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Abstract

Cu(II)(phthalocyanine) (CuPc) is broadly utilized as an archetypal molecular semiconductor and is
the most widely used blue printing pigment. CuPc crystallizes in six different forms; the chemical
and physical properties are substantially modulated by its molecular packing among these
polymorphs. Despite the growing importance of this system, spectroscopic identification of
different polymorphs for CuPc has posed difficulties. This study presents the first example of
spectroscopic distinction of α- and β-forms of CuPc, the most widely used polymorphs, by solid-
state NMR (SSNMR) and Raman spectroscopy. 13C high-resolution SSNMR spectra of α- and β-
CuPc using very-fast magic angle spinning (VFMAS) at 20 kHz show that hyperfine shifts
sensitively reflect polymorphs of CuPc. The experimental results were confirmed by ab initio
chemical shift calculations. 13C and 1H SSNMR relaxation times of α- and β-CuPc under VFMAS
also showed marked differences, presumably because of the difference in electronic spin
correlation times in the two forms. Raman spectroscopy also provided another reliable method of
differentiation between the two polymorphs.

Introduction

Crystal polymorphism is a phenomenon observed for many organic molecules, and is
defined as the ability of a compound to pack in more than one manner in the solid state,
resulting in different interactions between the molecules in each crystal form, causing each
polymorph to have different chemical, physical, and thermodynamic properties.

In the ink industry, the most widely used blue pigment is copper phthalocyanine (CuPc), or
blue-15, with CuPc-based inks being used in gravure printing (food packages, greeting
cards, magazines), paints, plastics and textiles.1 This pigment has six different polymorphs,
each with unique physical and chemical properties.2 Because a pigment is, unlike dyes,
highly insoluble in the delivery solvent, crystal form has a profound effect on end use. Thus,
the preparation of pigment-based inks requires the production of pigment (nano)particles in
specific crystal forms. In the case of CuPc-based inks, where the pigment can crystallize in
six different forms that have diverse properties (ie. color tone, crystal morphology and size),
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3 it becomes imperative to selectively crystallize one polymorph over others. More recently,
CuPc has attracted renewed attention as an archetypal molecular semiconductor that forms a
basis of organic optoelectronic devices such as organic solar cells4,5 and organic
transistors6,7; the crystal forms are likely to modulate the optical/electric properties of the
devices.8 Of the six crystal forms, the two most commercially important are the metastable
α-form and the stable β-form, which are reddish-blue and greenish-blue respectively.2 Only
the X-ray crystal structure of β-CuPc is known.9 The structure of α-CuPc has been predicted
to be similar to that of α-PtPc due to the resemblance in the lattice constants of both unit
cells.10 A recent study of CuPc crystals grown on KCl by transmission electron diffraction,
however, suggests that α-CuPc has a molecular packing pattern that differs from that of α-
PtPc.3 Despite the industrial applications and the growing scientific importance of CuPc in
multiple forms, no previous spectroscopic studies have shown that distinctions of the
polymorphs are possible. One approach to gain additional structural information for
polymorphs unable to be coaxed into single crystal form is solid-state NMR (SSNMR)
spectroscopy.11-16 This has not been applied to CuPc primarily because of various technical
difficulties associated with large paramagnetic spin interactions in high-resolution SSNMR
applications using magic-angle spinning (MAS). Recently, Ishii's group and others
established a very-fast MAS (VFMAS) approach to observe 13C and 1H high-resolution
SSNMR spectra for paramagnetic systems.17-23 Using this approach, we demonstrated the
feasibility of distinguishing polymorphs for paramagnetic complexes from 13C and 1H
chemical shifts for the first time.18,24

In this study, we applied the VFMAS approach to distinguish between the different
polymorphs of paramagnetic CuPc, in particular the α- and β-forms, as notable examples.
We demonstrate that chemical shifts and T1 relaxation rates observed in 13C and 1H
VFMAS SSNMR spectra are very sensitive probes of molecular packing for these systems.
Comparison with Raman and infrared (IR) spectroscopy, which have been also widely used
to distinguish among polymorphs, is also discussed. Our new Raman data suggest that
notable differences are observed between the two crystal forms.

