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Porphyrin-based materials are prime candidates for solar energy harvesting applications. New compounds
incorporating the porphyrin core, which exhibit the columnar liquid crystal (LC) phase, were synthesized
as they offer a route to obtaining defect-free large area monodomain films. The structure of the phases
exhibited by these materials has been probed by synchrotron X-ray diffraction with a microfogum (14
x 14 um) beam. Exploiting the multidomain nature (i.e., having differently oriented crystal axes) of a
thin glass cell, it was possible to obtain complete structural information without the need to have one
single macroscopic crystal, which is normally difficult to obtain. The results confirmed the existence of
the isotropic, discotic (columnar) LC, and discotic-ordered LC phases in these materials. The optical
microscopic work demonstrates how macroscopic control of columnar orientations is achieved by
manipulating the LC film thickness, substrate preparation, and the thermal annealing process.

Introduction problems with both inorganic and organic devices is that their

The limited efficiency of inorganic photovoltaic (IPV) cells efficiency is greatly limited by the presence of crystalline
and the high cost of semiconductor processing have limited defects. Porphyrin derivatives exh|Ib|t|ng liquid-crystalline
their utility and potential impact on global energy usage. Phases offer an ease of synthesis and enhanced charge
Although their efficiency has inched upward in recent years, collection owing to increased-orbital overlap with C60 and
the IPVs remain far from becoming a commercially viable carbon nanotubes materials that can be used as electrodes.
alternative to the traditional fossil, hydroelectric, and nuclear The intrinsic liquid crystalline nature of these materials
sources of energy. In comparison, the organic photovoltaic provides a crucial advantage toward realizing such device
(OPV) materials offer a number of advantages over the applications. The highly (orientationally and positionally)
semiconductor-based route. The ease with which organicordered liquid crystal phase and associated high carrier
photovoltaics can be mass-produced at reasonably low cosimobility due to its intrinsic phase structure makes their
in the form of thin, lightweight, and even flexible panels processing easier with more flexibility for incorporation into
using roll-to-roll processing render them commercially and different device configurations?> A potential problem with
environmentally very attractive. these devices lies in collecting the electrons and holes

According to a recent studya device efficiency of 10%  generated from the photoinduced excitons, but several
is considered essential before they can be taken to marketmethods have been proposed to overcome this bottléneck.
Efficiencies as high as 5.7% have been demonsttdt®d |t has been shown that efficiencies of up to 20% are feasible
the OF’V devices using C60 electrodes. It is expect_ed thqt ifin fully optimized and configured devices. This modest
materials can be designed to respond over the entire V'S'bleefficiency combined with a low cost of production makes

spectrum having higher absorption efficiency and the cells \ho highly competitive with the conventional sources of
can be fabricated with lower series resistance, then efficiency energy

as high as 20% is feasible at significantly lower costs, making
them preferred over the IPV devices. One of the perennial
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Figure 1. Molecular structures, phases, and transition temperatures for
compound<C12, C14, andC16. | = isotropic liquid; G, = liquid crystalline
hexagonal phase; &= ordered hexagonal phase; Ercrystal.

Table 1. Phase Transition Temperature {C) and Enthalpies (J/g}

ci2 | 1397(11) @137.0(7.7)  Go< —50 cr
Cl4 | 1354(25) G115.7(7.3)  Go—13.7(10.0) Cr
Cl6 | 121.0(1.9) G96.7(-580) Go9.7(23.0) cr

a Cooling rate, 5C/min; | = isotropic liquid; G, = hexagonal LC phase;
Cho = ordered hexagonal LC phase; Ercrystal.

In recent years, several successful attempts based on th
ability to control the orientational and positional order of
liquid crystalline material have been reported for OPV
devices® electroluminescent displays, and field effect
transistors® Both calamitic and discotic LCs are being
intensively studied for this purpose. Previously, similar
attempts were made using discotic columnar LCs which
exhibit significantly enhanced carrier mobility along the
column axis, akin to a one-dimensional semiconducting
wire.*~¢ In addition to a high degree of molecular ordering
within columns, the control of column orientation and domain
size is crucial for enhancing device performafcé.Re-
cently, we successfully synthesized some porpAftiased
discotic liquid crystalline materials with demonstrated pho-
tocurrent generatiott.

