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Powder X-ray Diffraction, and Small-Angle X-ray Scattering Studies
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Introduction

The search for new liquid-crystal materials continues to be
an area of advanced technological importance owing not
only to their application in liquid-crystal-display devices[1]

and as light modulators[2] and switches,[3] but also to their
electrically controlled birefringence (ECB).[4] The incorpora-
tion of tunable luminescent properties into mesomorphic
materials has led to the construction of a new generation of
mesogens for use in the construction of efficient light emit-
ters and charge carriers for electroluminescent (EL) devi-

ces.[5] In this regard, rational molecular design and synthesis
studies are crucial for the continued development of new
molecular materials that have unique or interesting supra-
molecular architectures and liquid-crystal-display properties.
The formation of simple neutral organic molecules or salts
by self-assembly, leading to the construction of various me-
ACHTUNGTRENNUNGsomorphic structures, has been extensively studied over the
past decade.[6] In particular, the orientational flexibility and
molecular anisotropy of mesogens have been utilized to
alter the optoelectronic performance of a number of liquid-
crystal-based devices, owing to their facile self-organized
supramolecular aggregation with various noncovalent inter-
molecular interactions.[7]

Liquid-crystal materials based on derivatives of 2,5-di-
phenyl-1,3,4-oxadiazole have been studied, and various poly-
mers and dendrimers containing this structural motif have
been prepared.[8] Compounds with the 1,3,4-oxadiazole
motif are generally chemically stable and have diverse lumi-
nescent properties, and are often emissive mesogens with
good electron-transport properties.[9] Although the crystal
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structures of nonmesogenic 2,5-disubstituted-1,3,4-oxadi-
ACHTUNGTRENNUNGazoles with different functionalities have been reported,[10]

structural information on mesogenic materials containing
2,5-diaryl-1,3,4-oxadiazole is lacking, owing to difficulties in
obtaining single crystals suitable for X-ray diffraction stud-
ACHTUNGTRENNUNGies.[11a–d] To the best of our knowledge, related studies on ex-
tended 2,5-diaryl-1,3,4-oxadiazoles are less-explored.[11e]

Herein, a new family of extended calamitic (rodlike) meso-
genic molecules were synthesized (Scheme 1) by changing

the mesogen core lengths and terminal substituents. Their
liquid-crystal properties were analyzed by polarized optical
microscopy (POM) and the phase transitions associated with
these mesogenic compounds were studied by differential
scanning calorimetry (DSC) and variable-temperature X-ray
diffractometry (VTXRD). Notably, structure determination
by a direct-space approach using simulated annealing
(DASH) or parallel tempering (FOX) of the powder X-ray
diffraction (XRD) data of mesogenic molecules 2b and 3a

revealed distinctive crystal
packing. Small-angle X-ray
scattering (SAXS) investiga-
tions were used to reveal
changes in long-range molecu-
lar order for these extended
mesomorphic compounds that
were annealed below their de-
composition temperatures.

Results and Discussion

Synthesis and Characterization

Scheme 1 shows the structures
of compounds 1–3 studied
herein. Details of the synthesis
and characterization of the ma-
terials are given in the Support-
ing Information. Compounds

1a–1d were prepared in good yields according to literature
methods with minor modifications,[15] whereas compounds
2a–2d, 3a, and 3b were prepared from 2-(phenyl ACHTUNGTRENNUNGethynyl)-5-
(phenyl)- or 2,5-(diphenylethynyl)-1,3,4-oxadiACHTUNGTRENNUNGazoles and 1-
iodo-4-decyloxybenzene by a Pd/CuI-catalyzed coupling re-
action.[16] 2,5-Disubstituted-1,3,4-oxadiazoles were prepared
by the cyclization of aldehyde hydrazones[17a] or the reaction
of tetrazoles with acid chlorides (Huisgen route).[17b] A small
number of studies on extended 2,5-diaryl-1,3,4-oxadiazoles
containing a C�C linkage were recently reported.[11e,18] The
incorporated C�C linkages not only enable the linear exten-
sion of mesogen length but also serve as acceptors in nonco-
valent C�H···p ACHTUNGTRENNUNG(C�C) interactions. Extensive studies report-
ing the applications of C�H···p ACHTUNGTRENNUNG(C�C) interactions in crystal
engineering and metal–organic coordination chemistry have
been reviewed elsewhere.[19]

Crystal Structure of IIIc and Vc

During the synthesis of 2c, crystals of the intermediates IIIc
(2-(4-iodophenyl)-5-(4-N,N’-dimethylphenyl)-1,3,4-oxadi-
ACHTUNGTRENNUNGazole) and Vc (2-(4-ethynylphenyl)-5-(4-N,N’-dimethylphen-
yl)-1,3,4-oxadiazole) suitable for X-ray crystal-structure de-
termination[20] were obtained by slow evaporation of solu-
tions in hexane and CH2Cl2, respectively. As shown in
Figure 1, both compounds adopt a nearly planar molecular
structure.

Scheme 1. Molecular structures of 1–3.

