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The synthesis and materials properties of a new liquid crystalline phthalocyanine, octakis (2-
benzyloxyethylsulfanyl) copper (II) phthalocyanirg are reported. This phthalocyanine possesses eight
benzyl-terminated side chains with thioether links to the Pc core, which promote greater interaction between
the discotic mesogens than has been seen in previous Pcs reported from this group which had benzyl-
terminated alkoxy-based side chains. The use of thioether links to these side chains promotes a red-shift
in the Q-band absorbance spectrum, small decreases in first oxidation potential, increased solution
aggregation constants, and significantly higherlKC transition temperatures than seen in conventional
alkoxy-based side-chain-modified Pcs. Powders and single crystals of this material were characterized
by X-ray diffraction and found to represent two closely related polymorphs. Room-temperature XRD of
powders of2 showed a monoclinic unit cella = 22.81(1) A,b = 9.780(5) A,c = 19.314(6) A,a =
90°, B = 106.918(14), y = 90°, V = 4472 A, two molecules per unit cell, with a helical twist of the
Pcs along thé-axis. The packing architecture in these powders showed a transition to an oblique (distorted
rectangular, Cql) phase at temperatures in the LC regime, which was reversible upon cooling. The
single-crystal diffraction data showed a monoclinic unit cell= 23.911 (18) Ab = 5.224(3) A,c =
39.17(3) A (c~ /3a); a = 90°, B = 96.971(149, y = 90°, volume = 4903(8) A, and AFM
characterization of th&01plane of these single crystals clearly showed evidence for layered growth
in this material. LangmuirBlodgett films of 2, characterized by AFM, X-ray reflectivity, and X-ray
diffraction, showed hexagonal close packing of parallel Pc columns in the as-deposited film, and upon
annealing, showed formation of at least two different domains, with cotuenlumn spacings of ca. 21
A and 26 A, corresponding to tH&0Cand M1 Faces of a 2D lattice, closely related to the unit cell found
for the polycrystalline material.
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Figure 1. Schematic view of the synthetic route for PcFor synthesis of see ref 19.

recently shown that octa-substituted phthalocyanines (Pcs),scales2528The orientation of such columns is optimal for
such as 2,3,9,10,16,17,23,24-octakis (2-benzyloxyethoxy) OFET applications, since it is straightforward to arrange the

phthalocyaninato-copper(Il)L{ Figure 1) self-organize into
columnar aggregates, can form rigid (ca—87 A thickness)
bilayers on a LangmuirBlodgett trough, and highly coherent
films on various substraté8:2° These alkoxy-based Pcs

columns parallel to the substrate plane, with their long axis
between the source and drain contacts, along the direction
of preferred current flow.

A few side-chain-modified Pcs, with side chains linked

appear to organize themselves as would be predicted for ato the Pc core via chalcogens (e.g., sulfur) have been

hexagonal discotic mesophase materil temperatures
above the crystalline-to-liquid crystalline transition-C),
one Pe-Pc spacing (ca. 0.35 nm) and one Pc colurRo
column spacing (ca. 2-72.8 nm) are seen, in X-ray
diffraction data consistent with ajOnesophase. Much of

reported, with apparent positive influence on the field-effect
mobilities, apparently owing to the increased interaction
between adjacent Pc cores due to sulsulfur inter-
actions!®~12 Molecular materials which incorporate chalco-
gen atoms at critical positions appear to provide for new

this order and spacing is retained when these materials areypes of interactions in van der Waals solids. Chaloeoge
cooled back to room temperature. In films and fibers of these chalcogen interactions between molecules are believed to be
materials we have seen coherence in the rodlike aggregateas useful as hydrogen bonding in the self-assembly of disk-

of up to ca. 250 nm. Both the field effect (hole) mobilities
and the dc conductivities in these films are highly anisotrepic

shaped or ring-shaped molecuf@sielical LC phases have
been observed in the rodlike or tube-like aggregates that

transport along the rodlike aggregate column axis, versusform2 These recent studies provide the motivation for
perpendicular to this column axis, is favored by a factor of creation of generations of new phthalocyanine materials

more than 1&, when measured on micron length scales,
and 100-1000x when measured on submicron length
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which combine the properties of our earlier Pcs, modified

with benzyloxyethoxy side chains, with those obtainable from

incorporation of chalcogen links to these side chains at eight
peripheral positions on the Pc core.