Results and Discussion

Figure 1 shows 13C VFMAS SSNMR spectra of (a) α- and (b) β-CuPc with (c) the
corresponding IR spectra (blue: α-form and red: β-form). For the α-CuPc (Fig. 1a), two
resolved resonances were observed at 179 and 197 ppm. These signals were assigned to the
two different CH groups (CH(1) and CH(2)) in phthalocyanine based on the CH dipolar
dephasing and dipolar INEPT experiments, as will be discussed below. In this sample, only
CH and non-protonated carbons exist in the phthalocyanine ligand as shown in Fig. 1d. In
Fig. 1a, the two strong peaks were observed. In contrast, Fig. 1b for the β-form shows only
one strong peak at 180 ppm and one weaker yet resolved peak at 132 ppm. As will be
discussed below, these signals were also assigned to the CH group(s). The diamagnetic
shifts for the CH groups in the aromatic ring of the phthalocyanine without paramagnetic
metals are approximately 120-150 ppm.25 The 13C isotropic chemical shift for paramagnetic
compounds is generally divided into two components: hyperfine shift and diamagnetic shift.
The former is mainly accounted for by the contact shift due to an unpaired electron in a
paramagnetic metal ion, while the latter is well approximated by the chemical shift for a
diamagnetic analog which does not have unpaired electron spin.20,26 Although shifts due to
electron spin-nuclear spin dipolar interactions (pseudo-contact shifts) also yield considerable
anisotropic hyperfine shifts, the isotropic hyperfine shift due to this interaction is often
negligible for Cu(II) compounds, for which the g-anisotropy is generally small.20,27,28 The
results above suggest that 13C shifts are subject to relatively large hyperfine shifts due to
paramagnetic Cu(II), which sensitively reflect the molecular packing or crystal form of the
compound.18,24 Unlike X-ray powder diffraction, NMR chemical shifts primarily depend on
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local electronic environments. Thus, dramatically different hyperfine 13C shifts observed for
α- and β-CuPc clearly reflect significant difference in the electronic environments of the
two compounds due to different molecular packing.

Infrared (IR) spectroscopy is another popular spectroscopic technique that is often used to
distinguish between polymorphs. However, as shown in Fig. 1c, the IR spectra for the two
forms show nearly identical spectral features, which make it very difficult to distinguish
between these two forms. The results clearly demonstrate that 13C SSNMR spectroscopy
using VFMAS permits us to distinguish the two polymorphs, which were not distinguishable
by IR spectroscopy and other spectroscopic methods. Despite the relatively small sample
quantity (10-20 mg), the SSNMR spectra show reasonable S/N ratios in a range of hours
without any isotope labeling. Raman spectra previously obtained for the α-form of CuPc29

and for the β-form30 did not indicate that distinction is possible. However, as will be
discussed later, newly obtained Raman spectra of the two forms with superior resolution
allow for differentiation between the two forms.

The line widths in the SSNMR spectra in Fig. 1 show considerable variations. For example,
the line width for the peak at 179 ppm in the α-form in Fig. 1a is 2,230 Hz, while that for
the peak at 197 ppm is 1,650 Hz. On the other hand, the width for the peak at 180ppm for
the β-form in Fig. 1b is 3,370 Hz, while the peak at 132 ppm has a line width of 1,540 Hz.
The fitting of each experimental spectrum with two primary Lorentzian components was
performed with a line shape fitting function in Varian Spinsight software. Assuming that the
electron spin localizes at a paramagnetic metal center and relaxation is through the Solomon
relaxation mechanism via electron-nuclear dipolar relaxation, the paramagnetic T2
relaxation time in solids is generally given by kR6,31,32 where R denotes the distance
between the paramagnetic metal center to 13C and k is a constant that depends of electron
spin relaxation time of the metal center.26 Thus, 13C closer to the metal center tends to have
a broader line (i.e. homogeneous line width ∝ 1/T2). Although considerable variations in T2
relaxation properties and line widths are expected for this system, it is difficult to separate
the line width due to paramagnetic T2 relaxation from that due to inhomogeneous
broadening such as 13C shift distribution or non-paramagnetic T2 relaxation due to
insufficient decoupling.

To clarify the difference in the relaxation properties of these two forms, we performed 13C
T1 experiments and analyzed the T1 values of these two forms, as summarized in Table
1. 13C T1 can be used to elucidate structural information or signal assignments because 13C
T1 value is also proportional to R6.20,26,28 For the α-form, we found that the peak at 179
ppm has a 13C T1 value of 38.3 ± 2.1 ms and the peak at 197 ppm has a 13C T1 of 25.1 ± 2.1
ms. The short relaxation times compared with 13C T1 in diamagnetic systems (in the order of
0.1-1 s) confirm that these signals are attributed to paramagnetic systems. The R6