Abstract in Chinese:
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Crystal Packing of 2b and 3a

It is generally difficult to obtain single crystals of mesogenic
compounds suitable for XRD studies. Herein, we were able
to estimate the molecular length and conformation of the
2,5-diphenyl-1,3,4-oxadiazole moiety from the crystal struc-
tures of IIIc and Vc. The extended molecules 2b and 3a
were constructed by adding the n-decyl chain(s) or methoxy
substituents to the bent 2,5-diphenyl-1,3,4-oxadiazole
moiety. By assuming 1) a molecular length of 6.4 N for each
phenylethynyl motif and 2) that the methylene groups of the
n-decyl chain in 2b and 3a adopt an all-trans configuration
with an average size of 1.15–1.20 N per CH2 unit,

[21] the esti-
mated molecular length for molecules 2b and 3a are 30 N
and 47 N, respectively (Figure 2). In the diffractograms of
2b and 3a, the diffraction peak maxima displayed periodic
trends [q, 2q, 3q, 4q, 5q where q / sin2q ; q/N�1 (2q/8)
values: 0.046 (2.647), 0.069 (4.007), 0.094 (5.401), 0.117
(6.756), 0.141 (8.118) for 2b (the first peak is out of the de-
tection limit (2qmin=3.08) of the diffractometer); 0.030
(1.708), 0.061 (3.520), 0.093 (5.337), 0.124 (7.146), 0.155
(8.944) for 3a] indicative of layered structures with definite
lamellar thickness. Indexing the room-temperature diffracto-

grams of 2b and 3a revealed the coexistence of long and
short unit-cell edges. Rietveld profile fitting of the powder
XRD data followed by restrained structural refinement gave

Figure 1. ORTEP diagrams of IIIc (top) and Vc (bottom) showing their estimated molecular sizes, bending angles (C(8)�X�C(7)=1348 for IIIc,
C(10)�X�C(9)=1408 ; X=centroid of oxadiazole ring) and dihedral angles (C(14)�C(9)�C(8)�O(1)=�7.038, C(5)�C(4)�C(7)�O(1)=�7.068 for IIIc ;
C(12)�C(11)�C(10)�O(1)=4.318, C(5)�C(6)�C(9)�O(1)=�7.008 for Vc).

Figure 2. Molecular models of 2b (top) and 3a (bottom) with estimated
lengths.
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the structural parameters summarized in Table 1. The graph-
ical plots calculated after Rietveld profile refinement of the
data obtained for 2b and 3a are given in the Supporting In-
formation.

Figure 3 shows the crystal packing for 2b viewed along
the [010] direction. The long edge (66 N) of the unit cell is
2.2 times longer than the molecular length (30 N), thus lead-

ing to the formation of bilayer lamellar structures. The long
axis of each molecule is parallel to the long edge of the unit
cell. The imposed symmetry constraints of the space group
P21/c indicate a parallel molecular arrangement with head-
to-head and tail-to-tail orientations. The lateral molecular
order is also formed in the ac plane of the crystal structure,
as revealed by the prominent diffraction maxima at 24.58
(2q) (or d=3.67 N). This interplanar distance d is consistent
with the expected molecular width of 2b. Extensive hydro-

phobic interactions (average C···C distances>4.0 N) among
the n-decyl chains and intermolecular C�H···O interactions
(C(29)�H(29)···O(27)=2.271 N, C(38)�H(38)···O(1)=
2.404 N) were also observed.
The more-extended mesogenic molecule 3a crystallized in

the same space group as 2b, but formed a different lamellar
structure. Figure 4 shows the crystal packing of molecules of

3a along the [010] direction. The long edge (49.6 N) of the
unit cell is close to the length (47 N) of the molecule.
Unlike the case of 2b, the c-glide translational symmetry (x,
y, z!x, y�1=2, z+

1=2) indicates that there are alternating mo-
lecular stacks of 3a along the c axis, forming a distinctive
ABABAB molecular-stacking sequence.
The crystal structures and molecular-packing arrange-

ments of 2b and 3a can be used to model the solid-state
structures for 1d and 2d. In the diffractograms obtained for
1d and 2d, the periodicity of diffraction peak maxima (2q)
[q, 2q, 3q, 4q, 5q ; q/N�1

ACHTUNGTRENNUNG(2q/8): 0.041 (2.347), 0.083 (4.756),
0.125 (7.170), 0.166 (9.579), 0.208 (12.022) for 1d ; 0.033
(1.877), 0.067 (3.823), 0.097 (5.560), 0.135 (7.803), 0.168
(9.685) for 2d] indicates layered structures with lamellar
thicknesses of 37.6 N and 47.0 N, respectively, as was found
for 2b. These lamellar thicknesses are longer than the re-
spective estimated molecular lengths (23.5 N for 1d and
30 N for 2d), showing that 1d and 2d most likely adopt sim-
ilar staggered bilayer structures but with slightly altered mo-
lecular orientations. The proposed crystal packing for 1d
(and 2d) is shown in Scheme 2, based on the estimated mo-
lecular length of 23.5 N for 1d and 30 N for 2d. All these
mesogenic molecules are aligned with tilting angles of about
378 (or 538 away from the normal of the molecular stacks).
We attribute this result to supramolecular self-assembly
through intermolecular C�H···F�C hydrogen bonding be-
tween neighboring p-fluorophenyl groups.[22] Furthermore,
the prominent diffraction maxima at 24.58 and 288 (2q) in
the diffractogram of 2d indicate that the lateral molecular
order is similar to that found for 2b and 3a. However, there
is a lack of defined periodicity in the diffraction peak
maxima for 1b, precluding the existence of a lamellar struc-
ture.