To prepare the defect-free samples necessary for highe
efficiencies, it is imperative to understand the structure and

molecular organization of these materials in the LC phases.

Although liquid crystals are less ordered than crystals, they
provide several advantages such as the control of columna
orientation on a macroscopic scale and freedom from grain

(7) Forester, S. RMater. Res. Soc. BulR005 30, 28—32.

(8) O'Neill, M.; Kelly, S. M. Adv. Mater.2003 15, 1135-1146.

(9) Bushby, R. J.; Lozman, O. Rurr. Opin. Colloid Interface ScR002
7, 343-354.

(10) Percec, V.; Glodde, M.; Bera, T. K.; Miura, Y.; Shiyanovskaya, |.;
Singer, K. D.; Balagurusamy, V. S. K.; Heiney, P. A.; Schnell, 1.;
Rapp, A.; Spiess, H.-W.; Hudson, S. D.; Duan,N&ture2002 419,
384.

(11) Shiyanovskaya, I.; Singer, K. D.; Percec, V.; Bera, T. K.; Miura, Y.;
Glodde, M.Phys. Re. B 2003 67, 035204.

(12) Eichhorn, HJ. Porphyrins Phthalocyanine200Q 4, 88.

(13) Li, Q.; Jakli, A. et al., unpublished results.

%igure 2. Powder X-ray diffraction patterns of sampll6. The panels

on the right show the small-angle scattering at a high magnification. (a)
Isotropic phase at 132.9C, (b) LC Ch phase at 119.%C, and (c) Go
phase at 87.0C.

boundaries which, if present, are easier to thermally anneal
compared to crystalline phases. In this regard, columnar
liquid crystals are more promising due to the high degree of
molecular order within columns, relatively large domain size,
and high electrical conductance along the column axis. Once
aligned, a liquid crystalline phase can be further cooled into
the crystalline phase without losing the degree of alignment,
often through an intermediate and more ordered LC phase.
The cooling rate across the phase transitions can be controlled
to eliminate or minimize the generation of defects. Further-
Jmore, defect formation due to thermal contraction of the
hexagonal lattice across the transition to the lower temper-
ature phase is unlikely to disrupt the conduction path along
the column axis and may not prove detrimental to electrical
r(:onduction in this direction, or negatively influence the
charge collection efficiency. In general, it is known that
bigger rigid cores form highly ordered columns due to
enhancedz—x interactions between aromatic cofés.
However, in this case, the control of orientational order of
discotic columns becomes more challenging. Toward this
end, we have performed a study of the alignment and
structure of three porphyrin-based mesogens in bulk and in
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A. M.; Warman, J. M.; Yamamoto, |.; Shirai, H. Mater. Chem.
2001, 11, 321—-331.
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thin films using optical and microfocus synchrotron X-ray
scattering.

In this paper, we describe the phase behavior of novel
mesomorphic porphyrin derivatives with an extended
rigid core and flexible alkyl groups in their periphery. The
phase structures are examined by microfocus synchrotron
X-ray diffraction together with conventional X-ray
powder diffraction. Furthermore, the control of orientational
order of discotic columns on a macroscopic scale is
achieved by manipulating the film thickness and using proper =
thermal treatments, substrate preparation, and mechanica g
shearing. g

Experimental Section

tensity

The experimental details of the material synthesis are described=
in ref 15. For the conventional X-ray powder diffraction measure-
ments, three homologues of mesomorphic porphyrin derivatives
were loaded into 1.5 mm diameter Lindan capillaries with 10
um thick walls and exposed to synchrotron X-rays (0.7653 A) at
sector #6 of the Advanced Photon Source (APS) at Argonne
National Laboratory. The diffraction patterns were recorded at
different temperatures during cooling from the isotropic phase using (a)
a high-resolution (MAR345) area detector placed at a distance of
527.8 mm from the sample. The data were calibrated against a
silicon standard (NIST 640C). e L B S B |

