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This paper reports novel self-assembling T-shaped conjugated molecules based on asymmetric
bisphenazines in which hexadecyloxy substituted bisphenazine is orthogonally fused with 1,4-bis(2-
phenylethynyl)benzene. Tunability of one-dimensional (1D) self-assembly and electronic properties of
the system was demonstrated by peripheral substitution with small functional groups. These functional
groups (OCH3, H, CN) progressively reduced LUMO levels as predicted by theoretical calculations and
experimentally verified by cyclic voltammetry (CV). Furthermore, the morphologies of 1D assembly
were greatly influenced by the substituents. While conformational flexibility of methoxy hampered
successful assembly, hydrogen and cyano substitution induced the formation of rigid microstrands and
flexible nanofibers, respectively, using phase transfer methods. Detailed instrumental analyses of the 1D
assembled clusters including scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
and X-ray diffraction (XRD) are presented. The design strategy of the new T-π-core and peripheral
substitution provides a tool to control the morphology of 1D clusters with minimal structural modification
of the π-core while allowing modulation of electronic properties.

Introduction

Current demands in the area of organic semiconductor
design focus on both electronic properties and self-as-
sembling ability in order to create well-defined nanostruc-
tures. Various design strategies and assembly methodologies
have been reported that successfully induce self-assembly
of π-conjugated compounds, with systems ranging from
small molecules to polymers.1 One-dimensional (1D) self-
assemblies of organic semiconductors, including nanofibers,2

nanobelts,3 and nanotubes,4 have been particularly useful in
preparing high-aspect-ratio nanoclusters through intermo-
lecular π-π interaction and ultimately achieving high levels
of supramolecular organization. These 1D nanoclusters have
excellent potential for the future of nanodevice fabrication,
as single nanofiber and nanowire devices have already been

demonstrated.2b,5 Although proper assembly processes are
indispensable, a key component for inducing 1D assembly
is strategic molecular engineering. Current design techniques
employ either symmetric2,3a,b,d–f,4a–d or asymmetric π-cores4e,6

with solubilizing alkyl substituents. The morphology of self-
assembled clusters is frequently controlled by side group
manipulation, including use of nonidentical side groups with
opposite polarities.2f,g3f,4b–e

Despite the advances in the molecular design of organic
semiconductors, the majority are electron-donating (p-type)
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with only a limited number characterized as electron-
accepting (n-type). Examples of n-type semiconductors that
have been used successfully as optoelectronic active materials
include perylenediimide,7 C60,8 diphenylanthrazolines,9 con-
jugated ladder polymers,10 etc. Clearly, n-type semiconduc-
tors are equally as important when compared to their p-type
counterparts since they are vital constituents for donor/
acceptor organic solar cells and complementary circuits.
Consequently, developing useful n-type semiconductors is
a central focus of our research. A primary objective in our
molecular design is to create a material with a large electron
affinity while maintaining the desired self-assembling prop-
erties. Incorporation of desired electron-affinity while al-
lowing self-assembly requires sensible molecular design
strategies. One approach used to create n-type semiconduc-
tors involves incorporating electron-withdrawing functional
groups into p-type structural analogues.11 Although the
necessary electronic-deficiencies can be achieved using this
strategy, self-assembly of these systems are limited. Employ-
ing heteroaromatic moieties such as pyridine, pyrazine,
triazine, etc.12 is an alternative for achieving electron-
deficiency owing to the presence of the electron-withdrawing

imine nitrogens.13 The latter approach is preferable given
that properly designed large fused aromatic heterocyclics can
promote self-assembly.14

In this paper, we report the synthesis and characterization
of new n-type semiconductors that are based on asymmetric
bisphenazines and designed to have tunable electronic and
1D self-assembling properties. Bisphenazine is an excellent
π-core platform for both self-assembly and electron-
deficiency as exemplified by a previous report which
demonstrated liquid crystallinity and possible utility as an
electron transporting material.15 However, it is important to
note that little is known about the synthesis and the influence
of chemical modifications on bisphenazine.