Electronic Absorption and Emission Spectroscopy

The UV/Vis absorption and emission data for solutions of
1a–3b in CH2Cl2 at 298 K are listed in Table 2. For 1a–1d, a

Table 1. Structural refinement data for 2b and 3a.

2b 3a

Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a [N] 66.12(2) 49.69(2)
b [N] 5.182(1) 4.761(2)
c [N] 8.014(2) 17.008(5)
b [8] 103.18(3) 94.12(6)
V [N3] 2673.7 4013.2
Mr 508.6 735.02
1 [gcm�3] 1.264 1.217
2q [8] 1.5-50 1.5-40
Reflections 937 707
Variables 274 390
Restraints 214 335
Rp

[a] 0.095 0.079
Rwp

[a] 0.132 0.107
Rwp (expected)

[a] 0.108 0.074
RF

[b] 0.105 0.108
Goodness of fit 2.77 2.93
Max. (shift/esd)2 (mean) 0.22 (0.02) 0.26 (0.03)

[a] Rp=Si jyi,o�yi,c j /Si jyi,o j ; Rwp= [Siwi(yi,o�yi,c)2/Siwi ACHTUNGTRENNUNG(yi,o)
2]

1=2 ; expected
Rwp=Rwp/c

2 ; c2=Siwi(yi,o�yi,c)2/(Nobs�Nvar); yi,o and yi,c are the observed
and calculated intensities at point i of the profile, respectively, Nobs is the
number of theoretical Bragg peaks in the 2q range, Nvar is number of the
refined parameters. Statistical weights wi are normally taken as 1/yi,o.
[b] RF=S j Ijobs

1=2�Ijcalcd
1=2 j /SIjobs

1=2 ; Ij denotes the intensity assigned to the
jth Bragg reflection.

Figure 3. Crystal packing of 2b viewed along the [010] direction showing
head-to-head and tail-to-tail molecular orientations stacked in an
“AAAAAA” fashion.

Figure 4. Crystal packing of 3a viewed along the b axis showing
ACHTUNGTRENNUNGalternating molecular stacks with an ABABABAB sequence.
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strong absorption band at lmax=297–338 nm (e=27500–
37000 dm3mol�1 cm�1) and a weak absorption band at lmax=
246–274 nm (e=7170–15000 dm3mol�1 cm�1) were observed.
The lowest-energy absorption bands in 1a–1d underwent a
progressive red shift (F (1d)<C10H21O, CH3O (1a, 1b)<N-
ACHTUNGTRENNUNG(CH3)2 (1c)) as the electron-donating ability of their para-
substituents was increased. The absorption spectra of 2a–2d
exhibited an intense absorption band at 334–359 nm (e=
4.6–5.7Q104 dm3mol�1 cm�1) and relatively weak shoulders

at 248–329 nm (e=1.3–3.7Q104 dm3mol�1 cm�1). Similarly, a
strong absorption band centered at about 350 nm (e=
88000–123000 dm3mol�1 cm�1) and a shoulder at lmax=

259 nm (e=25300–35900 dm3mol�1 cm�1) were observed for
3a and 3b. The energy of the lowest absorption band in 2a–
2d was lowered by 1810–3730 cm�1 when a phenylethynyl
(C6H4C�C) unit was inserted between the oxadiazole and
phenyl-ring moieties of the parent congeners 1a–1d. In con-
trast, 3a and 3b displayed a slight red shift of about
1100 cm�1 for their lowest absorption bands at 350 nm, de-
spite the fact that they have two additional ACHTUNGTRENNUNGphenylethynyl
units. However, the e value at lmax=352 nm for 3a is the
largest of the compounds studied in this work. All com-
pounds were emissive at lmax=357–471 nm with emission
quantum yields and lifetimes of 73–97% and 0.91–2.60 ns,
respectively, in CH2Cl2 solution at 298 K. Notably, the
Stokes shifts in the range of 4430–6120 cm�1, which were
measured for all these compounds except 2c, are compara-
ble to those found for 2,5-diphenyl-1,3,4-oxadiazole deriva-
tives.[23] The largest Stokes shift was observed for 2c
(�6550 cm�1), which may be explained by a “push–pull
effect” created by the strong electron-donating NACHTUNGTRENNUNG(CH3)2
group and the electron-accepting oxadiazole ring.