Previous syntheses of sulfur-linked, side-chain-modified
Pcs have involved high reaction temperatures and long
reaction times to make alkylthiol substituted P2& how-
ever, thioether linkages have been recently formed with 4,5-
dichorophthalonotrile at room temperature, with short reac-
tion times!”18In this paper we focus on the synthesis and
preliminary characterization of 2,3,9,10,16,17,23,34-octakis-

(30) Gleiter, R.; Werz, D.; Rausch, Bhem. Eur. J2003 9, 2676-2683.
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oil weighing 3.60 g, 90% yield. The spectral data were consistent

(Figure 1), with benzyl-terminated, thioether side chains. This with previous literature findings for materials of this tyffe'H

Pc is the first in a series of related, sulfur-linked +Bcs
with complex side chaing:3! Unlike Pc1, Pc 2 exhibits a
highly ordered crystalline phas@owder and single crystal

X-ray diffraction data suggest two closely related poly-

morphs, with a monoclinic unit cell and a&Colq transition

at temperatures above 13€, versus the K-Dy, transition
at ca. 63°C seen for Pd.21:232531The Pe-Pc separation is
significantly larger than 0.35 nm, considering the tilting in

NMR (CDCl;) 6 7.36-7.20 (m, 5H), 4.55 (s, 2H), 3.653.58 (t,
6.38 Hz, 2H), 2.7#2.67 (q, 6.38 Hz, 2H), 1.641.55 (t, 8.28 Hz,
1H). 3C NMR (CDCk) 6 128.39, 127.66, 72.94, 71.80, 24.40. IR
(neat) 3483.68, 2853.68, 2560.00, 1456.32, 688.95ciS
analysis (GC/MS-basic Cl) [M- H] = 167 (theoretical mass for
CoH1,0S = 168.06).
4,5-bis-(2-Benzyloxyethylsulfanyl)phthalonitrile (6). A pro-
cedure from ref 18 was modified as follows. 4,5-Dichlorophthalo-
nitrile (0.49 g, 2.5 mmol) and 2.6 g (20 mmol) of,&O; were

the disks with respect to their cofacial/upright position, and suspended in 25 mL of anhydrous DMSO, which was then
a polymorph is formed in the powder of this Pc recovered deoxygenated with argon. A 1.68-g (9.9 mmol) portion5ofvas
from chloroform, with a distinct helical twist of the Pc rings added to this solution and the reaction was allowed to stir at room
around the column axis. LB films of this material produce temperature. Using thin-layer chromatography to periodically assay
parallel columnar aggregates with good coherence, however/his solution, the reaction appeared to go to completion at ca. 60
two different columr-column spacings are observed in min. The reaction mixture was then added to a 500-mL separatory

annealed films, which are closely related to the low index funnel and the product was partitioned between 200 mIT of ether
. . - and 50 mL of water. The aqueous layer was extracted with 50 mL
faces of the unit cell of the polycrystalline phase of this

. of ether. The combined organic layers were then washed with 50
material. mL of a saturated sodium chloride solution and dried over MgSO
The excess solvent was removed in vacuo. The crude product was
purified by column chromatography using 70:30 hexanes/EtOAc
as the eluent’ = 0.78), and the white solid was then recrystallized

Experimental Section

General Information. All nonagueous reactions were carried  fom methanol (79% yield, 0.91 g}H NMR (CDCl) & 7.55 (s
out under an argon atmosphere unless stated otherwise. Reagent§H) 7.36-7.32 (m, 10H) ’4.55 (s, 4H), 3.7B.73 (t, 6.22 Hz’

and solvents were purchased from Aldrich, Fluka, or TCI and were 4H), 3.27-3.21 (t, 6.08 Hz, 4H)33C NMR (CDCk) & 143.97,
used as received unless specified otherwise. THF was distilled fr0m137.97] 12953 128.52, 127.97, 127.64, 115.40, 111.54, 73.36,
Na/benzophenone. Column chromatography was performed using68_07’ 32.89, IR (KBr) 3071.58, 2867.89, 2578.95, 2255.16icm
300- mesh Si@unless otherwise specified. The NMR spectral data 15 analysis (FARH) [M + H] = 461.2 (theoretical mass for
for the intermediate compounds was collected using a Varian CasH2aN,0,S; = 460.13).