To take advantage of multiply oriented domains of these materials 0 3 6 9 12 15
that naturally form in thin flat cells, microdiffraction experiments
were performed using 16 keV X-rays at the bending magnet 26 (de9ree)
beamline of Sector #20 at the APS. The samples were sandwichedrigure 3. X-ray (1 = 0.7653 A) intensity vs diffraction angle plots for
between squm tick bare glass plaes wih an & gap. The  STEILELS, () e at coe pea
X-ray bgam was focused to a 114 um size u_SIn_g Kirkpatrick- corrésponds .to 41.08 A; andp(c) theho(lc- pﬁase with shc?rt—rgnge
Baez mirrors. The sample cell was mounted inside an Instec Hot jnyracolumnar positional order at 87:G. The fwhm of a small-angle peak
Stage that controlled the sample temperature:@02 °C. The are equal to (a) 0.34 (b) 0.05, and (c) 0.05. The inset shows a high
translation stages of the hot stage were motorized so the samplenagnification of the plots. The arrow indicates the peak at 3.7 A
could be scanned transverse to the X-ray beam. An illuminator and corresponding to the typical length scale »of 7 stacking of discotic
a polarizing microscope with a video camera were mounted on a molecules.
fixture that could be translated to view the sample when the X-ray samples in conventional electro-optic cells with different
beam shutter was closed. To locate the position of the X-ray beam surface treatments and thicknesses. The cells were prepared with
on the sample, a thin gold aperture was mounted over the samplebare glass substrates, indium-tin-oxide (ITO) coated glass, and
cell and, with the polarizing microscope removed, was scanned glass with specific polyimide treatments known to induce either
horizontally and the transmitted X-ray intensity was measured to planar or homeotropic alignment of conventional rodlike LC
set the aperture at the horizontal beam position. The polarizing molecules. Uniform sample thickness was maintained at 1.8,
microscope was then reinserted and the aperture position was8.0, and 12um using either patterned polymer or glass fiber
noted on the video monitor and the procedure repeated for the spacers. These samples were used to study the control of orienta-
vertical direction. This procedure located the X-ray beam position tional order of hexagonal columns on a macroscopic scale.
on the video monitor and the sample could then be translated soConoscopy was utilized to confirm the orientation of the optic axis
the X-ray beam would be incident on a region of interest. Domains as a function of temperature. Differential scanning calorimetry
of different brightness and color, and thus different orientation, were (DSC) measurements were made with a Perkin-Elmers DSC-VII
selected for X-ray analysis. The hot stage and video polarizing calorimeter.
microscope assembly were mounted on a Huber kappa goniometer ) )
so the sample orientation could be scanned to match the X-ray Results and Discussion
diffraction condition. The diffraction patterns of various mon- Chemical structures of the Compounds used in this study
odomains were coIIect(_ad by a Bruker CCD area detector and the 5. presented in Figure 1. The rigid core of discotic porphyrin
gata were analyzeo: us'nfg Lhe software paCkage FIT2D dde.vel()pe‘jmolecules is extended and the length of flexible alkyl chains
Fic?ii'tyF.)' Hammerslef of the European Synchrotron Radiation in peripheral positions was modified as shown in the figure.

Polarizing optical microscopy (POM) was done using an Olym- The phases _and transition iempgratures §hown in Table 1
pus BX51 microscope and Mettler FP82HT hot stage for the WeTe determined by X-ray diffraction and differential scan-

ning calorimetry during cooling at a rate of°&€/min. All

(15) Li, L. Synthesis and characterization of nanoscale porphyrin based transitions are reversible but all transitions are first-order and

liquid crystals for organic photovoltaic applications. MS Thesis, Kent exhibit significant hysteresis.