dependence suggests that for the 13C species at 179 ppm, the 13C-Cu(II) distance is, on
average, about 1.07 fold longer (i,e. (38.3/25.1)1/6) than that for 13C at 197 ppm on the
assumption that the paramagnetic electron spin is localized at Cu. The results suggest that
the range of the 13C-Cu(II) distances are similar for the two peaks. Although a deviation due
to electron delocalization is expected, the factor (1.07) agrees reasonably well with the ratio
of 1.19 (6.60/5.56) that was calculated from the Cu-CH distances for CH(1) (5.56 Å) and
CH(2) (6.60 Å) in the α-form.3 Based on an assumption that all CH(1) and CH(2) groups
are in chemically very similar environments, we first interpreted that CH(1) and CH(2) may
be assigned to the peaks at 197 ppm and 179 ppm, respectively. However, as will be shown
by our ab initio chemical shift calculations, it is possible that all the CH(1) and CH(2)
groups in CuPc are in different environments, yielding several NMR signals, a superposition
of which appear to be the two peaks.
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For the β-form, the peak at 180 ppm has a shorter 13C T1 of 8.6 ± 0.4 ms while the peak at
132 ppm has a 13C T1 of 14.0 ± 2.3 ms. Again, the short 13C T1 confirms that the sample is
a paramagnetic species. These values indicate that the ratio of the 13C-Cu(II) distances
for 13C at 177 ppm and 132 ppm is 1.08. This is also consistent with the distances of 5.51 Å
and 6.55 Å for the CH(1) and CH(2) in the β-form (a ratio of 1.19).9 For some of the CH(2)
groups in the β-form, intermolecular Cu(II)-CH(2) distances are shorter (~5.5 Å); the T1
values of such CH(2) groups may be reduced to a level comparable to that of CH(1) by the
additional relaxation source. More importantly, the results show that the β-form has
shorter 13C T1 values (8-14 ms) than those for the α-form (25-38 ms). Thus, the two forms
are distinguishable based on 13C T1. The variation in 13C T1 presumably reflects different
electron spin relaxation times, which are sensitive to inter-molecule Cu(II) distances and
super exchange interactions between electron spins, both of which depend on the molecular
packing.28 The shorter 13C T1 values in the β-form indicate that this form is packed in a
substantially different way, compared to the α-form.

Short 13C T1 values for these CH groups in the two polymorphs indicate that the non-
protonated carbons (C1, C2), which are closer to Cu(II) and not observed in Fig. 1(a, b), are
likely to have even shorter 13C T1 (~4 ms or less) and broader lines than those for the CH
groups. It is noteworthy that for the systems that have conjugated π-electrons, the electron
delocalization may not be a negligible factor in calculating averaged <1/R6>, especially
for 13C closer to the metal centers. It is possible that the signals for non protonated carbons
are quenched by very fast paramagnetic T2 relaxation due to the electron delocalization. In
our previous study of Fe(III) hemin,28 which also has conjugated π-electron systems, it was
difficult to observe 13C in the ring of the heme groups. Although further studies are needed,
it is most likely that the signals for the non-protonated 13C are substantially broadened.

The signal assignments of 13C VFMAS spectra shown in Fig. 1(a, b) are based on
the 13C-1H dipolar dephasing experiments using the 13C-1H REDOR sequence, which was
successfully applied for signal assignments of paramagnetic samples previously.17,19 This
experiment is designed to remove signals of protonated 13C selectively. In the experimental
condition utilized here (adopted from ref. 17), this sequence removes most of the signals
(~90% ) for 13CH and 13CH2 for rigid systems while it removes only about 50% of 13CH3
due to methyl rotation; about 80-90% signal should be retained for non-protonated 13C.17,19

Because there are no CH3 or CH2 groups in CuPc, the assignment of the peaks is relatively
straightforward. In Fig. 2, the intensities without (top) and with (bottom) 13C-1H dipolar
dephasing are compared for (a) α- and (b) β-CuPc. For the peak at 197 ppm in (a), about 94
± 3 % of the signal was dephased, where the error was estimated from the noise level; this
indicates that this 13C is directly bonded to a proton. Likewise, for the peak at 179 ppm in
(a), 91 ± 2 % of the signal was dephased. For the β-form in (b), the peaks at 180 ppm and
132 ppm were dephased by 91 ± 3% and 71 ± 13%, respectively. These results suggest that
all these peaks in the two forms are attributed to 13CH species rather than non-
protonated 13C. Therefore, these CH groups in the two forms are in very distinctive
electronic environments reflected in the notably different hyperfine shifts.