Gemini 200. 2,3,9,10,16,17,23,24-octakis(2-Benzyloxyethylsulfanyl)phthalo-
Thioacetic acid-S-(2-benzyloxyethyl) ester (4)A procedure  cyanato Copper (Il) (2). A literature procedure from ref 34 was
from the literature was adapted as follo#&enzyloxyethylbromide adapted as follows. Compousd0.369 g, 0.802 mmol) was added
(3) (9.95 g, 46.0 mmol) and KI (7.64 g, 46.0 mmol) were dissolved g 5 25-mL conical flask that contained a large spin vane. Copper-
in 35 mL of dry DMSO and the solution was degassed by bubbling (Ibromide (0.047 g, 0.201 mmol) and 0.135 g (0.887 mmol) of
argon through the solution for 10 min. The reaction was cooled to 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and 10 mL of 1-pentanol
8 °C with an ice bath, and potassium thioacetate (5.80 g, 51.0 mmol) yyere next added to the flask. The reaction vessel was fitted with a
(Aldrich) was added to the reaction mixture. The reaction was stirred reflux condenser and the reaction was brought to reflux under argon.
overnight under argon. The reaction mixture was partitioned After 24 h the reaction was allowed to cool to room temperature
between 100 mL of DI water and 200 mL of ether. The aqueous and was then capped and placed in the freezer for 1 h. The product
solution was washed (2 100 mL) with ether. The combined  \yas collected using vacuum filtration. The dark green solid was
organic layers were dried over Mg@Qrhe solution was gravity  then washed with copious amounts of water followed by 50 mL of
filtered and concentrated in vacuuo to yield a yellow-tinted oil. ~ether. The blue-green solid was continuously extracted with ether
The oil was purified by column chromatography using 80:20 fo|lowed by methanol (each for 48 h) using a Soxhlet extractor.
hexanes/EtOAc as the eluef & 0.93). The weight of the purified  The solid was then purified by column chromatography (98:2
product was 9.20 g, 95% yieldH NMR (CDCly) ¢ 7.28-7.25 CHCI/CH;0H). A dark blue-green solid was obtained (0.22 g,
(m, 5H), 4.46 (s, 2H), 3.563.50 (t, 6.22 Hz, 2H), 3.083.02 (t, 58%). UV—Vis (CHCly) 712, 638, 324 nm. IR (KBr) 3445, 3048,
6.36 Hz, 2H), 2.27 (s, 3H)*C NMR (CDCk) 6 195.47, 137.94, 2920, 2851, 1099 crt. MS analysis (MALDI) 1906.7350 (theo-
128.38, 127.64, 72.96, 68.64, 30.52, 29.01. IR (neat) 2934.48, retical mass for GHosCUNgOsSs = 1905.47). Elemental analysis
1687.93, 1450.00 cmt. MS analysis (ESt) [M + H] = 211.0 (Desert Analytics) revealed a carbon content of ca. 65.2% (theoreti-
(theoretical mass for §H1,0,S = 209.07). cal 65.3%); a hydrogen content of ca. 5.2% (theoretical 5.4%);
Benzyloxyethanethiol (5).A procedure from ref 32 was modi-  nitrogen content of ca. 5.9% (theoretical 5.9%); and a sulfur content
fied as follows. Compound (5.00 g, 24.0 mmol) was dissolved  of ca. 12.7% (theoretical 13.4%).
in 30 mL of anhydrous methanol. The solution was degassed under The paramagnetic nature of the metal center in this type of copper
argon for 10 min and a degassed methanol solution (15 mL) of phthalocyanine has been previously ndteand would be expected
sodium methoxide (NaOMe) (2.30 g, 43.0 mmol) was added to to lead to broadening of NMR peaks. One-dimensional (i)
the reaction mixture. The solution was stirred under argon, at room NMR spectra were acquired on a Bruker DRX-500 spectrometer
temperature, for 1 h. DowexHexchange resin, 5.00 g, was added at 25°C using 128 scans, a spectral width of 26041.7 Hz, and a
and the reaction was stirred for an additional 30 min. The solution relaxation delay of 2.0 s. Data were processed using the Bruker
was gravity filtered and concentrated in vacuo to yield a yellow gsoftware XWINNMR. Samples were dissolved in CQEbntaining

(31) Xia, W.; Carducci, M.; Armstrong, N. R. manuscript in preparation.
(32) Svedhem, S.; Hollander, C.-A.; Konradsson, P.; Shi, J.; Liedberg, B.
J. Org. Chem2001, 66, 4494-4503.

(33) Zangmeister, R. A. P.; Smolenyak, P.; Drager, A. S.; O'Brien, D. F;
Armstrong, N. R.Langmuir2001, 17, 7071-7078.
(34) Tomoda, H.; Saito, S.; Shiraishi, Ghem. Lett1983 313-316.
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0.05% (v/v) tetramethylsilane (TMS) as an internal standard. Proton  X-ray powder diffraction (XRD) measurements were conducted
chemical shifts were referenced directly to this standard at 0.00 with a PANalytical X'Pert PRO MPD system with copperdK
ppm. The paramagnetic nature of the complelead to broadened  radiation § = 1.54 A) at 50 KV (40 mA target current). High-
peaks and significantly increased the range of chemical shifts resolution scans were conducted along the goniometer @28)(
observed. These NMR spectra are available in the Supportingat a step size of ca. 0.0187A fixed divergent slit of 1/4 was
Information for this paper. The effects of the paramagnetic copper used in the incident beam optics, followed by an anti-scattering
center were most pronounced for protons nearest to the metal centerslit of 1/2°. X'Celerator, a RTMS (real time multiple strip) detector,
Thus the signals from protons on the bridging nitrogens were was used in the diffracted beam optics, allowing faster data
broadened beyond our ability to detect them. The same phenomenoreollection than conventional detectors without compromising
led to broad peak shapes and low integral values of the peakresolution. Temperature-dependent XRD measurements were con-

