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Abstract: At moderate temperatures in flowing gas, pentacene undergoes a disproportionation reaction to
produce 6,13-dihydropentacene (DHP) and a series of polycondensed aromatic hydrocarbons, including
the previously unknown peripentacene (PP). The process requires activation by heating to 320 °C and is
possibly catalyzed by impurities such as DHP, 6,13-pentacenequinone (PQ), Al, or Fe found in the starting
materials. These impurities also result in a decrease in the intrinsic field-effect mobility (FEM) of pentacene
crystals. Subsequent purifications remove such impurities, thus inhibiting the formation of the dispropor-
tionation products and increasing the FEM of pentacene (2.2 cm?/Vs). These results clarify the importance
of purification of semiconductive materials for measurements of intrinsic mobility and optimal device
performance.

Introduction Laudise et al.built a horizontal physical vapor phase reactor

Pentacene has become the gold standard of materials used it0 purify and grow crystals for a variety of polyaromatic
applications such as organic field-effect transistors (OFE®s)  hydrocarbons under atmospheric conditions. Vapor phase grown
and inorganie-organic hybrid solar cellsNot only does ithave ~ pentacene crystals were previously shown to have different
one of the highest charge carrier mobilities among organic Polymorphs and higher charge carrier mobility than solution
materials’ but it also lends itself to ready purification through ~grown crystal$:® More recently, Mattheus et al. have shown
vacuum deposition techniques. The mechanism and efficiencythat pentacene grown using this method produces different
of charge transport in organic conjugated semiconductors arePolymorphs within the pentacene crystal structmehich may
known to depend on the purity and frequency of defects along affect charge carrier mobility. The deposition of pentacene and
the conjugated backbofi&@hus, highly pure, crystalline material ~ other polyacenes for device manufacture at atmospheric condi-
is a prerequisite for optimal device performance to ensure thattions will be the focus of later reports. However, apparently
the performance parameters are due to the inherent propertieginique to pentacene is the observation that crystal growth under
of the material. Commercially available pentacene contains these conditions leads to hydrogen transfer between pentacene
nonnegligible amounts of 6,13-dihydropentaceBDElP), 6,13- molecules to forrDHP, and large unsaturated aromatic mole-
pentacenequinonePQ), aluminum, and iron, necessitating cules such as peripentacene, in addition to ultrapure pentacene.
careful purification, generally by sublimation. We now report We now report details of the formation of these byproducts and
that DHP is a byproduct of the sublimation itself, which ~provide a proposed mechanism for their formation.
prodl_Jces other dispropo_rtionation byp_roducts as well, includi_ng Experimental Procedures
the hitherto unknown peripentacene. Finally, by careful attention

to purification, we are now able to report recent results on OFET  Materials. Pentacene was purchased from Aldrich and TCI America.
properties of highly purified pentacene. Perdeuterated pentac_ene (pr_entaam;eD, 98%) was purchased from

Icon Isotopes. Ultrahigh purity (UHP) grade argon (99.97% pure, 4
T Georgia Institute of Technology. ppm G, 1 ppm total hydrogen content (THC)), Mega BIP grade argon

* Lucent Technologies. 0 ;
§ University of Arkansas. (99.9999% pure<0.2 ppm Q, <0.1 ppm THC), and a mixture of