To confirm the suggested assignments, we performed ab initio chemical shift calculations
of 13C chemical shifts. Tables 2 and 3 show the calculated diamagnetic shieldings,
diamagnetic chemical shifts (δd), hyperfine shifts (δH) and expected chemical shifts (δd +
δH) for carbons in α-CuPc (Table 2) and β-CuPc (Table 3). The atom numbering is shown
in Fig. 1d. Figure 3 shows simulated spectra of 13CH groups for (a) α-CuPc and (b) β-CuPc
that were produced from the calculated 13C shifts (blue) without broadening and (red) with
Gaussian broadening. Although the effects of the neighboring molecules are generally not
negligible,24 these effects are not directly included in the present calculations because of the
long computation time required by the relatively large size of the molecule. Yet, the
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coordinates of the monomeric α- and β-CuPc reflect structural differences between the two
forms. The simulated spectra reasonably reproduced the experimental spectra and present
the different spectral features observed for α-CuPc and β-CuPc. Thus, the ab initio chemical
shift calculations clearly demonstrate that the observed spectra are attributed to 13CH
groups. Therefore, despite the noticeable difference between experimental and calculated
shifts for β-CuPc, the chemical shift calculations for the monomeric paramagnetic
compounds provide useful guidance in evaluation and assignments of the experimental
shifts.24,33

As found in Tables 2 and 3, the calculated chemical shifts for non-protonated 13C (not
shown in Fig. 3) exhibited much larger shifts in a range of 660-900 ppm and 650-850 ppm
for the α- and β-forms, respectively. Large hyperfine shifts indicate a large imbalance
between α- and β-spin density at that nucleus. As discussed above, these non-
protonated 13C groups are likely to have considerably shorter T2 values than those for CH
groups due to their vicinity to the paramagnetic metal center. The calculations also confirm
that the CH carbons are experiencing hyperfine shifts. The expected diamagnetic shifts for
all of these carbons (the shift in the absence of a paramagnetic center) are in a range of
120-130 ppm. However, the presence of contact hyperfine shifts leads to calculated shifts in
the region of 165-190 ppm for α-CuPc, and 147-200 ppm for the β-form. We initially
assumed that all the eight CH(1) and CH(2) carbons in a molecule are each in very similar
chemical environments. The calculation results in Tables 2 and 3 suggest that this may not
be entirely correct. As shown in Table 2 for the α-form, 13CH(1) display a distribution
of 13C shifts in a range of 164-187 ppm while 13CH(2) also showed a distribution in the
similar range of 164-188 ppm. This result indicates that each of the peaks at 179 and 197
ppm in Fig. 1a may be comprised of a superposition of several signals of 13CH(1)
and 13CH(2) as shown in Fig. 3a. A similar trend was found in calculated shifts for the β-
form in Table 3. Despite the considerable heterogeneity predicted here, the expected peak
positions for the CH groups reproduce well spectral positions observed in the experimental
spectra. Since chemical shifts are sensitive to electronic structures, the present results
suggest that electronic structures of α- and β-CuPc are reasonably well reproduced by
calculations for isolated molecules. Further experiments and more elaborate calculation
studies are needed for more accurate comparison between experimental and calculated
shifts.

Next, we compared 1H SSNMR spectra in Fig. 4. The spectrum for the α-form in Fig. 4a
shows one main peak at 7.9 ppm. The spectrum for the β-form in Fig. 4b shows the main
peak at a similar position (at 8.2 ppm). For the diamagnetic analogs ZnPc34 and MgPc35,
the 1H chemical shifts are reported to be in a range of 5-8 ppm and 5.9-7.0 ppm,
respectively.