centered around 10.38 ppm, which arises from the pheny! protonsducted with a capillary spinner sample holder and a capillary furnace
in closest proximity to the metal center. This peak is shifted with a high-temperature controller (Huber attachment 644 and HTC

significantly downfield as well, in contrast to the other set of 9634, HUBER Diffraktionstechnik GmbH & Co. KG, Germany).
aromatic protons found in the 7.60.00 ppm regionl The three The X-ray mirror was Used in the inCident beam OptiCS Wlth a beam
sets of methylene protons gave rise to three peaks observed betweeflivergence of 1/32and the X'celerator, with a snout attachment,
5.00 and 2.50 ppm. The farthest downfield (4.55 ppm) and least Was used in the diffracted beam side. The X-ray generator was
broadened peak resulted from the protons adjacent to both theOPerated at 45 KV (40 mA target current) with continuous scans
pheny! ring and ether oxygen. The protons on the opposite side of 210Ng & atw = 0° at step sizes of 0.0187Class capillary tubes
this ether linkage lead to the peak at 3.80 ppm. The most upfield (Mark-Rthrchen, Aufnahmen) of 0.3 mm in diameter were used
peak, at 3.25 ppm, can be assigned to the protons nearest to th&0" most of the samples. Data analysis was done XitPert Plus
sulfur atoms. This is broadened as well, by virtue of being 1:0from PANalytical.

incrementally closer to the copper center. These results, especially Partial single-crystal structures were obtained from a stable
the comparison of the integral values of the least broadened peakspolymorph of Pc2 grown from dimethylacetamide (DMAC)
confirmed the identity oP. solutions. Several crystals, each very thin green plates, 2fviRae
mounted on a glass fiber in random orientations. The crystal giving
the best diffraction had approximate dimensions of 0«48.11 x

0.02 mm. Examination of these crystals on a Bruker SMART 1000
CCD detector X-ray diffractometer at 170(2) K and a power setting
of 50 KV, 40 mA, showed weak diffraction in each case. Diffraction
data were obtained t@ = 16.5 (1.14 A) for the strongest
diffracting crystals. Data were collected on the SMART1000 system
using graphite monochromatic Mookradiation ¢ = 0.71073 A).

Physical Characterization of Pc 2. Differential scanning
calorimetry (DSC) was performed on Ptsand 2 using a TA
Instruments model DSC 2920/modulated DSC.-A32mg portion
of the powdered Pc was weighed into aluminum DSC pans and
crimped shut. Pc samples were first cooled-#0 °C and heated
to 250°C at a rate of 3C/min. The sample was then cooled to 25
°C and finally heated to 40€C at a rate of 10C/min. The DSC

chamber was purged with a nitrogen flow rate of 30 mL/min during _ )
the experiment. A total of 909 frames were collected at a single detector setting

covering—30° < 20 < +30°, having a® scan width of 0.2 and

an exposure time of 90 s. The frames were integrated using the
Bruker SAINT software package’s narrow frame algorithm. A total
of 6820 reflections were integrated and retained, of which 3865
were unique [fedundanclyl= 1.76,Rn = 25.37%),Rsig = 48.45%).

UV —visible spectroscopic characterization of solutions and cast
or LB-deposited films of Pc& and2 were carried out with a CCD-
array spectrometer (Spectral Instruments, Inc., Tucson AZ). Lang-
muir—Blodgett thin films of2 were formed as described previously,

ltJ)SIIng a Rlegle;:K_lrstden LdB ”0“9“ Pr:essu%area !sotherrgsd(se(? Of the unique reflections, 1158 (30.0%) were observed which were
elow) were obtained to determine the compression needed to Ormgreater than @(). The final monoclinic cell parameters af =

either stable monolayers or bilayers of Bcand the compression 53 914 (18) Ab = 5.724(3) A,c = 39.17(3) A, o = 90, § =
needed to collapse the film into stable fibers. LB films for AFM 96.961(149, y = 90°, volume = 4903(8) & are based on the
characterization were obtained by horizontal transfer to hydropho- refinement of the XYZ-centroids of 130 reflections with 100-
bized Si(100) wafers. Fibers were harvested off the trough onto ) covering the range of 2.35< 6 < 16.05. Given the poor
quartz or glass slides to provide samples for temperature-dependen?edundancy, no correction for absorption was made. Fer 2
polarized light microscopy (POM). POM experiments were con- gnq fw = 1907.933 the calculated density is 1.292 g-&m
ducted with a Nikon Eclipse ME60O outfitted with cross polarizers, agsignment of the space group from a poorly diffracting sample is

and a temperature-controlled stage. Images were captured thougyifficult; systematic absences and intensity statistics indicate the
a camera port utilizing a Nikon E950 digital camera. space group to bBc (No. 7).