Liquid-Crystal Properties

The thermotropic liquid-crystalline behavior of the 2,5-di-
ACHTUNGTRENNUNGsubstituted 1,3,4-oxadiazoles was studied by POM and DSC.
The POM images of 1d, 2a, 2b, and 2d are shown in Fig-
ures 5–8, respectively. The phase-transition temperatures

Scheme 2. Proposed lamellar structures of 1d (d�37.6 N, s�23.5 N,f�378) and 2d (d�47 N, s�30 N,f�378) based on the d values observed in their
diffractograms.

Table 2. UV/Vis absorption and emission data for 1–3.

Complex lmax [nm]
(e [dm3mol�1 cm�1])[a]

lem [nm] (t [ns])
at 298 K[b]

F

1a 257 (15000), 304 (37000) 340 (sh, 1.14),
357 (max, 1.14), 371
(1.16)

0.78

1b 256 (12500), 303 (30400) 340 (sh, 1.15),
357 (max, 1.17), 371
(1.15)

0.83

1c 274 (sh, 13200), 338 (32600) 405 (1.40) 0.80
1d 246 (sh, 7170), 297 (27500) 363 (1.28) 0.73
2a 249 (sh, 20600), 264 (sh, 14000),

338 (47900)
401 (1.01) 0.89

2b 248 (sh, 18200), 265 (sh, 12900),
338 (49500)

401 (0.91) 0.97

2c 260 (17400), 282 (sh, 21500),
329 (sh, 37400), 359 (57200)

471 (2.60) 0.82

2d 334 (46400) 409 (1.00) 0.82
3a 259 (28150), 352 (78340) 417 (0.93) 0.84
3b 259 (25300), 350 (88000) 417 (0.93) 0.83

[a] In dichloromethane. [b] lex at lmax absorption, in dichloromethane at
concentration�5Q10�6m.
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and enthalpy changes for the compounds were derived from
the DSC measurements and are summarized in Table 3.
The formation of the mesophase was found to be affected

by both electronic and steric factors within terminal sub-
stituents. For example, 1a–1c, which contain electron-donat-
ing groups (C10H21O, CH3O, and (CH3)2N), displayed no
thermotropic liquid-crystalline properties. However, the
solid 1d, which contains p-fluoro substituents, produced an
enantiotropic smectic A mesophase, which was confirmed

Figure 5. POM image of the Smectic A texture observed for 1d obtained
after heating the solid to 85 8C (magnification Q200).

Figure 6. POM image showing the Schlieren texture of 2a with four-
brush singularities after the solid was heated to 115 8C (magnification
Q200).

Figure 7. POM image of the Schlieren texture for 2b with two- and four-
brush singularities after the isotropic liquid was cooled to 116 8C
(magnification Q200).

Figure 8. POM image of the Smectic A texture observed for 2d obtained
after the solid was heated to 183 8C (magnification Q200).

Table 3. Phase transitions for 1–3 calculated from DSC measurements.

Compound Phase
transition[a]

T [8C]
ACHTUNGTRENNUNG(DH ACHTUNGTRENNUNG[kJmol�1])

1a Cr1!I 123.8 (60.14)
1b Cr1!Cr2 77.7 (17.82)

Cr2!I 89.1 (3.41)
1c Cr1!I 115.8 (38.26)
1d Cr1!SA 79.5 (16.28)

SA!I 86.1 (4.41)
2a[b] Cr1!Cr2 116.1 (7.92)

Cr2!N 131.6 (23.1)
N!I 156.3 (0.67)

2b Cr1!Cr2 112.34 (9.23)
Cr2!I 137.6 (37.25)
I!N ACHTUNGTRENNUNG[126][c]

N!Cr1 ACHTUNGTRENNUNG[103][c]

2c Cr1!Cr2 51.5 (3.43)
Cr2!Cr3 142.4 (9.28)
Cr3!I 162.5 (25.15)
I!N ACHTUNGTRENNUNG[148][c]

N!Cr4 ACHTUNGTRENNUNG[136][c]

2d Cr1!Cr2 75.3 (3.66)
Cr2!SA 180.4 (30.17)
SA!I 202.5 (2.64)

3a[b] Cr3!N 212.5 (51.8)
N!I 234.8 (0.79)

3b Cr1!I 255.1, decomposed

[a] Cr=crystal phase, N=nematic mesophase, SA= smectic A mesophase,
I= isotropic liquid. [b] See reference [11e]. [c] All I!N or N!Cr transi-
tion temperatures were not measured but based on POM observations.
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by the observation of a focal conic texture in the POM
image (Figure 5).[24] As the 2,5-diphenyl-1,3,4-oxadiazole
and p-alkoxyphenyl moieties are electron-deficient and elec-
tron-rich, respectively, the incorporation of an electron-with-
drawing F substituent into the molecule perturbs the charge
distribution and produces a larger molecular dipole. Conse-
quently, the net dipolar interactions among molecules stabi-
lize the mesophase. In contrast, the electron-donating
(CH3)2N and CH3O) substitutents destablize the mesophase,
probably owing to the absence of dipolar interactions in
these mesogens.
POM revealed that 2a had a typical Schlieren texture,[25]