(1) Kato, Y.. Iba, S.; Teramoto, R.; Sekitani, T.; Someya, T.; Kawaguchi, H.; 10% hydrogen in nitrogen were purcha_sed from Air Prod_ucts. All other
Sakurai, T.Appl. Phys. Lett2004 84, 3789-3791. materials were purchased from Aldrich and used without further
(2) Minari, T.; Nemoto, T.; Isoda, Sl. Appl. Phys2004 96, 769-772. purification
(3) For recent reviews, see (a) Ling, M. M.; Bao,Zhem. Mater2004 16, '
4824-4840. (b) Sun, Y.; Liu, Y.; Zhu, DJ. Mater. Chem2005 15, 53—
65. (7) Laudise, R. A.; Kloc, C.; Simpkins, P. G.; Siegrist, J.Cryst. Growth
(4) Senadeera, G. K. R.; Jayaweera, P. V. V.; Perera, V. P. S.; Tennakone, K. 1998 187, 449-454.
Solar Energy Mater. Solar Cell2002 73, 103—-108. (8) Mattheus, C. C.; Dros, A. B.; Baas, J.; Oostergetel, G. T.; Meetsma, A.;
(5) Shtein, M.; Mapel, J.; Benziger, J. B.; Forrest, SARpl. Phys. Lett2002 de Boer, J. L.; Palstra, T. T. MBynth. Metal2003 138 475-481.
81, 268-270. (9) Mattheus, C. C.; de Wijs, G. A.; de Groot, R. A,; Palstra, T. T.JMAmM.
(6) Garnier, FChem. Phys1998 227, 253-262. Chem. Soc2003 125, 6323-6330.
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Horizontal Vapor Phase Deposition (HVPD) FurnaceThe furnace Source Tube  Crystallization Tube  Reactor Tube
used for purification and crystal growth of the polyacenes was fabricated Opsitmm | OD=15mm oD=20mm |
with borosilicate glass and was slightly modified from that previously L=5em L=13em L=406m
described. The furnace was heated using an Omega heating tape
(FGHO051-100). Temperature profiles were measured with an Omega Haaﬁng\Tape |
digital thermometer (HH12) with two thermocouples. Gas inlet valves
were constructed using 24/40 borosilicate glass joints with Tygon tubing Gas | i X : /‘f X | Gas
or with metal connectors and PTFE tubing. Gas flow rates were varied - —
between 10 and 70 mL/min, with an optimal flow of 30 mL/min. Flow H ‘ Flow

Characterization. Elemental analyses were performed by Atlantic | J _ B @

Microlabs, Inc. using a Perkin-Elmer Series Il CHN analyzer 2480. y

NMR spectra were acquired in deuterated solvents using a 300 MHz pestapiiars \
Varian Gemini NMR spectrometer. FTIR samples were pressed in dried > - s T

KBr, and spectra were taken using a Nicolet 520 spectrometer. A _as ".';;m
Siemens SMART CCD X-ray diffractometer was used for X-ray &7

analysis of single crystals. Solid-state mass spectrometry analyses were

performed in both EI (70 and 20 eV) and CI (isobutene) modes on a

VG Instruments 70SE. Fourier transform mass spectrometry (FTMS) ~ ° ° ™ "usiem
was performed at the University of Arkansas using a 9.4 T FTMS Figure 1. Diagram of the horizontal physical vapor deposition (HPVD)

instrument (lonSpec, Lake Forest, CA). FTMS spectra were obtained chamber used fo_r the sublimation and crystal growth of pentacene. The
by using direct laser desorption using a Nd:YAG laser (New Wave temperature profile shows the temperatures measured for the sublimation
Sunnyvale, CA) operating at 355 nm. Sam Ies. were dissolved in tc)Im:)r;(_:‘process along V\_/ith an aid-to-the-eye line. The insgt depicts the overlapping

yvale, p 9 : p crystal boundaries of purple pentacene crystals with the red and yellow 2:1

and deposited on a stainless steel target, and the toluene evaporated t9Hp/pentacene cocrystals.

form the laser desorption sample. BVis spectroscopy was performed

on a Perkin-Elmer Lambda 19 UWis—NIR spectrometer. High-  gave rise to large plate and needle-shaped, dark blue-violet

pressure liquid chromatography (HPLC) was performed using a colored crystals as large as the diameter of the deposition tube,

ChrtheggBontd Cl? ;‘;"Cerse(;pfzse Ej"“_mrf]l (25>‘c:“'9 mm7,5§;2¢r5n as well as a yellow powder, yellow and red needle-shaped

pa.r icle diameter) a and 1.0 mi/min flow rate In a 75.25 or crystals, and a brittle black residue with a metallic luster. The

70:30 vol/vol HPLC grade acetonitrile/water mobile phase on a e . .
purification was strongly dependent upon the operating condi-