AFM images of the crystalline forms df were taken with a The most promising partial structure solution was obtained using
Dimension 3100 Nanoscope IV system (Veeco Metrology Group, dual-space recycling followed by structure expansion using peak
Santa Barbara, CA). Tapping mode etched silicon probes with |ist optimization using ShelXM (part of the SHELXTL suite); a
nominal force constants of 42 N/m and driving frequencies of 320 possible fragment corresponding to the expected cepp&ogen
kHz were used for imaging. A single crystal Bfwas cast onto  core could be distinguished (Supporting Information). Expansion
freshly cleaved mica from DMAC ah2 h was allowed for the  of this fragment using difference Fourier syntheses was unsuccess-
solvent to evaporate prior to imaging. Images were recorded in ful. A Cu phthalocyanine core in the orientation obtained from the
tapping mode in air and displayed in both height and phase channelssolution from XM was generated using a structure from the CSD.
AFM images of the single bilayer LB films & on hydrophobized Constrained rigid body refinement of this fragment gav&®dactor
silicon were taken with a Multimode Nanoscope Ill system (Digital of 45%; a random collection of atoms in a noncentrosymmetric
Instruments, Santa Barbara, CA) in contact mode in a solution of space group would give @Rfactor of about 60%. Unconstrained
0.1 M KCI. Oxide-sharpened silicon nitride probes with nominal refinement of this phthalocyanine core fragment was not successful
force constant of 0.32 N/m were used, ozone cleaned for ca. 1 hand it was not possible to locate any atoms from the side chains
prior to imaging. Images are displayed in both height and friction from Fourier maps. A reasonable packing structure of the molecules
channels. in this solution is described below.
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Figure 2. (A) Solution UV—Visible spectroscopy of solutions @fas a function of concentration (cax110"° M to 5 x 10-5 M). The absorbances of the

three most concentrated solutions were measured in a 0.1-cm cell; all other absorbances were measured in a 1-cm cell; all spectra are thézefbre normal
for ease of comparison. (B) DSC thermogram of a powder sampe (&) DSC thermogram of. (D—K) Optical microscopy of overcompressed LB thin

films (fibers) of Pc2 captured on a glass substrate (left column, normal lighting; right column, with cross polarizers): (DIE)(®8G) 150°C; (H/l) 315

°C; (J/K) cooled to 3CC.

Results and Discussion substantially gentler reaction conditions than previous sulfur-
linked side chain Pc synthest¥dends itself to scale-up to
gram quantities o2. Comparable synthetic philosophies have
been used to form Pcs with more complex side chains than
those in2, including the addition of polymerizable groups,
hydrogen-bonding groups, etc. to the side clain.
Properties of Pc 2. As expected for sulfur-containing
macrocycles!1?1435%the Q-band absorbance band for Pc
in chloroform (Figure 2A) is red-shiftedifx = 711 nm,
€7110m= 1.3 x 10° M~t-cm™) versus the Q-band spectrum
for Pc1 (Amax= 678 nM,eg7gnm= 1.5 x 10° M~L-cm™1). As
we have shown previously for solutions df The ratio of
the aggregate absorbance peak to that for the monomeric
species provides a way of estimating the solution aggregation
constant Kagg.2%*¢Kagg= 420 for2 in chloroform solutions,

Synthesis of Pc 2.Figure 1 summarizes the synthetic
scheme used to obtain gram quantities o2Pthe thioether
side chains for P2 were prepared from commercially
available benzyl-2-bromoethyl ethes, (Aldrich) using a
modification of a procedure by Svedhem and co-worRers.
Potassium thioacetate was used to convert the alkyl bromide
to thioacetic acid-S-(2-benzyloxyethyl) estér,The acetyl
protecting group was next removed using either basic or
acidic conditions to yield benzyloxyethanethis|with yields
ranging between 90 and 99%. The resulting thiol was reacted
with 4,5-dichlorophthalonitrile to provide 4,5-bis-(2-benzyl-
oxyethylsulfanyl)phthalonitrile 6, from which Pc2 was
prepared, following procedures developed by Tomoda and
co-workers* Both the copper-P&, and demetalated version,
2', as well as the zinc version of this Pc have been prepared : )
by this route. The overall yield from this synthesis for the (35) ggggé?%hié§g?§2ta’ H.; Nonaka, N.; Luk'yanets(Iaem. Eur. J.
CuPc version was typically 39%, and this route, which uses (36) Tai, S.; Hayashi, N. Chem. Soc., Perkin Trans1®91, 1275-1279.
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Figure 3. Left panel: Microscopy of an individual crystal of Rqca. 50 micrometer length) after the anneal/cool cycle described in Figure 1: A, unpolarized
light source; and B, with cross polarizers. (C) Tapping mode AFM imagent5x 5 um) from thec face of a crystal like that shown at left, showing
evidence for layered growth, with steps between the terrace regions of-€8018 height, corresponding to one-half th@xis dimension in the unit cell
proposed for the single-crystal material (see text) (ref 31).