To confirm that these 1H lines are correlated with the paramagnetically influenced 13C shifts
observed in Fig. 1, we collected a 2D 13C/1H correlation SSNMR spectrum of (a) α-CuPc
and (b) β-CuPc under VFMAS in Fig. 5. 2D 13C/1H correlation NMR has been widely used
to determine assignments and connectivity in organic molecules.36 However, for
paramagnetic systems, this technique has not been demonstrated because of the lack of
effective polarization transfer techniques until recently. Our group earlier demonstrated the
effectiveness of the dipolar INEPT sequence to obtain signal assignment and structural
information for paramagnetic complexes.19,20 Figure 5a shows 13C /1H correlation spectra
of α-CuPc obtained with dipolar INEPT at τ = 5.0 μs. The major cross peaks at (ωH, ωC) =
(7.9 ppm, 198 ppm) and (10.8 ppm, 178 ppm) show connectivities from the 1H spins at 8.1
ppm and 10.5 ppm to the 13C spins at ~200 and ~180 ppm, respectively. This indicates that
these two carbon spins that exhibit hyperfine shifts are directly bonded to protons in the α-
CuPc, which appear to show relatively small hyperfine shifts. Although there might be more
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than the two peaks, it is difficult to resolve other peaks clearly because of the limited
resolution. In Fig. 5b for β-CuPc, there are two major cross-peaks at (ωH, ωC) = (10.3 ppm,
178 ppm) and (5.4 ppm, 130 ppm), which again show that 1H species connected to 13C
corresponding to the peaks at ~180 ppm and ~130 ppm have different electronic
environments. Clearly, the 2D spectra for α- and β-CuPc allow us to distinguish the two
forms of CuPc with confidence.

Although the 1H chemical shifts for both forms of CuPc are similar to the shifts of the
diamagnetic organic molecules, the 1H T1 values were found to be much shorter. For rigid
diamagnetic organic molecules, 1H T1 values are typically of the orders of ca.1-10 s. We
found that the 1H T1 values of the two forms are as distinctive as 13C T1 values. 1H T1 for
the main peak at 7.9 ppm for the α-form is 5.6 ± 0.1 ms (R =0.978), while it is 1.4 ± 0.1 ms
(R=0.967) for 1H at 8.2 ppm in the β-form (see Fig. S2 and S3 in Supporting Information
(SI)), where the standard deviation of the 1H T1 values in three separate trials were less than
0.1 ms for the two samples. Thus, one can clearly distinguish between the two polymorphs
based on 1H T1 values.

Raman spectroscopy results

The vibrational frequencies of several phthalocyanine complexes have been previously
reported,37-39 including those of α- and β-CuPc.29,30 While it has been shown that
differences exist between Raman spectra of different H2Pc polymorphs,37 the comparison of
spectra for four polymorphs of CuPc led others to conclude that no sufficiently distinct shifts
could be observed between crystal forms.39

With the encouraging SSNMR data, we revisited the problem of distinguishing α-and β-
forms of CuPc by Raman spectroscopy, as shown in Fig. 6. New Raman data collected for
both α- and β-CuPc indeed prove that appreciable differences in the vibrational modes of
both polymorphs do exist. These shift differences (Δν) were observed for five Raman
bands, as detailed in Table 4. The largest difference was observed for the ν52 vibration,
which is the result of the Cu—N deformation, and had a Δν of 4.07 cm−1. The next largest
Δν's belong to the ν14 and the ν28 modes, having magnitudes of 2.19 and 1.91 cm−1. These
bands have been assigned to the C-H bending of the benzene ring and the stretching of the
macroring, respectively. The ν25 and the ν31 vibrations experienced the smallest shift
differences. Although there are conflicting assignments for these bands,30,38,40 all
references agree that these arise due to deformations in the isoindole fragments of the CuPc
structure.

Conclusion

The newly collected 13C and 1H SSNMR data using the VFMAS method provided a basis
that α- and β-CuPc, which are widely used as organic semiconductors and pigments, are
distinguishable by chemical shifts and relaxation properties from SSNMR analysis. Our
study also showed that 13C chemical sifts calculated by ab initio methods well reproduce
experimental shifts, suggesting that electronic structures obtained by the calculations are
likely to be correct. Newly performed Raman spectroscopy for the two forms also showed
promising results for the two forms. It is likely that these two spectroscopic methods provide
useful insights into analyzing structures of CuPc and other organic semiconductors in
different polymorphs, which have long posed challenges in spectroscopic characterization.
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Materials and Methods

Solid-state NMR Experiments

All the 13C MAS experiments were recorded at 9.4 T with a Varian InfinityPlus 400 NMR
spectrometer using a 2.5-mm home-built double/triple-resonance NMR magic-angle-
spinning (MAS) probe. Samples of standard powder α- and β-CuPc were used as provided
by Flint Ink. The X-ray powder diffraction (XRPD) patterns for these samples (Fig. S1 in
SI) reproduced those previously reported for the two polymorphs.41 The sample was packed
as received in a 2.5-mm zirconia MAS rotor without further treatments. All the data were
acquired at a spinning speed of 20,000 ± 5 Hz or 22,989 ± 5 Hz with a rotor-synchronous
echo sequence. A π-pulse was applied at the end of the first rotor period after the initial
magnetization was prepared by a π/2-pulse. Because paramagnetic isotropic shifts have a 1/
T-dependence (Curie's law) in the high temperature approximation, both spinning speed and
RF duty factor were found to affect observed chemical shifts. For experimental simplicity,
unless otherwise mentioned, we indicated the temperature of VT cooling air (−10 °C) rather
than that of a sample, which was about 0.0607(νR)2 higher than that of the cooling air based
on the 13CH3 shift of Cu(DL-Ala)2,20 where νR denotes a spinning speed in kHz. The
experimental 13C chemical shifts were referenced to TMS at 0 ppm using the secondary
external standard of 13CH in adamantane at 38.56 ppm. 1H chemical shifts were also
referenced to TMS using the secondary external standard of H2O at 4.7 ppm.