Shimadzu VP series chromatograph equipped with refractive index and ™, . . .
UV —vis detectors (210 nm). HPLC-EIMS was performed on a HP 1050 tions of the furnace. As the material sublimed, it was transported

series chromatography using the same column and conditions. AttachedPY the carrier gas to the crystal growth zone, where dark blue
to the HPLC was a HP59980B particle beam/LCMS interface equipped Crystals, identified as pentacene, appeared. In addition, yellow
with a HP 5989B electronionization mass spectrometer (70 eV). and red, needle-shaped crystals, previously identified as a 2:1
Concentrations of all HPLC samples were 1.0 mg/mL dissolved in DHP/pentacene cocryst#l, were deposited in the impurity
mobile phase. X-ray photoelectron spectroscopy (XPS) was used for deposition zone concomitantly wibHP,1 6-pentacenone, and
comparison of elemental composition. All angle-resolved spectra were pQ, The color difference between yellow and red cocrystals
collected using a Physical Electronics (PHI) 1600 XPS system equipped a5 associated with a slight difference in impurity concentration
with an AlKa X-ray source. The chamber base pressure during all XPS within the crystal. Pentacene impurities led to the red color,

analyses was at or below % 107° Torr. Flame atomic absorption . . o

; . while DHP produced yellow crystals. Removal of impurities
spectroscopy (AAS) was performed by Galbraith Laboratories, Inc. of .
Knoxville, TN. led to colorless crystals. Independent of the amount of starting

Sublimation. Pentacene (36100 mg, Aldrich or TCI) was placed material used, the ratio of residue to pentacen®P was
in the source tube, the source tube was placed inside the depositionn€arly always 25:50:25% at source temperatures aboveé@50

tube, and both were placed inside the reactor tube according to FigureAfter purification, a black, glassy residue remained in the source
1. Carrier gas was allowed to fill and purge the reactor tube prior to zone. However, sublimations over extended periods of time at
heating. Heat was applied to the tube following a specific heating profile source temperatures below 30C resulted in no observable
to maximize crystal growth and control the area in which the material formation of any residue or byproducts.
deposited (Figure 1). The temperature was monitored both externally, The carrier gas played little apparent role in the distribution
between the heating tape and the reactor tube, and_in'ternally Wi.th of byproducts formed during sublimation. Using any of the three
thermocouples and thermomet_ers. '_I'he tem_pera_ture variation at Spec'f'ccarrier gases, the distribution pattern BHP and cocrystal
locations was less than°€. Sublimation heating times ranged between . . . .
4 and 24 h. remained relatively unchanged. The introduction of 10%
hydrogen in nitrogen at these temperatures also did not affect
Results the yield of hydrogenated byproducts versus UHP or Mega BIP
grade argon. Oxygenated byproducts (6-pentacenon®@nd
were observed when UHP grade argon was employed. Oxygen
in excess of 2 ppm resulted in the oxygenated products, whereas
with Mega BIP grade argon with oxygen concentrations less
than 0.2 ppm we were unable to detect any oxygenated products.
Because of the formation of 6-pentacenoR€), and 6,13-
pentacenequinongr (observed by EI/CI-MS) using UHP

s o 28 = " T

Characterization and Purification of Pentacene. The
starting materials were characterized by EI/CI-M8,NMR,
FTIR, and XPS, which showed no evidence of oxygen or
aliphatic hydrogens with pentacene obtained from any of the
suppliers. However, HPLC/U¥vis spectroscopy and electron
impact mass spectrometry (EIMS) indicated a small concentra-
tion of DHP and other impurities at very low concentrations.

While obtaining optimal sublimation conditions for pentacene, (10) Mattheus, C. C.; Baas, J.; Meetsma, A.; de Boer, J. L.; Kloc, C.; Siegrist,
a distinct deposition profile was observed at sublimation T, Palstra, T. T. MActa Crystallogr., Sect. 2002 E58 1229-1231.

) i _ o (11) Spectral DatalH NMR (CDCL): d 7.78 (t, 8H) 7.42 (dd) = 6.6 Hz,
temperatures exceeding 32C (Figure 1). This sublimation 4H) 4.25 (s, 4H), and EIMS M= 280 m/z.

3070 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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Table 1. Elemental Analysis and AAS Data for Pentacene 100+ il Pentacene residual
Starting Material and Sublimation Products o0 Rp= 100000

element  Aldrich pentacene  purified pentacene residue DHP 80

% C 95.01 (94.96) 94.91(94.96) 94.15 (96.70) 93.82(94.29) ™3

% H 5.10 (5.04) 4.96 (5.04) 4.83 (3.30) 5.82 (5.71) 60 arin|seane s unts

% O 0.00 0.00 0.00 50

% N 0.00 0.00 0.00 0.00 403

% Fe 114 ppm 719 ppm 20 ssuim

% Al 593 ppm 1.76 ol isree

aTheoretical values in parentheses, including peripentacene for the .. =% e _mﬁ.‘;‘fii’.
residue. o e ;n'm T ss0 . 60  es0 700 780 800 ' 830
Mass/Charge

argon, the purification process was examined to determine theFigure 2. Direct 355 nm laser desorption FTMS of the pentacene residue.

