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Abstract

This study investigates the fluorescent and mesomorphic properties of tetrakis(oxadia-
zolyl)benzenes (TOBEs) and -pyrazines (TOPYs), novel cruciform liquid crystals. The
impact of a set of four side chains on optical and mesomorphic properties is reported. TOBE
absorbs in the UV range (~360 nm), while substituting the central benzene ring by pyrazine
(TOPY) shifts the absorption maximum to 396 nm but lowers the fluorescence quantum
yield (TOBE: 72%; TOPY: 21%; in toluene). Fluorescence in the green-to-orange range is
influenced by solvent polarity. Mesophase analysis shows quite narrow phases (~20 K) for
TOBE. As the pyrazine core lowers the melting point and elevates the clearing temperature,
huge mesophase ranges (~80-90 K) are detected for TOPY. Side chain variations further
influence material properties: TOBE with linear alkyl chains exhibits multiple crystal—-
crystal transitions, while branching enhances mesophase stability and alters fluorescence
characteristics. The Huisgen reaction provides a cost-effective synthetic route for these
fluorescent mesogens, offering high yields and efficiency.

Keywords: liquid crystals; cruciform; sensing; heterocycles; fluorescence

1. Introduction

In recent years, discotic liquid crystals (DLCs) composed of a central ring and con-
jugated arms were prepared and investigated as electronic materials, e.g., in organic
light-emitting diodes (OLEDs), organic field-effect transistors (OFETs), and organic photo-
voltaic cells (OPVs) [1-7]. Among them, cruciform or “X-shaped” molecules have attracted
substantial attention for their promising application in optoelectronic devices. Due to their
two-dimensional 7-conjugated frameworks, these cruciform mesogens, unlike traditional
calamitic or discotic liquid crystals, offer exciting potential for advancing the efficiency and
performance of optoelectronic devices [1-7].

Earlier studies have shown that the charge transport properties of organic molecules
are strongly influenced by their orientation, with molecules showing a highly ordered
superstructure exhibiting higher charge carrier mobility [8,9]. X-shaped molecules are
generally expected to exhibit superior ordering compared to rod-shaped structures [10-13].
In these molecules, the conduction of excess charge occurs in two dimensions, enhancing
the rate of charge transport between molecules. Charge transport analysis of various X-
shaped molecules confirms high charge carrier mobility, further supporting their potential
for optoelectronic applications [12].
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Research performed in the early 21st century, e.g., by Kim [14], Blanchard-Desce [15,16],
Meier [17], Imrie [18], Zhang [19], Goodby [20] and us [5,21], led to the development of
multi-arm liquid crystals (LCs) with enhanced mesophase properties. The multi-arm design
results in wider mesophase ranges due to lower melting points and higher clearing points
compared to traditional small-molecule LCs. For example, tetraester-based star mesogens
(Figure 1), based on a tetrahydroxybenzene core and semi-flexible oligobenzoate arms
(1), demonstrate broad mesophases [5]. Structural modifications are the key to tuning
the mesomorphic behavior and thermal stability of cruciform mesogens. For example,
the partial fluorination of 1,2,4,5-tetra((alkoxyphenyl)ethynyl)benzene (2) by Wu [4] sta-
bilizes the nematic phase by both lowering transition temperatures and broadening the
mesophase range.

"Dy
O* > S0,
R.g O : O rEJR,R RO O O

Figure 1. The literature examples of cruciform mesogens with a central benzene ring (1,2) [5,22] or
pyrazine (3,4) [23,24].

Applying advanced computational methods like (time-dependent) density functional
theory ((TD)-DFT), Senthilkumar et al. [12] provided valuable insights into structural mod-
ifications influencing the optoelectronic properties of cruciform mesogens. By strategically
incorporating electron-donating (EDGs) and electron-withdrawing groups (EWGs), the
electron density distribution can be finely tuned, which directly impacts fluorescence
and charge transport properties. Addition of electron-withdrawing substituents stabilizes
the excited state and promotes two-photon absorption, while electron-donating groups
increase HOMO electron density, optimizing fluorescence [25]. Bunz [23,24] reported amino-
cruciforms with a high potential for use for sensing purposes. Similarly, optical properties
of donor-substituted X-shaped distyrylpyrazines [26] (5) and similar quadrupolar D-A
cruciforms from Zang [27] are highly sensitive to their environment. This responsive-
ness is attributed to the electronic interactions between the core and the electron-pair-
donating groups, which modulate the conjugated m-system. Gong et al. [28] explored the
design and synthesis of cruciform donor-acceptor (D-A) conjugated chromophores derived
from tetraphenylpyrazine (Figure 1, 3). The tetraphenylpyrazine core is known for its
aggregation-induced emission (AIE) properties and structural flexibility [3].