State University, 2005. . L
(16) Hammersley A. P.; Hanfland M.; Fitch A. N.;"Hsermann, DHigh The results of powder X-ray investigations for samplEs

Pressure Resl996 14, 235-248. are shown in Figures 2 and 3. The diffraction patterns




5660 Chem. Mater., Vol. 19, No. 23, 2007 Kang et al.

. 4 % = £ b
Figure 4. Optical textures for the microdiffraction fro816in a 8.0um
thick glass cell. The images were taken at the same location with two
different analyzer orientations: left, 9Qight, 70 between the polarizers;
(a,b) 120.2C, (c,d) 110.C°C, and (e,f) 36.0C. The scale bar corresponds
to 50 um.

Intensity

obtained at 132.0C consists of two diffused rings at large
and small angles corresponding to 4.7 and 38.2 A, respec-
tively, indicating the presence of the isotropic phase. The
small-angle peak is more condensed than that in the iSOtrOpiCFigure 5. X-ray diffraction patterns from microscopic monodomains of

h f i | It h full-width at half 161in a 8.0um cell. The hexagonal columnar structures in the (a) LIC C
p as_e of conventiona mesqgens. as a fufl-wi _6_1 alt- phase at 109.0C, (b) coexisting ¢ and G, phases with different crystal
maximum, fwhm, of 0.3% which corresponds to a positional modifications at 103.0C. The inner and outer sets of hexagonal patterns
order correlation length of 130 A, or more than three correspond to the (138.2 A] and G, [41.02 A] phases at 75.%C. (c) the

| lar di . It underli th f short Cho phase [41.02 A] at 75.0C. (d) and (e) represent additional patterns

molecular dimensions. .un er !nes € presence o S Ort-¢or planar and slightly tilted domains, respectively, observed in the LC phase
range order beyond the first neighbor molecule. The inner at 114.0°C. (f) The azimuthal scan of the peak in (c) shows equally spaced
ring corresponding to 41.08 A becomes significantly con- Six peaks with uniform intensity distribution.

densed (fwhm= 0.05") at 119°C while the outer ring retains

the diffuse liquid-like shape, indicating the formation of a Ajthough all samples displayed the same mesomorphic phase
liquid crystalline discotic or columnar LC phasepf@vith between the isotropic and the crystalline phase, the powder
hexagonal structure. In the,(@hase, the side chains are patterns (i.e., radial isotropic distribution of diffracted
disordered and there is liquid-like intracolumn positional intensity) display no evidence of the macroscopic alignment
order. Below 96.7°C, the side chains become somewhat of giscotic columns. Very similar diffraction patterns were
ordered and the intracolumn positional order grows but gptained from compoun@14. In C14, a weak orientational
remains short range as suggested by the wide large-anglgynisotropy is seen in the pattern due to flow-induced partial

peak. In this phase, intercolumn positional order becomesa"gnmem of the discotic columns (see Figure S2 in the
long-range as attested to by the presence of numerous Shar@upporting Information).

small-angle peaks. This phase, to which we refer as the
(more) ordered columnar phase, ak@&ppears over a wide
temperature range prior to crystallization. Figures 2c and 3c
reveal more subtle features corresponding to the interco-
lumnar correlations in the small-angle region. Although
it macroscopically behaves as sticky paste, this phase
clearly possesses weak positional order of disks along the
column axis; i.e., it is a more ordered phase than the
columnar LC phase. The intensity v® Dlot has a well-
defined peak at 3.7 A (marked by the arrow in the inset of
Figure 3) corresponding to the typical distance forx :

stacking of discotic molecules. A similar phase was previ- (a7 g)o';Tzeosé"E(B)Hﬁ:ari're]g&’F’F,'A',f\?ngﬁ;’és\{vg%se' ?:u}ﬁﬁ%sgig];h A
ously reported in other discotic liquid crystal systefths. Carroll, P.; Smith, A. BJ. Phys. Francel989 50, 461—483.