source of oxygen. Ridox and Drierite (Cag©olumns installed

to remove oxygen and water from the carrier gas failed to hinder The identity of the residue was established based on the FTMS
the formation ofPQ. Experiments using Mega BIP argon or a  SPectrum shown in Figure 2. As seen in the figure, the mass
vacuum-sealed ampule at F0Torr failed to produce the  Peak at 546mz, measured with resolving power of 100 000,

corresponding quinone vet still producBHP and cocrystal ~ corresponds within 7 ppm to the composition of the pre-
with no change in percent yield. viously unknown peripentacen®®). The distribution pattern

of the peaks around 546/z can be explained by the positioning
adventitiously, 30 mg of either Aldrich pentacene or purified of the two pentacene rings relative to one another. A slight off-

pentacene was placed into a sealed ampule under vacuum a§et in ring fusion or an unfused position would result.in an

10723 Torr. Heating the ampule to 3AT in a sand bath or in ~ NCrease in molecular mass by 2, 4, or 6. The peak \mdh. :

the furnace resulted in the formation DHP, cocrystal, and 818 corresponds to trisperipentacene with two unfused positions
1 1 . +

the black residue in both circumstances. The product ratio (e, Q“?H_Z_G )- _ o

remained approximately 25:50:284P, purified pentacene, and The initial FTIR spectrum of the residue exhibited both

residue. However, these reactions showed no increase indromatic and aliphatic €H stretching* However, further

oxygenated products. Additionally, purification of pentacene- analysis revealed the presencedtiP in the residue, requiring

dia (EIMS M* = 292 m/2) tested under the same sublimation further purification. Electrical conductivity measurements per-

conditions and using a vacuum-sealed ampule resulted in theformed using & Quantum Design Physical Properties Measure-

formation of 6,13-dihydropentacem135 (DHP-dlg) (E|MS M+ ment System (PPMS.) run with Lab View ShOYVEd thg material

= 296m2), with no incorporation of hydrogen seen with either {0 P& more conductive than pentacene, with a linea¥ |

El or CIMS under either argon atmospheres, yet using the UHP dependence S|m|I§r to graphite. S|ngle-crystal X-ray Q|ﬁract|on

grade argon resulted in the formation of the perdeuterated could not be obtained because _of th(_e high reflectlvny_of the

oxygenated pentacenes: 6-pentacerthaéEIMS M* = 308 glassy samples. Powder X-ray diffraction revealatisgpacing

m/2) and 6,13-pentacenequinode- (EIMS M* = 320 m/2). of 7.43 A, almost half of the 1415 A d spacing of the different
pentacene polymorphsand twice that of the 34 A d spacing

To prove that hydrogen was not infiltrating the system

De;pendmg on the operatlng conditions, it was possible to of graphite and single-walled carbon nanotulfes.
manipulate the type of the purified pentacene crystals produced. )
At source temperatures between 265 and ZB&nd deposition Elemental Analysis and FTIR Trends.Elemental analyses

temperatures at 165, needle-shaped crystals were produced were performed to illustrate a direct trend in hydrogen content
Increasing the sourc’e temperature to or above 10and between sublimation products. The results showed a 5%

deposition temperature to 18% resulted in large plates. decrease in hydrogen content between the Aldrich starting

Elemental analysis of the needle and plate-shaped crystalsma‘teriall and the black, glassy residue contairiiiyTable 1).

showed a 100% composition of carbon and hydrogen in a C:H In addition, theDHP and the cocrystal _showed an increas_e in
ratio of 18.6 as compared to the theoretical value of 18.7 for Nydrogen when compared to the starting material. The differ-
pentacene (Table 1). FTIR spectra indicated the presence of onlyENceS associated with tiHP and cocrystal elemental analysis
aromatic G-H bonds at 3040 crt. Single-crystal X-ray are presumably Fiug to thg dlfflgulty in separatmg the overlapping
diffraction structures obtained from the needle and plate crystals of byprodycts within the |mpgr|ty deposition zone. ,Th,e elemen-
were essentially identical to the lattice dimensions for vapor- tal analysis also showed a slight oxygen content withirhg
phase grown pentacene previously repofteét? Additionally, formed under the UHP argon atmosphere.

the lattice dynamic calculations and lattice dimensions match  The infrared spectrum of the Aldrich starting material
those of Venuit et a3 for vapor-phase grown pentacene. duplicated previous results and did not show aliphatieHC
Although Mattheus et al. obtained different pentacene poly- ond stretching®® The presence of the large aliphatic-&
morphs using this methddwe only observed the 14.1 A stretch observed in tHeHP and cocrystal spectra demonstrate
polymorph in both needle and plate-shaped crystals. a trend in the loss of aromaticity from the starting material.