which indicates an enantiotropic nematic mesophase
(Figure 6), whereas a monotropic mesophase with a thread-
like texture was observed[25] upon cooling the isotropic liq-
uids 2b and 2c (Figure 7). In 2d, an enantiotropic smectic A
mesophase was confirmed by the typical fan-shaped texture
as shown in Figure 8. Notably, the more-extended mesogens
2a–2d could readily form thermotropic mesophases, in con-
trast to the analogues 1a–1d. This observation may be ex-
plained by an increase in the p conjugation between the
phenyl and ethynyl moieties. The mesogenic character of
2a–2d is greater than that of 1a–1d, as a result of extended
p conjugation, due to the presence of additional phenyl-
ACHTUNGTRENNUNGethynyl entities. Thus, 3a exhibits an enantiotropic nematic
mesophase, and 3b has no mesomorphic behavior. Molecule
3b is rigid with no mesogenic flexibility, owing to the ab-
sence of long terminal n-alkyl chains. In summary, a higher
length-to-breadth ratio for these mesogenic molecules en-
hances the stability of the parallel molecular aggregations in
the liquid-crystal state. The liquid-crystal properties of ex-
tended 2,5-disubstituted-1,3,4-oxadiazole derivatives may be
readily modified by including different terminal groups and
changing the lengths of the conjugated mesogenic cores.

Thermogravimetric Analysis

The relative thermal stability of the mesogenic materials 1b,
1d, 2b, 2d, and 3a was investigated by thermogravimetric
analysis (TGA). The TGA curves of these solids recorded at
25–700 8C under N2 atmosphere are included in the Support-
ing Information. Only in the case of 1b was there a weight
loss of 2% at 25–80 8C, which was attributed to the loss of
0.5 molar equivalents of occluded H2O molecules per formu-
la-mass unit. All the solids decomposed by a two-step pro-
cess and showed different onset decomposition temperatures
(200 8C for 1b, 235 8C for 1d, 280 8C for 2b, 285 8C for 2d,
335 8C for 3a). These temperatures increased with the mo-
lecular weight of the mesogen. For 1b and 1d, the replace-
ment of the terminal methoxy group with a fluoro substitu-
ent led to an increase in the onset temperature, which was
attributed to lattice stabilization through the formation of
intermolecular C�H···F�C interactions. However, this did
not occur for the extended analogues 2b and 2d. All the
solids were thermally stable with insignificant weight losses
below 200 8C. However, the results of the in situ VTXRD
studies described below reveal that various crystal-to-crystal

and crystal-to-mesophase transitions occurred when the
solid samples were heated from 25 to 200 8C.

In situ Variable-Temperature X-ray Diffraction

The structural changes associated with the crystalline solids
and mesophases were monitored by in situ VTXRD. The
relevant diffractograms of solids 1b, 1d, 2b, 2d, and 3a are
shown in Figures 9–13, respectively. For 1b, a crystal-to-crys-

Figure 9. Variable-temperature diffractograms of 1b at 25–100 8C.

Figure 10. Variable-temperature diffractograms of 1d at 25–105 8C.

Figure 11. Variable-temperature diffractograms of 2b at 25–140 8C.
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tal transition (Cr1!Cr2) occurred between 70 and 80 8C, as
evidenced by the appearance of two additional diffraction
peaks at 2.508 and 4.978 (2q) in the diffractogram recorded
at 80 8C (Figure 9). In line with the POM and DSC results,
the two crystal polymorphs of 1b (Cr1 and Cr2) coexisted
without forming any mesophase. These two crystal poly-
morphs completely melted to form an isotropic liquid at
100 8C. Upon cooling the sample to 25 8C, the 1H NMR spec-
trum of the annealed solid residue showed that the chemical
structure remained unchanged. There was no such crystal-
to-crystal transition for 1d at 25–45 8C, as the relative inten-
sity and peak positions of the first five diffraction peak
maxima remained unchanged. At 65 8C, a new phase ap-
peared, and a small amount of crystalline phase was present.
Well-defined periodic peak maxima [q, 2q, 3q, 4q, 5q, 6q,
7q, 8q ; q/N�1

ACHTUNGTRENNUNG(2q/8): 0.041 (2.345), 0.083 (4.751), 0.125
(7.168), 0.166 (9.591), 0.208 (12.007)] were noted at 65 8C
(Figure 10), thus indicating that this new phase is a smectic
A mesophase whose formation was complete at 85 8C. The
lamellar thickness (37.7 N) of this mesophase is almost iden-
tical to that which appeared in the crystalline solid 1d at
room temperature. The diffractograms of 2b at 25–130 8C
closely resembled each other except in the 2q region at 19–
238, at 100–110 8C (Figure 11). DSC measurements indicate

a phase transition at 108–117 8C, but the POM study sug-
gests that a monotropic nematic mesophase was only
formed when the isotropic liquid was cooled to 126 8C. We
attributed this change in the diffractograms between 100
and 120 8C to a crystal-to-crystal transition. Thus, the peak
maxima [q, 2q, 2.5q, 3q, 3.5q, 4q ; q/N�1