The structural features of our target molecules merit further
elaboration: (i) π-Conjugated cores are T-shaped, in which
electron-deficient bisphenazine (vertical line) is fused or-
thogonally to 1,4-bis(2-phenylethynyl)benzene (horizontal
line). Our theoretical calculations revealed that the π-core
adopts a planar geometry which promotes self-assembly.
Additionally, the feasibility of chemical modification at the
phenyl ring at both ends of the horizontal line of the T-shaped
π-core provides an opportunity to further tune the electronic
properties. (ii) The long hexadecyloxy side groups at the end
of the vertical line of the T-cores promote solubility in
common organic solvents and assist self-assembly through
cooperative van der Waals interaction. The unparalleled
design platform presented in this work consists of three
crucial components: an asymmetric π-core, hexadecyloxy
side groups, and electronic property tuning substituents. Each
of these components plays a unique role in the assembling
ability and the electronic character of the whole molecules.
Of critical importance is the harmonious interplay between
all three components, allowing 1D assembly while modulat-
ing the electronic properties of the π-core. It was found that
peripheral modification of the π-core with small, seemingly
trivial size electronic property tuning substituents (OCH3,
H, CN) greatly influenced the morphology of the 1D
assembly. Although the conformational flexibility of OCH3

prevented the formation of organized clusters, H and CN
substitution allowed successful 1D assembly with a remark-
able difference in the morphology. Herein, we present
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synthetic details and spectroscopic investigation on physical
properties and morphological behaviors of these T-shaped
molecules.

Results and Discussion

Synthesis. The target molecules (5a-c) were prepared by
the procedure shown in Schemes 1 and 2. Efficient synthetic
route to the key intermediate, compound 2, was established
through three different approaches as shown in Scheme 1.

The first was a simple sequential addition of 1,2-bishexa-
decyloxy-4,5-diaminobenzene to 2,7-di-tert-butylpyrene-
4,5,9,10-tetraone followed by 1,4-dibromo-2,3-diaminoben-
zene without any purification of diketophenazine intermediate
(Route 1 in Scheme 1). Although this reaction procedure
had the least number of steps, it resulted in a low yield,
presumably because of initial side products at the first
cyclization, which later caused improper stoichiometry at the
second cyclization. The second approach (Route 2) was a
stepwise cyclization beginning with 1,4-dibromo-2,3-diami-
nobenzene and the tetraone including the purification of the
resultant diketophenazine intermediate. However, this inter-
mediate was only sparingly soluble in organic solvents
hampering purification. As a result, subsequent cyclization
with 1,2-bishexadecyloxy-4,5-diaminobenzene resulted in a
low yield. Finally, compound 2 was obtained in high yield
by the stepwise cyclization of 1,2-bishexadecyloxy-4,5-
diaminobenzene to the tetraone followed by 1,4-dibromo-
2,3-diaminobenzene (Route 3). Unlike the diketophenazine

intermediate in Route 2, the intermediate in Route 3 contains
hexadecyloxy substituents that rendered good solubility in
common organic solvents, making purification feasible.

The title compounds 5a-c could be prepared by Sono-
gashira coupling16 of compound 2 and the corresponding
arylene ethynylenes; however, we chose the cross coupling
between compound 4 and iodoarenes because of the higher
reactivity of iodoarenes toward Sonogashira coupling reaction
than bromoarenes. In addition, compound 4 can be reacted
directly with commercially available iodoarenes to afford
compounds 5a-c, whereas more synthetic steps are required
to prepare three different arylene ethynylenes. Hence, the
best strategy for the synthesis of 5a-c is the coupling
between 4 and various iodo compounds. The first attempt to
couple trimethylsilylacetylene (TMSA) (3) to compound 2
employing the Pd(PPh3)2Cl2 catalyst produced the mono-
substituted bisphenazine with TMSA as a major product in
addition to unreacted 2. To increase the reactivity, we can
prepare the diiodo-version of compound 2. However, the
precursor, 1,4-diiodo-2,3-diaminobenzene, requires three
additional synthetic steps from 1,4-dibromo-2,3-diaminoben-
zene.17 Instead, we found that Pd(OAc)2 dramatically
improved the yield for the coupling of TMSA to compound

(16) (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975,
50, 4467–4470. (b) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.;
Hagihara, N. Synthesis 1980, 627–630. (c) Chinchilla, R.; Nájera, C.
Chem. ReV. 2007, 107, 874–922.
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Scheme 1. Synthetic Approaches to Intermediate 2
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2 (95%). After removal of the TMS protecting groups by
K2CO3, 5a-c were obtained by Sonogashira coupling with
the relevant iodoarenes and Pd(PPh3)2Cl2 under typical
Sonogashira coupling conditions. Compounds 5b and 5c
were obtained with good yields, 83 and 85%, respectively.
On the other hand, 5a gave a low yield (15%) with a number
of unidentifiable side products. All of the compounds were
soluble in common organic solvents such as chloroform,
methylene chloride, and THF, enabling meaningful structural
and physical property characterizations.