Identification of Peripentacene (PP).The appearance of the (12
residue within the source tube following the sublimation of (13
pentacene varied based on the source temperatures used duri
sublimation. At source temperatures between 320 and@75 A

the residue appeared as a black powder; however, at tempera(l® gggg'ﬁ‘é"aﬂ%}lﬂq‘é‘% T.; Yamabe, T.; Bandow,JSAm. Chem. Soc.
tures exceeding 38TC, the residue melted into a glassy state. (16) Supplier provided data (www.aldrich.com).

) Anthony, J. E.; Eaton, D. L.; Parkin, S. Rrg. Lett.2002 4, 15-18.
) Venuti, E.; Della Valle, R. G.; Brillante, A.; Masino, M.; Girlando, A.
Am. Chem. So002 |, 2128-2129.
4) Roberson, L.; Kowalik, J.; Tolbert, L.; Kloc, ®olym. Mater. Sci. Eng.
2003 89, 410-411.

)

)
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-1 | D
70 =
g o0 as the carrier gas was ground with a glass rod and dissolved in
’% 504 2 mL of 1,2,4-trichlorobenzeneTCB), resulting in a black
£ o] 2791 solution. UV—vis absorption spectroscopy of this solution
20 revealed an unstructured absorption with significant oscillator
o strength at 800 nm. However, 4.8 mg of Aldrich pentacene
o s treated similarly at room temperature did not dissolve but
et L 7 rather remained at the surface of th€B. Heating the mix-
ol TR '2"";;,'3:.“:0;M',z'“' T ae s o ture to 60°C resulted in a purple solution. Upon cooling, the

Figure 3. Solid-state EIMS of (A) Aldrich pentacene, (B)HP, (C)

cocrystal, and (D) purified pentacene from 250 to 30@.

The FTIR spectrum of the unpurified residue containedHC
absorptions similar to those for pentacene BitP; however,

solution remained a light purple color with considerable repre-
cipitation. After 30 min, the color disappeared to leave crystals
floating on the surface, and after 12 h, the supernatant turned
yellow.

Chromatography. High-pressure liquid chromatography

the residue also contained additional vibrations above 3000 and(HPLC) was carried out based on the work of Baweja, who

at 2925 cml.

Solubility and Comparison of Absorption Spectra.A 5.6
mg sample of glassy residue prepared using Mega BIP argonmobile phase and a C18 reverse phase coltfifin addition

3072 J. AM. CHEM. SOC.
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. . . \Yj
to the HPLC-RID, a UV—vis and a particle beam interface M)