ACHTUNGTRENNUNG(2q/8): 0.046 (2.655),
0.093 (5.316), 0.116 (6.664), 0.140 (8.042), 0.163 (9.379)] that
appeared at 130 8C came from another crystal polymorph
(Cr2). The relative intensity and peak shape of the two
high-angle peaks at 24.58 and 28.88 (2q ; corresponding to
the molecular width (3.7 N) and typical molecular p···p
stacks (3.2 N), respectively) in the two crystal polymorphs
are almost unaltered, indicating a structural resemblance.
Somewhat surprisingly, the diffractograms for the crystalline
solid 2b and the corresponding annealed residue were prac-
tically identical to each other, as shown in the Supporting
Information. The lateral molecular order increased remarka-
bly in the annealed sample, as the intensity of the diffraction
peak at 24.58 (2q) was approximately doubled. On the con-
trary, more-complicated phase transitions were observed for
the solids 2d and 3a. These phase transitions can be collec-
tively described by the multistep process Cr1!Cr2!SA (or
Cr3!N for 3a)!I. For 2d, a crystal-to-crystal transition
(Cr1!Cr2) occurred between 50 and 90 8C (Figure 12). The
POM and DSC results indicate that a new phase, with a la-
mellar thickness of 35.8 N, appeared at 180 8C, which is at-
tributed to the smectic mesophase of 2d. Two notable phase
transitions were found for 3a between 100 and 120 8C as
well as between 140 and 160 8C (Figure 13). These transi-
tions were assigned to Cr1!Cr2 and Cr2!Cr3 crystal-to-
crystal transitions, respectively, and POM confirmed that no
mesophase was formed within this temperature range. As
the solid 3a was further heated to 210 8C, the low-angle
peak at 2.568 (2q) completely disappeared before the solid
quickly melted. We believe that a transient enantiotropic
nematic mesophase was formed at about 205 8C, which is
consistent with the observations of overlapping DSC peaks
and the POM results.

Small-Angle X-ray Scattering

The long-range molecular order for these extended meso-
genic molecules, both before and after annealing, was fur-
ther investigated by powder SAXS. Figure 14 shows the
SAXS patterns of the scattered signals in an angular range
of <38 (2q). The long-range order was only preserved in
solid 2b after annealing at 140 8C. The SAXS patterns indi-
cate that upon cooling the isotropic liquids to room temper-
ature, 1b, 2d, and 3a recrystallized into different types of
crystal polymorphs (a mixture of Cr1 and Cr2 for 1b, Cr2
for 2d, Cr3 for 3a). However, the long-range order in the
crystalline solid 1d completely vanished after annealing.

Structure–Property Relationships

Herein, all the mesogenic molecules possess 1) the same
ether oxygen linkage between the rigid 2,5-disubstituted-

Figure 12. Variable-temperature diffractograms of 2d at 25–190 8C.

Figure 13. Variable-temperature diffractograms of 3a at 25–220 8C.
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1,3,4-oxadiazole moieties and the flexible n-decyl chains and
2) no lateral side group. The formation of a mesophase is
solely attributed to the different mesogenic core lengths as
well as the electronic properties of the terminal substituents.
The rodlike mesogenic molecules 1d, 2a–2d, and 3a exhibit-
ed typical nematic and smectic mesophases, whereas discotic
(disklike) mesogens usually produce various columnar me-
ACHTUNGTRENNUNGsophases. For example, Lai et al. reported the liquid-crystal
properties of heterocyclic 2,5-bis(3,4,5-trialkoxyphenyl)-
1,3,4-oxadiazoles[11a] (L) and the metallomesogens
[L2PdCl2].

[11d] The formation of their columnar mesophases
was strongly dependent on the size as well as the number of
appended alkoxy substituents. These crystalline solids under-
went crystal-to-mesophase transitions at lower temperatures
(30–54.4 8C) than those (64–170 8C) for 1d, 2a, and 3a. The
incorporation of lateral NO2 groups into 2a and 3a reduced
the onset temperatures for the crystal-to-mesophase transi-
tion and induced new types of smectic mesophases.[11e] The
effects of incorporating lateral alkoxy groups of 1,4-bis(5-al-
koxyphenyl-1,3,4-oxadiazolyl)benzene on the liquid-crystal
properties and transient smectic-to-nematic mesophase tran-
sitions have already been reported.[11b]