All the 13C and 1H MAS spectra were recorded with a rotor-synchronous echo sequence.
For the SSNMR data in Fig. 1 and 2, the signals were acquired with 10 μs sampling
intervals from the end of the second rotor cycles after the initial π/2-pulse. The 13C pulse
widths for π/2- and π-pulses were 2.5 and 5.0 μs, respectively. Signals were recorded
during the acquisition periods of 10.3 ms for CuPc in Fig. 1(a, b) and Fig. 2(a, b). For the
SSNMR experiments in Fig. 1 and 2, we used a background suppression scheme by Chen
and Schmidt-Rohr.42 For background suppression, a background spectrum was collected
using the same pulse sequence but with the initial excitation by a π-pulse in place of a π/2-
pulse. In this spectrum, signals for CuPc were negligible (not excited by a π-pulse) and only
signals for the background 13C that was remotely located from the sample coil were
observed. The background spectrum was multiplied by 0.5,42 and subtracted from the
spectrum collected using a π/2-pulse. For the experiments in Fig. 2, we used 13C-1H
REDOR experiments previously discussed.17,19 These RF pulses sufficiently cover the
spectral widths of ~1000 ppm (±50 kHz).

For the 1H spectrum in Fig. 4(a,b), the signals were acquired with 2 μs sampling intervals
from the end of the second rotor cycle after the initial π/2-pulse. The recycle delay was 100
ms for the two spectra.

For Fig. 5, a pulse sequence for 2D 13C/1H correlation experiment with dipolar INEPT
transfer was adopted from ref. 19. A period of τ = 5.0 μs was optimized for efficinent
polarization transfer for CH groups. For both 13C and 1H spins, pulse widths for π/2- and π-
pulses were 2.5 and 5.0 μs, respectively.

Ab initio Chemical Shift Calculations

Chemical shifts were calculated for the protons and carbons in a monomer of α- and β-CuPc
based on the structures obtained by transmission electron diffraction3 and X-ray
crystallography,9 respectively. Chemical shift calculations and carbon chemical shift
referencing were done as described previously.24 The positions of hydrogen atoms were
optimized using the B3LYP/6-31G* level of theory while the positions of the heavy atoms
were held fixed. Diamagnetic chemical shifts were calculated using a Zn analog of α- or β-
CuPc using GIAO with B3LYP/6-311G. Fermi contact spin densities were similarly
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calculated for the Cu species using UB3YP/6-311G. These were converted to hyperfine
shifts using equations (3) through (5) in ref. 43 with S = 1/2 and T = 298K. Oldfield and
coworkers have shown that the calculated 13C shifts for Cu(II)(DL-alanine)2 agree well with
the experimental SSNMR shifts within the rms difference of 6.3 % with respect to the total
spectral range.33 Although the effects of Cu(II) in neighboring molecules are not included in
the present calculations, our previous study for α- and β-Cu(II)(8-quinolinol)2 showed that
chemical shift calculations for monomeric forms reproduced 13C hyperfine shifts reasonably
well when inter-molecular Cu(II)-13C distances are relatively long.24 For a CuPc compound,
a relatively small g-anisotropy (|(gxx-gzz)/gzz|=0.05) was reported by a previous EPR study;
44 the isotropic shift predicted from the pseudo contact shifts are small (at most 3 ppm) for
the CH groups. Thus, the effects of pseudo contact shifts were neglected in the calculations.

Characterization of α- and β-CuPc by FTIR

The sample amount was ~1.1 mg for each, and the sample was then ground and mixed with
~ 170 mg of KBr. About 30 mg of the mixture was used to obtain a KBr pellet for the
measurements . Measurements were obtained at room temperature with 256 scans. As listed
in Table S1 in SI, the peak positions for all the major peaks are identical within the range of
the error.