versusKagg = 290 for solutions ofl, suggesting that both  chalcoger-chalcogen interactions$y.As expected for dis-
molecules are weakly aggregating in chloroform solutions, cotic mesophase liquid crystalline materials, fibers 2of
versus other Pcs with electron-withdrawing substitutents harvested from overcompressed films on an LB trotigh,
linking the side chains, which has been shown to strengthenviewed with polarized optical microscopy (Figure 2, right
arene-arene interaction®,%¢ but that the addition of chal-  panel, D/E-J/K), show increased birefringence at the-KC
cogen linkers of the benzyl terminated side chains doestransition, and loss of this birefringence at higher tempera-
enhance the interaction over the alkoxy linkers. tures. Small single crystals @ were isolated from DMAC
First oxidation potentials were determined in methylene solutions, and the birefringence seen in these crystals (Figure
chloride (0.1 M LiCIQ) for both Pc2 (+0.145 V vs Fc/  3A vs B) is enhanced by the same heating/cooling c¥cle.
Fct) and Pcl (+0.200 V vs Fc/F¢).2” The increased solution X-ray Diffraction and AFM Studies of Polycrystalline
aggregation constant f@rsuggests somewhat strongerPc  and Single-Crystal Polymorphs, and LB Films, of Pc 2.
Pc interactions, even in solvents where the molecule dem-X-ray diffraction of powders of Pc2, harvested from
onstrates good solubility. The less positive first oxidation chloroform solutions, and single crystals of Egrown from
potential suggests that the macrocycle is more electron-rich, DMAC solutions, suggest that this molecule can exist in at
and therefore slightly more reactive toward oxidation by both least two closely related polymorphs. XRD of powders of
intentionally added, and adventitious, dopants. Additional 2, harvested from chloroform solutions (Figure 4a), gave a
characterization of first ionization potentials in thin films, fully indexed pattern, with large Bragg peaks from theQ]
and the implications for the positions of these energy levels [001] and [101planes. Diffraction from théd10planes
in OPV devices will be described in forthcoming reports. was systematically absent. Monoclinic unit cell parameters
Differential scanning calorimetry (DSC) of bulk powders Were estimated from this diffraction data:= 22.81(1) A,
of 2 (Figure 2B) shows a sharpLC phase transition at P = 9.780(5) A.c=19.314(6) Ao = 90°, = 106.918-
ca. 134°C with an endotherm/exotherm hysteresis of, 32 (14), ¥ = 90°, V = 4472 &, two molecules per unit cell
attributed to a super cooling of the side chain regions of the The temperature-dependent XRD data (Figure 4b), show that
material*-7 The increased steric bulk and interaction of the Near ca. 133C the major diffraction peaks are joined by
thioether groups is expected to lower the mobility of the side tW0 new peaks @ = 3.9 and 4.2), which dominate as the
chains as they cool, after reaching the LC mesophaset€mperatures rise into the LC regime, consistent with the
temperature. The LC mesophase2dé stable to 299C in formation of an oblique (distorted rectangular, gqhase?3’
air, no clearing point is seen prior to decomposition. In Upon cooling to room temperature, the diffraction pattern
contrast, a K-Dy, transition is seen fot (and related Pcs) ~ Of the original crystalline phase is recovered. This diffraction
at lower temperatures (6&), with smaller hysteresis (1B data is in sharp contrast to XRD of powders and fibers of
(Figure 2C). The energy associated with the'kC transiton ~ P¢ 1, where the room-temperature phase is much less
is 62 kJ/mol for2 and 11 kJ/mol fod. If the primary energy ~ Ordered, and the LC-mesophase gives a diffraction pattern
difference is due to chalcogetthalcogen interactions, each —
thioether group ir2 adds ca. 6.4 kJ/mol interaction energy @7) gggig?ﬂi&'}f'ggg?,%Z;a‘_j\%elruﬁ'e\?v"Yg‘rcl’(c”dl%g‘g'vgfaﬁ' S
(literature values of 29 kJ/mol have been reported for other mentals.
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Figure 4. (a) Room-temperature powder X-ray diffraction dataZpwith three well-defined Bragg peaks at 3°68.65, and 5.38 in 20 from the [100C)

[001) and[10-1C0planes, respectively. (b) Expansion of the low angle region in (a), showing the disappearance of the major reflections in the crystalline
phase as the &LC transition is reachedT(= 133 °C), the formation of new reflections (*) and (**)T(= 184°) suggesting formation of an oblique
(distorted rectangular) columnar phase (@offollowed by the return to the original diffraction pattern upon cooling to room temperature. An additional
peak is seen near th&0-1reflection arising from the hood needed to maintain uniform temperature control of the capillary during heating. (c) The unit
cells proposed from both the powder XRD data (upper), and the single-crystal data (lower), arising from different polymargtis Pfoposed packing

of the molecules into columns parallel to thexis in the single-crystal structure. The dashed lines indicatS Sontacts of 3.52 A. (e) Proposed relative
orientation of molecules in two adjacent columns (alongdfeis) in the single crystal.

typical of a hexagonal columnar phase, with a single-Pc identify the exact location and orientation of the side ch&ins.