While a huge number of DLCs with Cp, C3, C4 and even Cy symmetry have been
synthesized [1,29,30] and studied in detail, there are only a quite limited number of St
Andrews cross-shaped DLCs with Dyh symmetry [31-36]. These are made from different
core and arm components, but they all share a relatively high electron density due to
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donor substitution. On the other hand, Bock studied DLCs with pyrene- and coronene-
carrying ester groups as EWGs [37,38], and we reported tetrakis(phenyloxadiazolylphenyl)-
pyrazines (TOPPs) [21], cruciform mesogens with highly electron-deficient heterocycles as
building blocks.

This study focuses on the synthesis and characterization of novel fluorescent Dyh sym-
metrical cruciforms, tetrakis(phenyl-1,3,4-oxadiazolyl)benzenes (TOBEs) and -pyrazines
(TOPYs), and their mesomorphic and optical properties. These discotic liquid crystals are
designed to exhibit enhanced fluorescence and mesophase stability, key factors for deter-
mining promising candidates for next-generation optoelectronic devices [28]. Through the
integration of four central oxadiazoles, both TOBEs and TOPYs stand out as rare examples
of electron-deficient cruciform LCs.

2. Synthesis

The syntheses of tetrakis(oxadiazolyl)benzenes (TOBEs) and -pyrazines (TOPYs) as
cruciform liquid crystals rely on a convergent approach using a fourfold Huisgen reac-
tion [39-41] as the core synthetic step. This method yields high-purity products and simpli-
fies the work-up process, as recrystallization is sufficient to isolate the final compounds,
eliminating the need for costly and time-intensive column chromatography.

Traditional syntheses of 1,3,4-oxadiazoles typically require a multi-step process in-
volving the formation of diacylhydrazines, followed by dehydration/cyclization using
highly aggressive POCI;3 [42,43]. In contrast, the Huisgen reaction directly couples acyl
chlorides and tetrazoles in the presence of a base to form acyltetrazoles. These intermedi-
ates eliminate nitrogen and cyclize to the desired 1,3,4-oxadiazoles in a single synthetic step
(Scheme 1). The main advantage of the Huisgen route is the efficient synthesis of sensitive
compounds [44], making it an ideal approach for the synthesis of fluorescent mesogens.
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Scheme 1. Mechanism for the conversion of tetrazoles to 1,3,4-oxadiazoles.

The required tetrazoles (7) were synthesized by alkylating protocatechuic nitrile (6) to
produce 3,4-dialkoxybenzonitriles, followed by a 1,3-dipolar cycloaddition with sodium
azide (Scheme 2). The combination of sodium azide and aluminum chloride in N-methyl-2-
pyrrolidone (NMP), as described by Kappe et al. [45], significantly enhanced the tetrazole
formation with slightly increased yield. The pyrazine core was synthesized by KMnO,
oxidation of tetramethylpyrazine according to Diirr et al. [46]. This method produces
highly pure pyrazine tetracarboxylic acid (8), which serves as central building block for the
targeted electron-deficient cruciforms.

The final TOBE and TOPY compounds were synthesized by converting either pyromel-
litic acid 9 or pyrazine tetracarboxylic acid 8 into the corresponding acid chloride using
thionyl chloride. The crude acid chloride was directly subjected to the Huisgen reaction
with aryltetrazole 7. Both the acid chlorides 8 and 9 and tetrazole 7 were dissolved in
toluene, with diisopropylethylamine (DIPEA) added as the base. The reaction mixture was
heated overnight; the desired products were obtained at high yields of up to 82% (Table 1).
Unlike pyridine bases [40,47], which led to undesirable side products, DIPEA facilitated a
clean reaction, as confirmed by TLC monitoring. This synthetic pathway provides quick
and easy access to stable, fluorescent TOBE and TOPY cruciform liquid crystals 10-17.
Synthetic details and analyses are given in the supporting information.
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Scheme 2. Reaction procedure for the synthesis of TOBE 10-13 and TOPY 14-17.