Raman Spectroscopy of α- and β-CuPc

Raman spectra were collected using a Renishaw inVia Raman Microscopy system equipped
with a 50 mW 633 nm He-Ne laser, an 1800 lines/mm grating and a 20× SLMPlan objective
(0.35 numerical aperture). During collection the slit width was kept at 50 μm while the laser
power was kept at 1% to prevent sample heating. The scanning range was between 200 and
3200 cm−1. For assignment of peak positions, the peak-fitting feature of ACD/Spec Manager
UVIR software (ACD/Labs) was employed, using a Gaussian-Lorentzian function with a
width limit of 15 cm−1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
13C SSNMR MAS spectra of (a) α-CuPc (19.1 mg) and (b) β-CuPc (12.9 mg) obtained
at 13C frequency of 100.657 MHz without decoupling and with a single π/2-pulse excitation
and a rotor synchronous echo sequence. The spectra were acquired at spinning speed of
22.989 kHz ± 5 Hz and −10 °C for the CuPc samples. The pulse delays were 120 ms and 50
ms for (a) and (b), respectively. The experimental time for the samples was 3.0 h for 81920
scans (a) and 205.7 min 3.4 h for 204800 scans for (b). The same conditions were used to
collect background spectra using the scheme in ref. 42 with the equal experimental time. The
spectra in (a) and (b) display the difference. The spectra in both (a) and (b) were processed
with Gaussian broadening of 300 Hz. The peaks labeled by * in (a, b) denote spinning side
bands. The signal-to-noise ratio for the tallest peaks at (a) 179 ppm and (b) 180 ppm are 41.8
and 28.2, respectively. (c) IR spectra of α-CuPc (blue, bottom) and β-CuPc (red, top)
obtained with 256 scans. (d) A molecular structure of CuPc.
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Figure 2.
13C MAS spectra of (a) α-CuPc and (b) β-CuPc without (top) and with (bottom) 13C-1H
REDOR dipolar dephasing. The spectra were obtained at 100.657 MHz without decoupling
and with a single π/2-pulse excitation and a rotor synchronous echo sequence. The spectra
were acquired at spinning speed of 22,989 Hz ± 5 Hz and −10 °C for the CuPc samples. 1H
and 13C π-pulse widths are 5 μs, and the pulse delays were 50 ms. The experimental time
for the α-CuPc sample (19.1 mg) was 1.4 h (81,920 scans) for the top or bottom spectrum in
(a) while that for the β-CuPc sample (12.9 mg) was 3.4 h (204,800 scans) for the top or
bottom spectrum in (b). The same conditions were used to collect corresponding background
spectra using the scheme in ref. 42 with the equal experimental time. The spectra in (a) and
(b) show difference spectra. Other parameters of the 13C-1H REDOR sequence are the same
as those in ref. 17. Refer to ref. 17 about the pulse sequence and other details. The spectra
were processed with Gaussian broadening of 500 Hz.
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Figure 3.

Simulated 13C spectra for 13CH groups of (a) α-CuPc and (b) β-CuPc obtained from ab
initio calculations of 13C chemical shift (blue) without broadening and (red) with Gaussian
broadening of (a) 7 ppm and (b) 20 ppm in the full width at the half height. The ratio of the
line broadening widths is approximately matched to that for 13C 1/T1 values observed for α-
and β-CuPc. See Tables 2 and 3 for the calculated shift positions.
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Figure 4.
1H SSNMR spectra of (a) α-CuPc (19.1 mg) and (b) β-CuPc (12.5 mg) obtained at an NMR
frequency of 400.214 MHz and a spinning speed of 20 kHz ± 5.0 Hz with a VT air set −10
°C. The spectra were obtained with (a) 32 scans and (b) 512 scans with pulse delays of 0.1
sec. Both spectra were obtained without applying any line broadening. (Spinning side bands
are denoted with *).
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Figure 5.

2D 13C/1H correlation SSNMR spectra of (a) α-CuPc and (b) β-CuPc obtained with dipolar
INEPT sequence19 with τ = 5.0 μs at −10 °C and 20,000 ± 5.0 Hz spinning speed. For
both 1H and 13C spins, π/2- and π-pulse width were 2.5 and 5.0 μs, respectively. 15 t1
complex points were recorded with 46,080 scans for each t1 real/imaginary point using a t1
increment of 10.0 μs (τR/2). The pulse delay was 50 ms and the experimental time was 20 h.
Gaussian broadening was applied for both dimensions, with line widths of 500 Hz for (a)
and (b).
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Figure 6.