Optical and Electrochemical Properties and Theoreti-
cal Calculation. UV-vis absorption spectra of 5a-c were
recorded in chloroform solution at 5 × 10-6 mol/L. As
shown in Figure 1, the absorption spectra of 5a-c show
similar patterns that have λmax at ca. 400 and 422 nm with a
shoulder at ca. 450 nm.

All the peaks followed Beer’s law, which confirms that
the absorptions are intrinsic to molecules rather than ag-
gregation. The peaks at 400 and 422 nm originate from the
bisphenazine ring, whereas the absorbance at ca. 450 nm is
attributed to the extension of conjugation through arylene-
ethynylene substituents. From the slope of Beer’s plot, the
extinction coefficient at 422 nm were 4.9 × 104 L mol-1

cm-1 for 5a, 6.2 × 104 L mol-1 cm-1 for 5b, and 6.8 ×
104 L mol-1 cm-1 for 5c. The absorption edges in the spectra
progressively shifted to lower energy as the peripheral
substituent changed from H (5b) to CN (5c) to OCH3 (5a).
Accordingly, the HOMO-LUMO energy gap of 5b, 5c, and
5a, calculated from the tangent of the absorption edge,18

decreased from 2.55 to 2.50 to 2.41 eV.
A similar behavior was observed in the emission spectra

measured in chloroform solution. The emission maximums
were 507, 524, and 549 nm for 5b, 5c, and 5a, respectively,
with 422 nm as the excitation wavelength.

The influence of substituent groups on the reduction of
the series of molecules was examined using CV. The
voltammetry of species 5a-c are shown in Figure 2.

For a reversible system, one would expect peak splitting
to be Nernstian with ∆Ep ) Epc - Epa ) 59 mV/n, where n
is the number of electrons transferred. In contrast, for quasi-
reversible systems the peak splitting is a function of the scan
rate ν, the rate constant for electron exchange k°, and the
transfer coefficient R, which is based on the reaction energy
barrier.19 The splitting for quasi-reversible systems is
therefore larger with values of ∆Ep g 90 mV/n. The data

(18) Bundgaard, E.; Krebs, F. C. Macromolecules 2006, 39, 2823–2831.
(19) Bard, A. J.; Faulkner L. R. In Electrochemical Methods: Fundamentals

and Applications, 2nd ed.; John Wiley and Sons Inc.: New York, 2001;
pp 242-243.

Scheme 2. Synthetic Routes to T-Shaped Molecules (5a-c)

Figure 1. Normalized UV-vis and fluorescence spectra of compounds 5a-c
in chloroform. The excitation wavelength for fluorescence is 420 nm.
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for 5a, 5b, and 5c was characterized by quasi-reversible
voltammetric waves with peak splitting on the order of 100
mV for all three molecules. In addition, the cathodic current
was larger than the anodic current with ipc/ipa ) 1.40, 1.51,
and 1.39 for 5a, 5b, and 5c, respectively. The data indicate
that the first reduction for all the compounds is energetically
more favorable than the subsequent oxidation. The resolution
of a second one-electron reduction was observed for only
5c, consistent with higher electron affinity for the molecule.
5c contains electron-withdrawing cyano, which makes the
reduction more energetically favorable in comparison to 5b
with neutral hydrogen or 5a with electron-donating methoxy.
Therefore, the potentials associated with the first reduction
are indicative of the ease of reduction with Epc values for 5c
< 5b < 5a. The onset potential for the reduction can also
be used to provide information regarding the electronic
energy levels as a function of the substituent groups used to
modulate electronic properties. Previous studies have shown
that similarly structured electron-deficient molecules can be
reduced through two one-electron processes, which provide
information regarding the LUMO.20 In this analysis, the onset
potentials for each molecule were determined for the first
reduction wave. These values are provided in Table 1 with
the calculated LUMO energies. We were unable to resolve
accurate oxidation potentials of 5a-c because of overlap with
the solvent background. Therefore, direct estimation of
HOMO energies from the oxidation potentials was not
possible. Instead, HOMO energies associated with the
molecules with different functional groups were estimated
from the LUMO energies in combination with the HOMO-
LUMO gaps derived from the optical studies.20