Table 1. Synthesized TOBEs and TOPYs, with their substituent patterns and yields.

Compound X R Yield [%]
10 C CgHyy 53
11 C CyoH21 19
12 C CyoHps 16
13 C 3,7-dimethyloctyl 43
14 N CgHyy 76
15 N C10H21 63
16 N CioHps 82
17 N 3,7-dimethyloctyl 34

3. Thermal Properties: DSC and POM

Polarized optical microscopy (POM) investigations of tetrakis(oxadiazolyl)benzenes
(TOBEs) and -pyrazines (TOPYs) revealed birefringent mesophases for all compounds.
The fan-shaped or pseudo-focal conical textures (Figure 2) are typical of discotic liquid
crystals [30,48]. Furthermore, these textures are in agreement with the hexagonal colum-
nar nature of the mesophases, as analyzed by WAXS (vide infra). Shearing experiments
confirmed that TOBE and TOPY exhibit high viscosity in their respective mesophases,
indicating strong intermolecular interactions within the columnar stacking.

Differential scanning calorimetry (DSC) provided further insight into the thermal prop-
erties of the cruciform liquid crystals, revealing interesting mesomorphic properties for both
TOBE and TOPY compounds (Figure 2, Table 2). Specifically, TOBEs exhibited mesophase
widths of approximately AT = 14 to 50 K, whereas the pyrazine derivatives demonstrated
significantly broader ranges, even extending up to AT = 85 K. This pronounced difference
in thermal behavior suggests that TOPYs possess higher column stability. The broader
mesophase range observed in TOPYs is likely attributed to the electronic influence of the
pyrazine core, which incorporates additional nitrogen atoms with lone pair electrons, alter-
ing the electronic environment. Electron-rich sites in the mean plane induce intracolumnar
repulsive forces. Consequently, this repulsion disrupts the m-7r stacking interactions, which
prevents close packing and results in a more dynamic system. As a result, TOPYs exhibit
lower melting points. This and the slightly higher clearing points compared to their ben-
zene counterparts result in wider mesophases. These findings highlight the suitability of
nitrogen-rich heterocycles as liquid crystal cores and are also in alignment with our previ-
ous studies on tris(aryl-1,3,4-oxadiazolyl)triazines (TOTs) [44], where the triazine-based

https:/ /doi.org/10.3390/ chemistry8090119


https://doi.org/10.3390/chemistry8090119

Chemistry 2026, 8, 119 50f12

mesogens also showed enhanced mesophase stability compared to analogous carbon-based
systems (TOBs).

Figure 2. POM images of TOBE 10 (top left) and 13 (top right), and TOPY 14 (bottom left) and 15
(bottom right).

Table 2. Phase transition temperatures and enthalpies of TOBEs and TOPYs. Temperature values are
given as onset signals of the second heating curve.

Compound [T""(l:] [k]?gol] E[%] [kﬁgol]

10 146.9 17.9 160.3 7.1
11 136.2 25.9 158.3 8.0
12 130.9 72.0 183.6 0.9
13 98 28.9 123.2 7.6
14 108.1 43.4 189.9 10.3
15 99.8 33.4 188.0 9.2
16 91.5 35.4 176.3 9.6
17 97.6 16.0 / /

* Onset signals of second heating curve.

TOBE derivatives with linear alkyl chains showed multiple crystal—-crystal transitions,
observed as a series of broad transitions in the DSC scans (Figure 3, left). This behavior
is analogous to previous findings on Csz-symmetric tris(aryl-1,3,4-oxadiazolyl)benzenes
(TOBs) [34]. Notably, some TOBE compounds exhibit exothermic transitions during the
second heating cycle, attributed to thermally induced crystallization. Upon cooling, the
material remains in a metastable phase, which persists when frozen. Upon reheating, the
introduction of energy induces cold crystallization, as evidenced by the large exothermic
peak just before the melting point in the second heating cycle (Figure 3, left).
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Figure 3. DSC: TOBE 12, with crystal—crystal transitions noticeable by broad signals and a high-
temperature columnar liquid crystal (left); TOPY 17, which only forms a soft crystalline phase (right).