Pc stacking distance and a singlefRc column dis- Monoclinic unit cell parameters age= 23.911 (18) Ap =

tance20:21:29.31 5.224(3) A,c=39.17(3) A (c~ +/3a);a. = 9C°, B = 96.971-
Small single crystals o grown from DMAC solutions ~ (14)°, y = 90°, volume = 4903(8) & (see Supporting

have been obtained with sufficient size to provide a partial Information).

X-ray structure; the largest single crystals obtained are thin The primary differences in these two polymorphs are

plates (0.48x 0.11 x 0.02 mm maximum size), providing revealed in comparison of theaxis andc-axis unit cell

sufficient detail in the diffraction data to estimate the position lengths (schematics shown in Figure 4c). Taaxis length

of the Pc rings within the structure, but not enough detail to from the powder diffraction data in Figure 4a and b is ca.
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Figure 5. (A) Pressure-area isotherms for Ptand Pc2: the first transition atr; represents formation of a stable monolayer of parallel rodlike aggregates;
the second transition at, represents formation of a stable bilayer of similar rods. Films are typically horizontally transferred to various substrates at the
second transition. Stable fibers of eitteor 2 are formed at pressures beyamgl(refs 11-13, 21). (B) Contact mode AFM image, in aqueous solution, of

a single bilayer LB film of2 transferred to hydrophobized Si(100), annealed in a vacuum°@g88 h). Two different columarcolumn periodicities of ca.

21 and 26 A are seen. (C) X-ray reflectivity data for a 10-bilayer, horizontally transferred LB firoafhydrophobized Si(100) (black curve shows the
unannealed film). The first Bragg peak is at 3.6hich corresponds to @ spacing of 24.3 A. After annealing at 18C (red curve), two Bragg peaks are
observed for this same thin film: the first peak is at 3.8d spacing of 23.2 A), and a less intense peak at &&pacing of 18.4 A). These spacings are
close to the dimensions of tleeandc axes of the unit cell proposed above from the XRD data, suggesting that annealed multilayer LB ilms can adopt either
the 100 Jor the [001planes of the powder unit cell in Figure 4.

2x that observed from the single crystal diffraction data, = The powder diffraction data suggest alternating Pc orienta-
and thec-axis length in the single crystal unit cell is cax2  tions along theb axis: each Pc along this axis is rotated
the value seen in the powder diffraction data, suggesting ain-plane by ca. 45with respect to its nearest neighbor, which
simple interconversion between these two structures. Theprovides for the extinction of th@®10Feflection in the XRD
single crystal data are consistent with there being only one data3! This rotation provides for a means of close packing
Pc orientation along thé-axis (Figure 4d); within one  of adjacent Pc disks, accommodating the increased (out-of-
column the Cu atoms in adjacent Pcs appear to be 5.3 Aplane) size of sulfur links, versus oxygen links, to the side
apart (theb unit cell length from the single-crystal data), chains. This kind of helical twist has been observed in other
however, the tilt of the Pcs within each column provides for discotic mesophase materials, where sulfur is incorporated
sulfur atoms on adjacent molecules to be as close as ca. 3.5nto the disk, as a side-chain linkgAlthough the schematic

A (ca. twice the van der Waals radius of sulfur), consistent views in Figure 4c suggest side chains that are in the plane
with strong S-S interaction$®313’The parallel columns in  of the Pc ring, their exact position is unknown, and is likely
the single crystal are related by crystallographic symmetry: to be substantially out-of-plane to accommodate the most
along thea axis the columns are related by translational efficient packing of adjacent disks. During the—{.C
symmetry; along the axis the columns are related byca  transition, the powder diffraction data suggest that the
glide (Figure 4e); the orientation of molecules in adjacent packing of Pc columns changes only slightly, and the loss
columns appears to alternate by’ 9®erefore a herringbone  of long-range order along the column axis at the LC phase
packing of the Pc columns along thexis is observed. This  is mainly due to disordering of these side chains. This is in
proposed unit cell for2 provides for layered crystalline contrast to Pd, where the K=-LC transition is accompanied
growth, which is consistently confirmed in AFM images by a clear change of the tilt angle of the Pc disks to a pure
(Figure 3c) of one face of the single crystal (tB@1plane). hexagonal mesophase; the full details of these transitions,
Step heights between the terraces are ca:2IBA (ca. comparing both sulfur-linked and oxygen-linked derivatives
the c-axis dimension of the unit cell), which demonstrates of 1 and?2, are reported elsewheft.