To further evaluate the electronic properties of compounds
5a, 5b, and 5c, theoretical calculations were carried out on
all three systems. HOMO and LUMO energies predicted by
single point B3LYP/6-31+G*//B3LYP/6-31G* were in
reasonable agreement when compared with experiment
values. It is interesting to note that compound 5c produced

the best agreement between theoretical and experimental
findings, with a difference of 0.06 eV in the HOMO energy
and 0.18 eV in the LUMO energy. The theoretically predicted
HOMO-LUMO energy gaps were overestimated by 0.24-
0.29 eV for all three molecules when compared with
experimental values. The HOMO and LUMO orbitals for
all three compounds are presented in Figure 3.

There is an obvious similarity between 5a and 5b, with
the distribution of both the highest occupied and the lowest
unoccupied orbitals localized on the horizontal line of the
T-cores. The disparity in the HOMO orbital of 5c arises from
extremely close HOMO and HOMO-1 energies, with the
HOMO-1 orbital localized in an equivalent manner to the
HOMO orbitals for 5a and 5b. An initial, low-level CIS
analysis found that the first electronic energy excitation for
5c is predicted to be between the HOMO-1 and LUMO
orbitals. Consequently, all three compounds can be viewed
as having equivalent transitions of equivalent states. All the
energy values from electrochemistry and theoretical calcula-
tion are provided in Table 1 for comparison.

Self-Assembly, Thermal Properties, and X-ray Diffrac-
tion. The 1D assembly of nanostructures can be induced
through various methods such as precipitation,3c,g spin-
casting,2a,d injection,3a,21 solvent vapor annealing,3b,d or
solvent exchange processes.2g,3b,e,f,7g In this study, the self-
assembly of compounds 5a-c was investigated through a
phase transfer method in which the molecules in solution
experience solubility change during a slow diffusion of a
poor solvent into the solution and thus initiates assembly.
Using the phase transfer method requires an optimum polarity
modulation between good and poor solvent such that two
solvent phases can be maintained at the nucleation stage of
assembly, and then slow diffusion to each other at the growth
stage. Furthermore, the concentration and the ratio of poor
to good solvent plays an additional, critical role in obtaining
well-defined 1D nanostructures. We found that the initial
optimized conditions for 1D assembly were determined to
be 0.6 mM of asymmetric bisphenazine (5a-c) in methylene
chloride to which 40 vol% of methanol was slowly added
to maintain two phases. These mixtures were left undisturbed
overnight. Despite the fact that the assemblies could be
induced with lower ratios of methanol, the asymmetric
bisphenazine retained significant solubility in the binary
solvent system, allowing for the nanostructures to be
redissolved into solution. In contrast, when the solvent ratio
of methanol is too high, fast molecular aggregation is
predominant prohibiting delicate 1D growth. Note that a
methylene chloride/n-hexane binary solvent system with 40
vol% of n-hexane did not induce 1D self-assembly, although
n-hexane is a poor solvent to the asymmetric bisphenazines.
Compounds 5b and 5c were assembled successfully by the
optimized condition producing 1D clusters; however, 5a
produced only a cloudy suspension under the same condition.
As predicted by theoretical modeling, the fact that 5a could
not induce assembly is due to the free rotation of methoxy
groups, which interferes with effective molecular packing.
To identify the morphology of the assembled clusters, we

(20) Fogel, Y.; Kastler, M.; Wang, Z.; Andrienko, D.; Bodwell, G. J.;
Müllen, K. J. Am. Chem. Soc. 2007, 129, 11743–11479.

(21) Vriezema, D. M.; Kros, A.; de Gelder, R.; Cornelissen, J. J. L. M.;
Rowan, A. E.; Nolte, R. J. M. Macromolecules 2004, 37, 4736–4739.