For 1a–1c, the mesogenic core lengths of the 2,5-diphen-
yl-1,3,4-oxadiazole moieties are 12–14 N; it is thus difficult
for them to form any mesophase. From our structural analy-
ses, the solid 1d probably has a tilted bilayer structure, pre-
sumably due to intermolecular C�H···F�C interactions be-
tween adjacent stacks of molecules. As diffraction peaks
near 248 and 288 (2q) were not found, C�H···p and p···p in-
teractions in the crystalline solid 1d are not apparent.
Therefore, C�H···F�C interactions are important for the sta-
bilization of the lamellar structure in the crystalline solid as
well as in the smectic mesophase. The effect of polar sub-
stituents of 2-(n-decyloxy)-5-(naphthalen-2-yl)-1,3,4-oxadi-
ACHTUNGTRENNUNGazoles (10-NPO-X; X=p-CH3C6H4, p-CH3OC6H4, p-FC6H4,
p-ClC6H4, p-N�CC6H4, p-NO2C6H4) on liquid-crystal behav-

ior has previously been reported.[11c] In this case, nematic
mesophases were only observed when the terminal substitu-
ents are p-tolyl and p-methoxyphenyl, whereas the meso-
gens containing para-F, Cl, CN, and NO2 substituents
formed well-ordered smectic mesophases. These earlier find-
ings were attributed to the larger molecular dipole moments
of these electron-withdrawing substituents, as well as the
possible formation of intermolecular C�H···X hydrogen
bonds (X=F, Cl, N�C, and O�NO).
The insertion of phenylethynyl unit(s) into molecules 1a–

1d afforded the extended analogues 2–3, which have larger
molecular length-to-breath ratios. This structural modifica-
tion not only alters the emission/absorption spectra of the
compounds, but also enhances the molecular rigidity as well
as the formation of intermolecular C�H···p and/or p···p in-
teractions. Powder XRD studies revealed that the solids 2b,
2d, and 3a had two prominent diffraction peaks at 2q near
24–258 (d=3.8–3.7 N) and 28–298 (d=3.2–3.3 N), revealing
the presence of lateral molecular order stabilized by inter-
molecular C�H···p and/or p···p interactions. Subsequently,
we found that their melting points increased and their solu-
bility decreased relative to the parent molecules 1a–1d. For
2a–2d, the mesophases were stabilized by increased meso-
genic character due to the additional phenylethynyl moiet-
ies. Depending on their terminal substituents, either nematic
or smectic mesophases were formed. In 2a–2c, the terminal
substituents are relatively electron-donating and preferen-
tially lead to enantiotropic or monotropic nematic-mesomor-
phic behavior. This is in contrast to the smectic mesophase
of 2d, which contains an electron-withdrawing F substituent.
The addition of one phenylethynyl moiety further increases
the mesogenic character of 3a, leading to a higher onset
temperature for the crystal-to-mesophase transition (from
131 to 212.5 8C). Similarly, it was previously shown that the
incorporation of a bis(1,3,4-oxadiazole) unit together with
an m-phenylene[11e] spacer in the mesogenic core also led to

Figure 14. SAXS patterns for the crystalline solids 1b, 1d, 2b, 2d, 3a (upper), and their annealed solid residues (lower). The angular positions 2q (8) of
the scattered signals were: 1b : 2.166 (upper) and 2.162, 2.561, 2.932 (lower); 1d : 2.376 (upper) and 0 (lower); 2b : 1.386, 2.673 (upper) and 1.359, 2.653
(lower); 2d : 1.977, 2.933 (upper) and 2.050 (lower); 3a : 1.974 (upper) and 2.470, 2.790 (lower).
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increases in the onset temperature for the crystal-to-meso-
phase transition (212.5 8C for 3a, 258 8C for 1,3-
[C10H21OC6H4ACHTUNGTRENNUNG(C�C)C6H4ACHTUNGTRENNUNG{C2N2O}]2C6H4). However, when
the two n-decyl chains were replaced with methoxy groups,
as in 3b, decomposition occurred without the formation of a
mesophase.
Besides the molecular structures, we also considered the

effect of crystal packing on the formation of mesomorphic
structures. Based on the solid-state structures of 2b and 3a,
which were solved by powder XRD, sliding these rodlike

molecules along their long crystallographic axes leads to
three possible structural-transformation pathways
(Scheme 3). Depending on the relative strengths of the
mesogen–mesogen and chain–chain interactions in the solid
state, either the smectic or the nematic mesophase may be
obtained. For 1d and 2d, the molecules form a lamellar-like
structure with both positional and orientational order,
whereas only orientational order exists in the case of 2b and
3a. This suggests that if the mesogen–mesogen interactions
(e.g., C�H···F�C in 1d and 2d) are stronger and dominate

Scheme 3. Schematic representation of possible solid-to-mesophase transition pathways for 1d, 2b, 2d, and 3a based on the crystal packing of 2b and
3a.
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in the crystal structure, the smectic mesophase is preferred.
Otherwise, either a monotropic or enantiotropic nematic
mesophase is formed due to 1) entropic reasons and/or
2) similar bond strengths for the mesogen–mesogen and
chain–chain interactions (Scheme 3).