In contrast, TOBE 13 with branched alkyl chains did not display these transitions,
potentially due to steric hindrance within the stacking pattern introduced by the branched
chains. Additionally, this branching created diastereomeric mixtures resulting from the
introduction of chiral centers that may have inhibited proper stacking and resulted in
limited mesomorphism [49].

The mesophase ranges of the pyrazine derivatives are remarkably consistent (Table 2);
DSC scans give only two transitions (ESI). Compound TOPY 15, functionalized with decyl
chains, displayed the broadest mesophase range. This likely resulted from the optimal
balance between core rigidity and the flexibility of the decyl side chains, allowing for
enhanced molecular alignment and stability of the columns in the liquid crystalline state.

The branched derivative 17 exhibits unique textural properties, distinctly different
from the other textures. POM investigation reveals a pseudo-focal conical fan texture,
interspersed with a striped texture. Upon heating, this texture softens and shows slight
shearability, more indicative of a soft crystal than a classical liquid crystal phase. This
observation is further supported by DSC (Figure 3, right), which displays only a single
broad thermal transition. This behavior suggests that the branched structure may disrupt
the molecular packing necessary for typical liquid crystalline phases, leading instead to a
phase with intermediate characteristics.

A comparative analysis of the mesomorphic properties of tetrakis(oxadiazolyl)benzenes
and -pyrazines reveals distinct trends consistent with observations from similar compounds
reported previously [21,44]. Carbon-based TOBEs display narrow mesophase ranges,
whereas their pyrazine counterparts show significantly broader mesophases, e.g., TOBE
11: 22K versus TOPY 15: 88K. Additionally, the carbon-centered systems show multiple
crystal—crystal transitions.

Compared to Cz-symmetrical star-shaped compounds with three aryloxadiazolyl
arms, TOBEs and TOPYs exhibit higher melting points and smaller mesophase ranges [34].
Like for TOBEs/TOPYs, stars with a 1,3,5-triazine center melt at lower temperatures
than their benzene counterparts. Furthermore, the melting points of A-shaped 1,2,4-
(triaryloxadiazolyl)benzenes are slightly below those of analogous cruciform molecules,
but their mesophases are very narrow [50].

The LC structures of the representative compounds TOBE 11 and TOPY 15 were
investigated on macroscopically aligned fibers using two-dimensional wide-angle X-ray
scattering (WAXS). The specimens were prepared via extrusion at 140 °C for 11 and 110 °C
for 15. WAXS patterns were recorded upon heating in narrow temperature increments
to identify the LC phase (Figure 4). At 145 °C, 11 exhibited an aligned X-ray pattern
characteristic of a columnar LC phase, indicated by a strong 10 reflection and a broad
halo. The presence of characteristic optical textures and a transition enthalpy of 7.9 kJ /mol
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further supports the assignment to a columnar LC phase within a narrow temperature
range. Although the 11 and 20 reflections remained undetected, the combined observed
features (POM, DSC, WAXS) were consistent with a hexagonal columnar structure, the
lowest ordered columnar LC phase. Assuming hexagonal symmetry, the columnar lattice
parameter was calculated to be g;, = 3.24 nm. The meridional halo indicated an average
hydrocarbon chain separation of 0.46 nm. There was only a very broad shoulder at the
wide-angle side of the halo pointing to rather disordered 7-7t stacking for compond 11.

145.2 oC : meridian

equatori meridian TOBE,,

intensity

124.4 °C i meridian

equator meridian TOPY,, Tex

intensity

20r°

Figure 4. Diffraction pattern and integration along the equator/meridian for TOBE 11 (A) and TOPY
15 (B).

Structural data for pyrazine-centered 15 was obtained on a macroscopically aligned
fiber at 124 °C. Reflections on the equator indexed as 10 and 11 confirmed a hexagonal
columnar phase with a5, = 3.28 nm. Two distinct meridional signals corresponded to the
average distance between liquid-like aliphatic chains (halo at 0.46 nm) and 7-7t stacking,
which was not well-defined, similar to material 11. This clearly confirms the liquid-like
columnar nature of the studied compounds.