0 60 120 180 240 300 360
Azimuth Angles (degree)

Figure 4 shows the POM textures at different temperatures
which were used in the microdiffraction experiment on
compoundC16. The optically birefringent domains slowly
grow in a dark background slightly below the transition from
the isotropic phase (Figure 4a). The slow growth of optically
dark, homeotropically oriented domains is also visible in
Figure 4b, when the analyzer is uncrossed with the polarizer.
Conoscopy observations and the results of X-ray microdif-
fraction both confirm homeotropic orientation. Once the
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Figure 6. Schematic representation of hexagonal columnar structures in . . . .
(a) homeotropic and (b) planar or homogeneous orientations with respect respondlng to these domains are shown in Figures 5a/sc

to the substrates. and 5d.

Similar results were obtained for compound<3if2 and
transition from the isotropic phase to the columnar phase is C14. The change ini-spacing between the.gand G, liquid
complete, no significant changes in POM textures occurred crystalline hexagonal phases of &4 was clearly captured
at the transition to the lower temperaturg hase, as shown  Via the coexistence of these phases during heating with no
in Figures 4e-4f. The microfocused X-ray beam was Observable change in the orientation of hexagonal axes
directed at different domains in different phases while using (Figure S2 in the Supporting Information).
optical textures as a guide. X-ray diffraction from an optically ~ 1he ability to control the macroscopic orientation of the
dark homeotropic domain is shown in Figure 5a. It represents €0lUmn axis with respect to the bounding surfaces of the
a uniformly aligned hexagonal structure of discotic columns. C€ll S crucial as it determines the efficiency of solar energy
During the transition to the ( phase, only the diffraction harvesting devices. In general, increasing the size of the
angle (ie., thed-spacing) was found to change. The aromatic core of the discotic molecules is found to enhance

azimuthal orientation of the peaks, i.e., the direction of the the|r. _tendency to pack into gohjmns W'th. higher carrer
) - .mobility along the column axi%* But readily acquiring

hexagonal axes, remained the same as that in Figure 5a. This . ' :
is obvious from a comparison of the patterns in Figures 5a Uniform column orientation has been a challehgeTo

) ) devise ways to control and improve alignment uniformity,

and 5c. The columnard&nd the G, phases coexist during y P g y

he heati I dent f e b dotail three parameters (film thickness, surface preparation/
the heating cycle as evident from Figure 5b (see more detal Smodification, and thermal history/treatment) were varied to

in Figure S1). The azimuthal scan ] of the dlffracthn determine their effect on the orientational order of column
pattern reveals 6-fold symmetry of the diffraction peaks with 5565 on flat solid surfaces. Various surfaces such as bare
uniform intensity distribution, in Figure 5f, indicating that glass, ITO-coated glass, and polyimide-coated glass with and
the dark areas consist of a homeotropically oriented columnaryyithout mechanical rubbing were used. Conditions known
phase. In addition, the diffraction patterns from a domain to yield planar or homeotropic anchoring of conventional
with planar (Figure 5d) and tilted configuration (Figure 5e) calamitic LC molecules were tested in cells with 12.0, 8.0,
were obtained by focusing the beam on microdomains with and ]__8/,¢m gaps. The rates of Cooling from the isotropic
different brightness. Figure 6 schematically depicts two phase and annealing at specific temperatures were varied and
types of arrangement of the hexagonal columns. Figures 6atheir effects on the alignment and uniformity were deter-
and 6b show the homeotropic and planar orientation of the mined. Our results show that surface modification was not
hexagonal columns, respectively. Diffraction patterns cor- necessary for obtaining uniform homeotropic alignment. The

Figure 7. Formation of homeotropic texture on a macroscopic scale via
slow cooling of the 1.8m cell with C16. Slow cooling induces selective
nucleation and growth of homeotropic domain (parts (a) and (b) at
121.0°C) and hence yields uniform homeotropic columnar orientation at
lower temperatures ((c) 113 and (d) 75.CC), confirmed by both (e)
optical texture under crossed polarizers and (f) conoscopic image at
75.0°C. Optical images were taken at{d) 70° and (e) 90 angles between
polarizers. The scale bar corresponds tq/5@