EIMS detector were used to accurately identify the separated Figure 6. 1-V curves for pentacene single-crystal field-effect tran-
compounds. The separation of peaks varied as a funcrion off5C7 (3 soce ran cuent v souce ran uatege o rcus ote
mobile phase concentration and aromatic hydrocarbon; however region atvs, = —60 V leading to a calculated hole mobility of 2.2
the separation of hydrogen and deuterium analogues wascn¥?/V-s.
typically greater than 1 mL. We were able to reproduce his
results with a small difference in retention times between temperatures. Perdeuterated samples were also tested for
standard PAHs such as benzene and anthracene. Using thisomparison (Figure 4). The observed fractionation patterns
separation technique, we were able to separate and identifybetween hydrogenated and deuterated products were nearly
hydrogen and deuterium analogues of the pentacene productsidentical.
The solubility of pentacene within this mobile phase was very  Crossover Experiments.To determine the extent of intramo-
poor, yet certain impurities were identified via EIMS such as lecular hydrogen transfer reactions, 17.9 mg of Aldrich penta-
DHP andPQ. As expectedDHP (12.3 mL) eluted more rapidly ~ cene was mixed with 12.5 mg of pentacehg-ICON) and
than pentacene (15.0 mL). This was the same for the deuteriumheated in the HPVD chamber at a source temperature of 380
analogue®HP-d;¢ and pentacendrs, which eluted at 11.0and  °C for 4 h. The mixed reaction products were isolated and
14.3 mL, respectively. Similarly to Baweja, we observed that collected. EIMS of the mixed dihydropentacene (Figure 5A)
the deuterium analogue eluted before the hydrogen analogueand mixed pentacene (Figure 5B) samples were analyzed. Upon
in both cases. comparison with the purely hydrogenated and deuterated 6,13-
EIMS Comparison. The solid-state EIMS of the Aldrichn  dihydropentacenes and pentacenes, there was a very good mixed
pentaceneDHP, cocrystal, and purified pentacene samples are distribution of hydrogen and deuterium products within the
shown in Figure 3. The Aldrich pentacene and purified mixed samples. Overlap of the original respective hydrogenated
pentacene spectra were identical, with leaks at 278wz at and deuterated EIMS spectra would not have resulted in the
column temperatures at 45Z. The DHP, M* peak at 280 spectrum obtained for the mixed samples. HPLC of the mixed
m/z, came off at a column temperature at 285 The FTMS dihydropentacene was run against BigP andDHP-de. The
of the residue was described previously; however, EIMS of the result was a broad chromatogram with four local maxima
residue inTCB resulted in a spectrum containing anMeak between theDHP maximum at 13.5 min and thBHP-die
at 556 myz at a column temperature of 45&; showing the maximum at 12.5 min. The local maxima are attributed to the
presence of a single-bonded bipentacene, as well as the observethixed and original samples.
DHP and pentacene fractions isolated at their respective column  Field-Effect Measurements.Taking into account the previ-
. . ously described formation of pentacenequinones, hydrogenated
88 Em:](a/\’/.RF'.A;n\fT/Ii'sg,hlsmA.A;C&a;isg(/_léz_ S Chramatogr1985 8, 223- pentacene, and peripentacenes, the following procedure was used
237. for preparation of ultrapure single crystals, and field-effect
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Table 2. Ab Initio and AM1 Heats of Formation and Reaction for the Proposed Zipper-Effect for the Formation of Peripentacene and
6,13-Dihydropentacene from Pentacene

AH AHs AH
Hydrocarbon Structure  AH(aU) (xcalimol) (kcalimol) (kcalimol)
ab initio AMA1
Pentacene @O:m
-836.5685 111.9
Dihydropentacene OO‘OO
-837.7675 75.8 -36.1
. OCCCC
ipentacene ‘ ‘
OOOOO -1671.9848 -29.5 231.0 -28.8
O‘OOOO
Dehydrobipentacene \ N
OOOOO -1670.8144 -47.4 241.3 -54.6
O‘O‘OOO
Bisdehydrobipentacene
OOOOO -1669.6756 -85.2 242.6 -89.4
4006
Trisdehydrobipentacene O‘O“’O O
-1668.5402 -125.1 242.3 -125.8
O
Peripentacene (PP) O‘O‘O‘O‘O
-1667.4238 -177.0 231.2 -172.9

transistors were built with these crystals. First, commercial observed hydrogen transfer (Table 2). These results showed the
pentacene was sublimed in a 30 mL/min flow of argon at200 heat of hydrogenation of pentacene to be 36.1 kcal/mol, while
320 °C temperature gradient. The pentacene crystals werethe heat of dehydrogenation of pentacene td-hifgentacene
accompanied by a black residue in the evaporation source ands 7.3 kcal/mol, providing an overall enthalpy for the reaction
a violet-blue deposit in the low temperature region. Pentaceneof —28.8 kcal/mol. In that regard, it is interesting to consider
crystals separated from residues were used for subsequent crystahe individual steps of the zipper reaction that converts-1,1
growth in a sealed ampule. The absence of inert gas providedbipentacene intd®P. Of course, the actual mechanism may
for sublimation at a slightly lower temperature thereby producing involve a number of different intermediates with differing fusion
thicker crystals. points, although initial reaction at C-6 represents a plausible

On the large flat (001) surface were painted carbon source starting point (Figure 7). We would also expect at these
and drain electrodes and thermally evaporated perylene, fol-temperatures that considerable redistribution among various
lowed by vacuum evaporated silver gate electrodes. The connectivities would lead to intermediates allowing for final
transistor was wired, and the electrical characteristics were ring fusion. Nevertheless, assuming a symmetrical order of bond
measured using a probe station connected to a HP semiconductoformation, we see that each successive bond after the second
parameter analyzer 4145B. The OFETM characteristics are  delivers a greater enthalpy. This observation may represent a
presented in Figure 6. From these data a hole mobility was general mechanism for graphitization reactions since there is
calculated to be 2.2 ctfVs. apparently a kinetic driving force for planarization once the
aryl—aryl bonds begin to form.