Raman spectra of α-CuPc and β-CuPc. Spectra were collected for 60 seconds in extended
scan mode between 3300 and 200 cm−1. A total of ten accumulations were added to provide
the presented data. Peaks denoted with stars exhibit shifts diagnostic for polymorphism.
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Table 1

13C T1 relaxation times for α- and β-forms of CuPc.

Crystal form 13C T1 relaxation time

α-CuPc Peak position 179 ppm 197 ppm

13C T1 38.3 ± 2.1 ms 25.1 ± 2.1 ms

β-CuPc Peak position 132 ppm 180 ppm

13C T1 14.0 ± 2.3 ms 8.6 ± 0.4 ms
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Table 2

Calculated carbon chemical shifts for α-CuPc

Calculated shielding or shift for α-CuPc

Carbon Diamagnetic Shielding Diamagnetic Shift Hyperfine Shift Chemical Shift

C(1) 22.0 163.0 572.5 735.5

26.4 158.6 647.0 805.7

24.3 160.7 664.8 825.5

21.3 163.7 664.8 828.5

21.9 163.1 604.5 767.5

26.5 158.5 714.5 873.0

24.5 160.5 735.8 896.3

21.4 163.6 670.7 834.3

C(2) 43.3 141.7 598.5 740.2

50.6 134.4 561.9 696.3

49.0 136.0 563.1 699.1

45.7 139.3 591.4 730.8

43.3 141.7 602.1 743.8

50.6 134.4 532.3 666.7

49.0 136.0 525.2 661.2

45.7 139.3 606.8 746.1

CH(1) 58.4 126.6 55.6 182.2

61.7 123.3 40.2 163.5

64.1 120.9 44.9 165.8

63.7 121.3 61.5 182.8

58.4 126.6 52.0 178.7

61.7 123.3 52.0 175.3

64.1 120.9 66.2 187.1

63.7 121.3 44.9 166.2

CH(2) 52.4 132.6 34.3 166.9

55.8 129.2 48.5 177.6

56.5 128.5 54.4 182.9

54.6 130.4 37.9 168.2

52.4 132.6 43.8 176.3

55.8 129.2 37.9 167.0

56.5 128.5 35.5 164.0

54.6 130.4 58.0 188.3
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Table 3

Calculated carbon chemical shifts for β-CuPc

Calculated shielding or shift for β-CuPc (ppm)

Carbon Diamagnetic Shielding Diamagnetic Shift Hyperfine Shift Chemical Shift

C(1) 30.1 154.9 590.3 745.1

30.1 154.9 684.9 839.8

32.3 152.7 696.7 849.4

30.3 154.7 493.3 648.0

30.1 154.9 590.3 745.1

30.1 154.9 684.9 839.8

32.3 152.7 696.7 849.4

30.3 154.7 493.3 648.0

C(2) 46.7 138.3 635.2 773.5

49.6 135.4 542.9 678.3

50.2 134.8 537.0 671.9

44.4 140.6 630.5 771.1

46.7 138.3 635.2 773.5

49.6 135.4 542.9 678.3

50.2 134.8 537.0 671.9

44.4 140.6 630.5 771.1

CH(1) 62.5 122.5 43.8 166.3

63.1 121.9 79.3 201.1

63.9 121.1 85.2 206.3

61.2 123.8 46.1 169.9

62.5 122.5 43.8 166.3

63.1 121.9 79.3 201.1

63.9 121.1 85.2 206.3

61.2 123.8 46.1 169.9

CH(2) 54.8 130.2 69.8 200.0

57.2 127.8 21.3 149.1

56.3 128.7 20.1 148.8

52.9 132.1 72.2 204.2

54.8 130.2 69.8 200.0

57.2 127.8 21.3 149.1

56.3 128.7 20.1 148.8

52.9 132.1 72.2 204.2
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Table 4

Raman bands and shifts observed for α- and β-CuPc.

Assignment a) α-CuPc (cm−1) β-CuPc (cm−1) Shift (cm−1) Vibration Type b)

ν 28 1455.68 1453.77 −1.91 Macroring stretching

ν 14 1109.07 1111.26 2.19 C-H deformation

ν 31 954.33 955.33 1.00 Isoindole deformation

ν 25 485.82 484.14 −1.68 Isoindole deformation

ν 52 255.91 259.98 4.07 Cu–M deformation

a)
The assignments are based on reference 29.

b)
For the definitions of the vibration types, see references30,38,40.
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