4. Absorption and Emission Properties

TOBEs and TOPYs are yellow-to-orange solids with fluorescence in the green-to-
orange range. The optical properties of the decyl derivatives 11 and 15 are investigated as
representative compounds. In solution, the absorption maxima of TOBEs peak around Apmax
=363 nm; due to the more pronounced donor—acceptor structure in TOPYs, their absorption
maxima appear at lower energies, such as Apax = 393 nm. Similarly, the corresponding
fluorescence of 11 appears at higher energies than that of the pyrazine counterparts (Table 3).
Unlike absorption, fluorescence depends strongly on the nature of the solvents.
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Table 3. UV-Vis and fluorescence spectroscopy in solutions of 11 and 15.
abs FI St
Solvent Al _81 1 Amax Av ?F
/nm /Lmol~1 cm /nm /em~1 Yo
cyclohexane 365 5.76 x 10% 442 4747 42
11 toluene 363 5.46 x 10* 470 6249 72
dichloromethane 362 4.86 x 10* 508 7939 28
cyclohexane 388 5.62 x 10* 472 4564 13
15 toluene 395 4.98 x 104 512 5766 21
dichloromethane 391 4.96 x 10* 570 8016 1
TOBE 11 and the pyrazine counterpart 15 emit Apax in the range of 440 up to 570 nm
(Figure 5). Solvent polarity strongly affects the fluorescence wavelength and quantum
yields, with the pyrazine derivative being slightly more sensitive (Figure 5). Comparing so-
lutions in cyclohexane and dichloromethane, positive solvatochromism shifts the emission
maximum of 11 about Av = 2939 cm~! and of 15 about Av = 3642 cm ™! to lower energies;
concomitantly, the Stokes shift, the difference between absorption and emission maxima,
reaches Av = 8000 cm ™!, and the fluorescence quantum yields decrease. Here again, the
pyrazine derivative is much more sensitive.
—— Cyclohexane
104 —— Toluene - 109 -
I//f\ —— Dichloromethane )1
o IR
c ! ,I ! c :l : ‘\\
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Figure 5. Spectroscopic data of 11 (left) and 15 (right) in various solvents. Normalized absorption
(dashed) and normalized emission (solid).

Regarding fluorescence quantum yields, both TOBEs and TOPYs demonstrate sig-
nificant dependence on solvent polarity (Table 3). In non-polar solvents, TOBEs achieve
fluorescence quantum yields as high as 72%, while TOPY derivatives reach quantum yields
up to 21%.

The structure of the aliphatic side chains has no influence on the electronic states of
the chromophore in dilute solutions. Absorption and fluorescence characteristics of TOBEs
11 and 13 are essentially identical (Amax = 442 nm in cyclohexane). In the solid state, the
side chains affect packing and can control intermolecular interactions (Figure 6). Notably,
11 (Amax = 488 nm) exhibits a substantially larger hypsochromic shift in the solid state
compared to 13 (Amax = 465 nm, ESI). The fluorescence blueshift is attributed to the changed
non-polar environment in the LC phase. The branched side chains in 13 introduce steric
hindrance, impairing close molecular packing, reducing intermolecular interactions, and
altering the electronic transitions of the fluorophores. Furthermore, the impact of branching
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on aggregation—and therefore on the optical properties of the solid materials—is visible
upon thermal treatment (Figure 7). Whereas the emission maxima of the pristine spin-
coated films of 11 and 13 deviate by AA = 23 nm, annealing of 11 results in a hypsochromic
shift of AA = 14 nm, and the emission of 13 is shifted bathochromically (AA = 15 nm); thus,
nearly identical emission maxima were recorded. Annealing of the disordered freshly
spin-coated film results in the self-assembly of the columnar structure. Interestingly, the
branched chain compound 13 seems to need much more time for this process.

linear
branched [

0.8/

0.6 4

0.4

Normalized Absorption
Normalized Emission

0.2+

0.0

T T T T T T T T
300 350 400 450 500 550 600 650
Wavelength [nm]

Figure 6. Comparison of spectroscopic properties of 11 and 13. Normalized absorption in DCM
(dashed), normalized emission in DCM (solid), and normalized emission in spin-coated film (dotted).

Pristine Pristine
1.0 Annealing for 1 h 1.0 —ﬁ:::::::g g ;Zh
——Annealing for 24 h —— 24h after annealing
—— 24 h after annealing
S 08 & o8-
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2 R}
i i
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0.2 1 0.2 H
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Wavelength [nm] Wavelength [nm]

Figure 7. Annealing experiment of spin-coated films of 11 (left) and 13 (right). Hypsochromic and
bathochromic shifts after annealing are indicated by arrows.