Figure 2. Cyclic voltammograms for the reduction of (a) 5a, (b) 5b, and
(c) 5c. Scan rate ) 100 mV/s.
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conducted SEM experiments. The excess solvent was
removed by pipetting, and the assembled clusters were then
transferred to a clean gold/mica substrate.

As shown in Figure 4, well-defined structures were
obtained with compounds 5b and 5c. The morphology of
the assembled clusters from 5b and 5c showed striking
differences. Compound 5b assembled into high aspect ratio
straight strand-like clusters in microscale width with random
distribution in the width (Figure 4a-c). The length of the
longest microstrand reached over 4 mm. On the contrary,
flexible 1D nanofibers were formed from compound 5c
(Figure 4d-f). Single and bundles of fibers were observed
with individual fiber thickness of ca. 140 nm. From the
texture of the fibers with larger thickness, it was clear that
small fibers aggregated to form bundles. Unlike the micros-
trands of 5b, the nanofibers of 5c showed a fairly homoge-
neous thickness distribution. These flexible and endless fibers
formed a 3D network reminiscent to fiber networks typically
observed from organogels.22

Thermal properties of self-assembled clusters of 5b and
5c were investigated by DSC (Figures 5 and 6). As a
comparison, simple precipitates were prepared by adding

excess methanol to concentrated solutions of 5b and 5c in
methylene chloride at once. Three heating and cooling scans
were conducted with a rate of 10 °C/min to test the
reproducibility of thermal behaviors.

The precipitate of 5b showed two endotherms at 204.5
and 247.7 °C with heat of melting of 4.9 and 21.6 J/g,
respectively. These endothermic transitions were reproducible
up to three heating/cooling scans. However, microstrands of
5b displayed complex thermal behaviors by showing two
additional endotherms plus those observed from the precipi-
tate; 109.8 °C (25.6 J/g) and 136.7 °C (31.4 J/g). The
additional two endotherms at lower temperature were obvi-
ously the product of self-assembly and were absent in the
precipitate. They were not reproducible after the first heating,
whereas endotherms at 204.5 and 247.7 °C remained
reproducible; this indicates that 5b adopts different molecular
packing from the precipitate, which can be induced only by
self-assembly with the phase transfer method.

On the contrary, 5c showed similar thermal behavior in
both precipitate and self-assembled nanofibers. Only one
melting transition at 261.4 °C was observed from the
precipitate of 5c, which was reproducible with a slight
decrease in temperature and heat of transition over repeated
heating/cooling cycle. The melting point of the nanofibers

(22) (a) Terech, P.; Weiss, R. G. Chem. ReV. 1997, 97, 3133–3159. (b)
Ajayaghosh, A.; Praveen, V. K. Acc. Chem. Res. 2007, 40, 644–656.

Table 1. Summary of Electronic Properties of 5a-c from Experiments and Theoretical Calculation

compd Ered
peak (V) Ered

onset (V) ELUMO
a (eV) EHOMO

b (eV) Egap
c (eV) ELUMO

d (eV) EHOMO
d (eV) Egap

d (eV)

5a -1.67 -1.54 -3.26 -5.67 2.41 -2.54 -5.22 2.68
5b -1.62 -1.51 -3.29 -5.84 2.55 -2.69 -5.53 2.84
5c -1.53 -1.42 -3.38 -5.88 2.50 -3.20 -5.94 2.74

a ELUMO ) -(Ered
onset + 4.8 eV). b EHOMO ) ELUMO - Egap

optical. c Optical HOMO-LUMO energy gap. d Theoretical calculation.

Figure 3. HOMO and LUMO orbitals of (a) 5a, (b) 5b, and (c) 5c predicted using optimized geometries at the B3LYP/6-31G* level of theory.
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of 5c was marginally different from that of precipitate, which
may indicate similar molecular packing in both cases.

XRD measurements were used to investigate the molecular
packing of the 1D assembled clusters (Figure 7). Again, as
with DSC, precipitates of 5b and 5c were used as a control.