Conclusions

A new class of extended 2,5-disubstituted-1,3,4-oxadiazoles
were prepared, and their liquid-crystal properties were in-
vestigated by using various techniques. Upon heating/cool-
ing, the crystalline solids exhibited nematic or smectic meso-
phases, depending on their mesogenic core length and the
terminal substituents. We found that an increase in the
mesogenic character of the calamitic (rodlike) molecules fa-
vored the stabilization of the mesophase. The electronic
properties of the terminal substituents could significantly
alter the nature of the mesophase, which could also be influ-
enced by crystal/molecular packing and intermolecular inter-
actions.

Experimental Section

All starting materials were commercially available and used as received.
The solvents used were of analytical grade. Benzene, tetrahydrofuran,
and dichloromethane were predried and distilled over sodium in benzo-
phenone or calcium hydride.[12] Elemental analyses were performed by
the Institute of Chemistry, the Chinese Academy of Sciences. UV/Vis
spectra were recorded on a Perkin–Elmer Lambda 19 UV/Vis spectro-
photometer. Steady-state emission spectra were recorded on a SPEX
ACHTUNGTRENNUNGFluorolog-II Model F111 spectrophotometer. Solution samples for meas-
urements were degassed with at least four freeze–pump–thaw cycles. The
emission spectra were corrected for monochromator and photomultiplier
efficiency and for xenon lamp stability. Emission lifetime measurements
were performed with a Quanta Ray DCR-3 pulsed Nd/YAG laser
system. Errors for l (�1 nm), t (�10%), and F (�10%) were estimat-
ed. Emission quantum yields were determined by using the method of
Demas and Crosby[13] with quinine sulfate in sulfuric acid (0.1n) as a
standard reference solution (Fr=0.546).

1H and 13C-{1H} NMR spectra
were collected on Bruker AVANCE 300/400 MHz DRX FT-NMR spec-
trometers. Electron impact (EI) and high-resolution mass spectra
(HRMS) were recorded by a Finnigan MAT 95 mass spectrometer. The
liquid-crystalline behavior of all compounds was studied on a polarized-
light optical microscope equipped with a heating stage. The thermal
properties of the bulk materials were studied by using a Perkin–Elmer
DSC-7a differential scanning calorimeter with a heating rate of
10 8Cmin�1, precalibrated with an indium standard (156.6 8C,
3.3 kJmol�1). TGA of solids 1b, 1d, 2b, 2d, and 3a were performed with
a Perkin–Elmer TGA-7 instrument under a stream of flowing N2.

Step-scanned powder XRD data of 1b, 1d, 2b, 2d, and 3a were collected
at room temperature on a Bruker D8 ADVANCE diffractometer (q/q ge-
ometry) with parallel X-ray radiation (CuKa, l=1.5418 N, rated at
1.6 kW) by using a multilayer Gçbel mirror. The in situ variable-tempera-
ture X-ray diffractograms were recorded with a modular temperature
chamber attachment (Materials Research Instruments) in the tempera-
ture range 25–300 8C at reduced pressure. Scan range=1.5–408 (2q), step
size=0.028, scan time=1 s per step. The zero-point peak shift error of
0.058 (2q) of the X-ray diffractometer was calculated by the strongest
peak of the standard silicon {111} single crystal at 28.4678 (2q). For the
structure determination of 2b and 3a, phase-pure powder samples pre-
pared by repeated mechanical grinding were side-loaded onto a flat stan-
dard sample holder (10Q10 mm2). Overnight data acquisition was con-

ducted at a scan speed of 10 s per step on a Philips PW3710 diffractome-
ter (q/2q geometry). The instrumental broadening parameters and geo-
metrical constants (S/L and H/L values) of the diffractometer were eval-
uated by structural refinement of the peak-shape standard LaB6
(NIST 660a). Details of the structure determination of 2b and 3a are de-
scribed in the Supporting Information.

SAXS data were acquired on a Bruker NANOSTARU system with a ce-
ramic sealed X-ray tube (CuKa, l=1.5418 N, rated at 1.2 kW). The diver-
gent X-ray was prealigned by two multilayer Gçbel mirrors oriented in
the horizontal and vertical directions. The incident X-ray beam (0.6Q
0.6 mm2) was collimated by three pinholes, and the solid sample was
mounted on an adhesive tape (Scotch 3m). Positioning of the sample
holder was driven by a computer-controlled gonoimeter. Data collection
was carried out in a sealed sample chamber under a dynamic vacuum of
2Q10�3 mbar. The scattering signal was measured by a 2D position-sensi-
tive gas detector (HI-STAR). The sample-to-detector distance (1050 mm)
was precalibrated by using the d value of the first-order diffraction ring
(2q=1.5148, d=58.354 N) of a silver behenate (C21H43CO2Ag) standard.
The raw scattering data was corrected for intensity variations due to spa-
tial aberrations and nonuniformity of the 2D detector. The peak maxima
of the scattered signal were automatically determined by radial integra-
tion along the chi direction (2q range=1.0–3.08, chi-angle range=0–
3558) of the scattering pattern. The results were plotted as normalized in-
tensity versus scattering angle (I vs. 2q) with the SAXS NT (Bruker
AXS) program.[14]
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