Significant differences emerge when comparing the solid-state fluorescence properties
of TOBE 11 and TOPY 15. Compound 15 is not emissive in the solid state, likely attributable
to aggregation-caused quenching (ACQ). Conversely, TOPY 17 is emissive in the solid state
(Amax = 495 nm); annealing, even for 24 h, displays only a minimal hypsochromic shift.
This indicates that the non-mesomorphic nature of 17 prohibits changes in the structure
and fluorescence persists by preventing the formation of non-emissive aggregates.

In the following, both the absorption and emission of the cruciform TOBE 11 are
compared with those of the linear model compound 18. The cruciform chromophore of
TOBE can be regarded as the linear 1,4-bis(aryl-1,3,4-oxadiazolyl)benzene chromophore 18
(ESI) with two additional aryl-1,3,4-oxadiazolyl arms in the 2,5-positions of the central ring.
The absorption maximum of 11 appears at Amax = 363 nm, an only 23 nm higher wavelength
compared to the linear model compound 18 (Amax = 340 nm). Contrary to excitation, the
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double ortho-conjugation in 11 has a much stronger effect on the fluorescence maximum
(Amax = 508 nm, CH,Cl,), red-shifted about Av = 3146 cm ! relative to 18 (Amax = 438 nm,
CH;Cly). The solvatochromic shift in the emission of model compound 18, Av = 2939 cm~ L,
is slightly weaker than that of TOBE (Av = 2549 cm ™1, CgHjy to CH,Cly). Tt appears that
excitation is mainly controlled by the linear five-ring segment, whereas the excited state
involves the entire molecule.

5. Conclusions

This study on the cruciform liquid crystal tetrakis(oxadiazolyl)benzenes (TOBEs) and
-pyrazines (TOPYs) reveals their potential for optoelectronic applications by investigating
their fluorescence and mesomorphous properties.

TOBEs and TOPYs are fluorescent chromophores with absorption in the UV (~360 nm
for TOBESs) or blue region (~396 nm for TOPYs). These compounds emit in the green-
to-orange range with high quantum yields in solution and pronounced positive solva-
tochromism.

The widths of the mesophases of TOBEs are moderate, exceeding 50 K for TOBE 12,
while TOPYs show much broader ranges (up to 85 K). The pyrazine core contributes to
lower melting points and higher clearing points, making mesophases of TOPYs more stable.
The side chain also plays a critical role: linear alkyl chains in TOBEs exhibit multiple crystal-
crystal transitions, whereas branched chains (13) enhance mesophase stability by impairing
aggregation, resulting in defined mesophase transitions and bathochromic shifts in fluores-
cence in the solid state. On the other hand, TOPYs with linear chains do not fluoresce in
the solid state but branching of the side chains results in a solid-state fluorophore.

The Huisgen reaction provides an efficient synthetic route, offering high yields and
cost-effectiveness for producing high-quality mesogens. In conclusion, the fluorescence
properties and mesophase stability of TOBEs and TOPYs make them ideal candidates for
use in OLEDs, OFETs, and other optoelectronic technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /chemistry8090119/s1, Synthetic details and analyses of compounds
6a—-6d, 7a-7d, [51] 8, 10-18; Table S1: POM textures; Table S2: Phase transition temperatures; Table S3:
UV-Vis- and Fluorescence Spectroscopy in solution of 11, 13, 15; Figures S1-518: 1H- and 13C-NMR
spectra of 6a—6d, 7a-7d, 8, 10-18; Figure S19: star-like mesogens reported [21,44]. Figures 520-527:
DSC of 10-17; Figure S28: Spectroscopic data of 11; Figure S29: Spectroscopic data of 14; Figure S30:
Annealing experiment of spin-coated film of 11; Figure S31: Annealing experiment of spin-coated
film of 13; Figure S32: Comparison of spectroscopic properties of 11 and 13; Figure S33: Annealing
experiment for spin coated film of 13; Figure S34: Absorption (dashed) and fluorescence spectra
(solid) of compound 18; Figure S35: Diffraction pattern and integration along the equator/meridian
for 11 (A) and 13 (B).
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