The mechanism of the hydrogen transfer reaction itself is still

Studies of the thermal reactivity of polyaromatic hydrocarbons ynclear. Polyacenes are well-known to undergo radical reactions,
have been reported since the 1960s, for which the carbonizationand the possibility of a catalytic reaction involving the formation
of PAH via hydrogen transfer is monitored by differential of radicals was considered. The source of a radical initiator was
thermal analysié? Additionally, high mechanical pressures have explored to determine the initiation step of the mechanism.
been shown to produce graphitic species and dihydrogenated-lame AAS was used to see if Fe or Al was present in the
and tetrahydrogenated byproducts from polyacenes via hydrogemaldrich or ICON starting materials. Iron is known to be a
transfer’® Ab initio (3-21G*) and semiempirical (AM1) calcula-  catalyst for radical reactiortd2whereas, Al is commonly used

tions for the hydrogenation of pentacene to dihydropentaceneas a catalyst in the synthesis of pentacene flR@M23 AAS
and from pentacene tBP were performed to rationalize the

Discussion

(21) Yamamoto, K.; Tanaka, H.; Sakaguchi, M.; ShimadaP&8ymer2003
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(20) Field, L. D.; Sternhell, S.; Wilton, H. VTetrahedron1997, 53, 4051~ (22) O'Reilly, R. K.; Gibson, V. C.; White, A. J. P.; Williams, D. J. Am.
4062. Chem. Soc2003 125, 8450-8451.
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HH some preparations of pentacene could also lead to pentacenyl
i OO‘OO radicals through bond scission at high temperature, which would
obviate the formation of slip isomers of the pentacene dimers
7 H and trimers. Conversely, formation of peripentacene and its
H“ higher homologues may occur via isomerization of such
‘OOOO intermediate slip isomers of bipentacenes formed under these
conditions.

Finally, having achieved high-purity pentacene, we were able

to perform mobility measurements. Single-crystal field-effect
OO‘OO OOO transistors were constructed on single crystals grown using a
J horizontal vapor phase reactor, producing a hole mobility up
to 2.2 cn®/Vs. This high value was possible to achieve because
OOOOO OOO the two-step crystal growth and purification process was applied.

OFETSs have been prepared using low-temperature electrodes
and dielectric deposition processes, which limited defect forma-
tion in the FET channel and in source gate electrode areas.

Conclusion

40000
OOOOO The preparation and purification of organic materials for
electronic devices continues to be a challenge to the field of
Figure 7. Proposed reaction mechanism for the hydrogen transfer of organic electronic3? Even well-characterized materials such
pentacene during sublimation at 1 atm pressure. as pentacene are capable of significant impurity-forming reac-
tions at relatively low temperatures. Such results serve as a

ppm) and Al (593 ppm, 1.76%) in the Aldrich and residue caution to overinterpretation of results based upon mat_enals that
: . may have defects at extremely low concentrations, which never-
samples, respectively. As expected, the concentrations of the . - o .
. . . . theless impact device performance. Fortunately, it is possible
metals in the residues were greater than that in the Aldrich , . : - o
. L \ to limit the concentration of impurities and defects and produce
material since the metals do not sublime cRardt’'s hydrogen

. . . . __single-crystal field-effect transistors with relatively high hole
transfer experiments using 9,10-dihydroanthracene as the radical 2 . e .
initiator have led us to believe that small concentrationBidP mobility. Such careful analysis and purification, when applied

. - . . hin film transistor n improv n ne thin film field-

are acting similarly in our experiment$2>We note that HLPC tc:'-ft fransistors, can improve pentacene th eld
ect transistors and can be widely applicable into industry scale
trace chromatograms showed the presence of small amounts o? N . .
. - ) - . —organic microelectronic devices.

DHP in pentacene, and it is possible that this is an autocatalytic
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