The XRD pattern of microstrands of 5b showed consider-
able difference from the precipitate. The diffraction patterns
of assembled 5b exhibited defined peaks including 2θ ) 25°
corresponding to a d-spacing of 3.5 Å, which is characteristic
of an effective π-π stacking distance.2b,7a On the other hand,
the precipitate showed a broad peak which is attributed to
the amorphous character of the sample. This result indicates
that the growth of microstrands by intermolecular π-π
interaction is favored only when assembly condition such
as solvent polarities and concentration is optimized. Note
that the difference in the molecular packing of microstrands
and precipitate of 5b was also manifested by DSC. Mean-
while, the XRD patterns of both precipitate and nanofibers

of 5c showed a broad peak centered at 2θ ) ca. 19°
corresponding to a d-spacing of 4.7 Å, without noticeable
diffraction at 2θ ) 25°. The broad diffraction at the d-spacing
of 4.7 Å has been reported as the stacking distance of
coplanar π-conjugated polymer chains such as poly(9,9-
dioctylfluorene)23 and poly(2,7-carbazole) derivatives.24

Combined analyses of SEM, DSC, and XRD suggest that
the formation of microstrands of 5b and nanofibers of 5c
are driven by different intermolecular interactions. Although
they are structural analogues, π-π interaction is dominant
in the case of 5b, producing rigid straight microstrands,
whereas such interaction plays a minor role in the case of
5c. In the microstrands, molecules are assembling such that

(23) Grell, M.; Bradley, D. D. C.; Ungar, G.; Hill, J.; Whitehead, K. S.
Macromolecules 1999, 32, 5810–5817.

(24) Blouin, N.; Michaud, A.; Gendron, D.; Wakim, S.; Blair, E.; Neagu-
Plesu, R.; Belletête, M.; Durocher, G.; Tao, Y.; Leclerc, M. J. Am.
Chem. Soc. 2008, 130, 732–742.

Figure 4. SEM images of microstrands of 5b (a-c) and nanofibers of 5c (d-f).

Figure 5. DSC thermograms of 5b; (a) 2nd heating and cooling scans of
precipitate, (b) 1st heating and cooling scans of microstrands.

Figure 6. DSC thermograms of 5c; (a) 2nd heating and cooling scans of
precipitate, (b) 1st heating and cooling scans of nanofibers.
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π-π stacking is the microstrands long axis direction, giving
a well-resolved XRD pattern. On the other hand, such a
crystalline XRD character is absent in the nanofibers of 5c.
This dramatic difference in assembling behavior of 5c can
be attributed to the presence of the cyanophenyl moiety.
Cyanophenyl groups are known to have various and complex
intermolecular interaction modes including cyano-phenyl and
cyano-cyano (1D and 2D).25 Under the assembly conditions
employed in this work, intermolecular cyanophenyl interac-
tions seem to be prevailing over π-π interaction. Presum-
ably, cyanophenyl moieties interact intermolecularly in the
fiber long axis direction connecting the individual 5c

molecules. Further aggregation leads to the formation of
flexible nanofibers in a similar way to the orientation of rigid
conjugated polymers in the solid state, albeit lacking well-
resolved diffraction as in the case of 5b. A more detailed
study on the effect of the cyanophenyl interactions on the
morphologies of 1D assembly depending upon concentration
and solvent polarities with infrared spectroscopy in conjunc-
tion with SEM and XRD is in progress.

Conclusions

We have demonstrated the validity of the new design
strategy for developing T-shaped π-core molecules based on
bisphenazine, incorporating tunable electronic properties
while maintaining 1D self-assembling ability. More specif-
ically, three important goals were achieved in this work: (1)
T-shaped asymmetric bisphenazine π-cores were proved to
be effective in self-assembly. (2) Although remote to the
bisphenazine core, electronic properties of peripheral sub-
stituents (OCH3, H, and CN) were clearly reflected in the
reduction potential of the whole conjugated system. (3) The
presence of soft intermolecular interaction of cyanophenyl
moiety in the asymmetric bisphenazine modulated 1D
assembling property producing flexible nanofibers while the
absence of such interaction led to the formation of straight
high-aspect-ratio microstrands via intermolecular π-π in-
teraction. The dramatic difference in the result from the
assembly of 5b and 5c clearly shows that the 1D clusters
were grown via different driving forces. The findings in this
work give a great opportunity to control the electronic
properties and the morphologies of 1D assembled clusters
through a small variance in the molecular structure.
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Figure 7. XRD powder patterns of (a) microstrands of 5b and (b) nanofibers
of 5c. Both insets represent XRD powder patterns of precipitates of 5b and
5c, respectively.
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