layered growth in the bulk crystals, and as will be discussed Both Pcsl and 2 form ordered LB films, with parallel
elsewhere, represents one of the dominant growth faces seegolumnar Pc aggregat&s!-2528.33Comparable monolayet

in annealed spin-cast thin films of this materl. bilayer pressurearea transitions are seen for both molecules;
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Figure 6. (a) X-ray diffraction (red, data; blue, background-corrected, fitted data) of an as-deposited 9-bilayer LB filn2:ofaPsingle 2D hexagonal

phase dominates the as-deposited film with a single Bragg peak-atca. 3.9 indicating an intercolumn spacing of 23.4 A. (b) The XRD data for the same

film after annealing/cooling (K-LC—K). The diffraction pattern of the annealed film can be indexed into a 2D rectangular phase with dimensioas of

23.0 A andb = 18.0 A, very close to tha andc dimensions of the unit cell determined from powder XRD data (Figure 5). Three different faces of the 2D
lattice are indicated in these data. The Bragg peak® at 3.86° and 4.93 represent thél0and [D1faces respectively, as seen in the AFM/XRR data

in Figure 5. The Bragg peak at 18.fepresents the (33) reflection for the (11) face, and is a minor component in the film structure, and was not seen in the
AFM data of Figure 5. The schematics in (c) show the possible geoméeit&s[01[] and[110planes, adopted by the annealed LB films. The reflection

at 29 = ca. 22.4 (lattice spacing of ca. 4 A) cannot be indexed as part of the 2D lattice, and is most likely due to the intracokimspacing when a

small fraction of the columns of PZ are tilted upright with respect to the substrate, providing fof@plane of a 3-dimensional lattice.

however, the pressures associated with these transitions aréhe a andc axes of the powder diffraction unit cell (Figure
lowered in2 versus those seen fdr?’3li.e., the pressure  4).

needed to complete a close-packed monolayer array, and to Figyre 6 provides additional insight as to the nature of
begin the formation of the close-packed bilayer array, is the packing of P@ in as-deposited and annealed LB films.
lowered for Pc2 vs Pc1. As previously discussed for Pc Figure 6a shows a portion of the XRD data for an as-
12125293 these films can be reversibly compressed and geposited 9 bilayer film of P@: these data showed only
expanded if the compression barriers are stopped at the firstye major Bragg peak atf2= 3.86, consistent with a
transition r;). Compression to the point where a stable hexagonal close packed array of Pc columns, willspacing
bilayer can be formeda(,) does not allow for a reversible 5 23 4 A After annealing this multilayer film (&LC—K)
expansion of the film, i.e., formation of the close packed e XRD data of Figure 6b were observed which showed a
arrays of parallel columns produces sufficient column  pattern of diffraction peaks which could be fully indexed
column interactions as to leave the film in a semirigid state, o 53 2D rectangular phase with dimensionsaot 23.0 A
which can be cut into sections and horizontally transferred g,qp = 18.0 A, very close to the a ardlaxis dimensions
to appropriately modified substrat&s’ of the unit cell determined from powder XRD data (Figure
AFM images of annealed bilayer films @ftransferred to 5). The Bragg peaks ati2= 3.86° and 4.93 represent the
hydrophobized Si(100)/native oxide substrates (Figure 5A) [10Cand [01faces of this 2D lattice, respectively, as seen
showed two different columncolumn periodicities after  in the AFM/XRR data in Figure 5. The Bragg peak at 8.6
vacuum annealing above theH_C transition temperature  appears to represent[@3reflection for the[11llface of
and back to room temperature, at ca. 21 A and ca. 26 A. this lattice, and is a minor component in the film structure,
X-ray reflectivity data for multilayer films (Figure 5C) shows and was not seen in the AFM data of Figure 5. The
one broad peakd(= 24.3 A) for the as-deposited film, and  schematics in Figure 6¢ show the possible geometries of the
one major ¢ = 23.2 A) and one minord = 18.4 A) peak [1000M10and 1 10planes which could be adopted by the
after this annealing/cooling cycle. These spacings along theannealed LB films. The reflection at2= ca. 22.4 (lattice
surface normal from XRR are close to those observed for spacing of ca. 4 A) could not be indexed and is most likely
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due to intracolumn ordering within regions in the LB film those seen in the crystalline powders. Current studies are
where molecules of P2 are arranged as vertically aligned focusing on characterization of the electrical properties of
columns. The ordering along the third dimension (the column thin crystals of2 on the nanometer length scale, and the
axis) is represented by the far right schematic in Figure 6b. application of spin-cast and drop-cast films of these Pcs, and
The ordering of bilayer and multilayer films @finto this related thioether phenyl-terminated octa-substituted Pcs, on
2D lattice is in sharp contrast to LB films df, which modified substrate, in organic photovoltaic devices and
generally show only one packing architecture after annealing, organic field-effect transistors.
consistent with their greater tendency to adopt a hexagonal
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