
T
L
E,/meV

60 - -

10
E w0l o A

20 -

10007 /K x

Fig. 7 (a) Temperature dependence of the conductivities of the LiPc- Cl, crystals.
(b) Plots of the composition dependence of the Arrhenius activation energy E, in
LiPc-Cl,.

Conclusions

We carried out electrochemical C1* doping to the single crystals
of LiPc in the x-form. Due to the presence of nano-porous
channels in these crystals, this method realized the crystal-to-
crystal transformation to LiPc-Cl, (0<x<0.5), in which the x
value was controlled by the electrochemical potential of the
working electrode. This method is highly applicable to various
electroactive materials with nano-porous structures and lattice
vacancies, such as MOFs and ionic crystals. The X-ray crystal
analyses for LiPc-Cl, clearly demonstrated the presence of the
Cl ions in the 1D channels, and the shrinkage of the interplanar
distance between the neighboring LiPc molecules. This
structural change and the significant enhancement of the
conductivity revealed the presence of the strong electron-
electron correlation in the parent LiPc with a 1D half-filled
electron system.
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Graphical Abstract

Solid-state electrochemical doping of CI ions to nanoporous LiPc crystals
induces crystal-to-crystal transformation to LiPc-Cl,, suggesting a strong electron
correlation in a 1D half-filled electron system of LiPc.
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