5662 Chem. Mater., Vol. 19, No. 23, 2007 Kang et al.

Figure 8. Spontaneous transition from planar to homeotropic orientation
observed for compoun@16 in a 1.8um cell. The planar domains (a,b)
obtained upon fast cooling slowly transform to (c,d) the homeotropic state |
during annealing at 113.8C for 2 h. Annealing at higher temperature
(118.0°C for 20 min) accelerates the process (e,f). Optical images were
taken at (a, c, €) 90and (b, d, f) 70 angles between the polarizers. The
scale bar corresponds to afn.
dominant factors in determining the macroscopic uniformity
are the film thickness and thermal treatment. Thinner cells
!’eSUIted in more unlfprm teXtu.reS for all samples. Figure 7 Figure 9. POM textures for thin films of compoun@12 on a single
illustrates the formation of uniform texture for compound  gypstrate. (a) Randomly oriented planar domains formed without shearing,
C16confined in a 1.8:m thick cell with polyimide coatings  and (b) highly ordered planar texture where the hexagonal columns are
(which normally yield homeotropic alignment for rodlike aI_|gne_d along the shear direction. The double-ended arrow represents a shear
. . direction. The scale bar corresponds to2b.
mesogens). Slow cooling at a rate of 0@/min from the
isotropic phase resulted in selective nucleation and slow domains suppressed the formation of birefringent domains
growth of homeotropic domains while abrupt cooling created and resulted in a uniform homeotropic state (Figure S6,
multidomain structure. Optical textures, with polarizer and Supporting Information).
analyzer at an angle of 70revealed dendritic growth of In the LC phase, these materials exhibit a tendency to self-
the homeotropic domains below the transition from the heal whereby defects €14 and C16 give way to a
isotropic phase. These areas gradually grew and eventualljhomeotropic configuration upon annealing. The strongly
filled the entire cell, i.e.;~1 cm x 1 cm. The optical image  birefringent domains in Figures 8a and 8b, obtained during
became and remained uniformly featureless at lower tem-fast cooling ofC16, slowly transformed into a homeotropic
perature, as shown in Figure 7c in thgghase at 113.6C state (Figures 8c and 8d) when annealed at 11G.6or 2
and Figure 7d in the  phase at 75.0C. A completely h. This healing process accelerated at higher temperatures.
dark appearance under crossed polarizers (Figure 7e) and’he homeotropic texture became more uniform when the
the symmetric cross in the conoscopic image (Figure 7f) cell was annealed at 118°C for 20 min, Figures 8e and
confirm that the optic axis was parallel to the direction of 8f. However, compoun®€12 possesses a very narrow LC
light's propagation (i.e., the axis of the hexagonal phase wasphase and appears to behave in a contrary manner and

perpendicular to the cell surface). annealing results in the appearance of new defects, i.e., more
The effect of thermal treatment varied with the compound birefringent domains.
used. Sampl€14 and C16 were similar whileC12 acted The preferential anchoring of these porphyrin-based me-

differently (see Figure S3 in the Supporting Information). sogens seems to be homeotropic. It is well-known that in
For C12 (see Figures S4 and S5), the initial homeotropic the nematic phase this type of molecule (i.e., discotic)
domains obtained upon slow cooling were replaced by new generally prefers to lie flat on the surface. The growth of
strongly birefringent domains due to mostly tilted misori- columnar structures near the substrate surface enhances
entation of the column axis. This is probably due to a very homeotropic alignment. However, one expects the columns
narrow temperature range of the LC phase. In this case, fasto nucleate with random orientations in the bulk or in thick
cooling soon after the start of the nucleation of homeotropic films away from cell walls (i.e., in the absence of any surface
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