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Figure 3. Initial rates of product formation in the Ullmann 
coupling reaction. The amount of 2-iodonitrobenzene is plotted 
against the length of ultrasonic pretreatment of Cu powder. 
Ultrasonic irradiation was done in dimethylformamide at 288 K 
with an acoustic intensity of =50 W/cm2. Reactions were run 
at 373 K under Ar in dimethylformamide; 100% yield corresponds 
to 5.0 mmol. 

conditions. Whether or not the surface deposition of 
carbon is important to the enhanced reactivity remains an 
open question. Further work is under way to clarify this 
matter. 

The effects of ultrasound on the reactivity of Cu metal 
as a stoichiometric reagent have been documented in the 
literature in two cases: the Ullmann coupling18 (where 
C6H4(N02) is o-nitrophenyl) 

I NO2 NO2 

2 6"". + 2 cu -> + 2 CUI 

and the reaction of Cu with salicylalaniline to form un- 
characterized copper complexes.20 In the former case, 
substantial rate enhancements (as large as 64-fold) are 
reported when the entire reaction mixture is irradiated 
with ultrasound. This synthetically important rate in- 
crease was postulated to arise from multiple possible ef- 
fects, including particle size reduction and surface cleaning. 
In addition, ultrasound has been used to enhance21v22 the 
reduction of Cu salts by alkali metals to form highly re- 
active copper  dispersion^.^^ 

To determine the effect of ultrasound on the reactivity 
of the copper surface, we choose to use the Ullmann cou- 
pling reaction as a kinetic probe. To this end, we irradiated 
a slurry of the copper powder in the absence of substrate 
(2-iodonitrobenzene) and then examined the rate of cou- 
pling upon addition of substrate. As shown in Figure 3, 
we find substantial rate enhancements upon ultrasonic 
pretreatment of the Cu powder. The induction period 
observed in the absence of ultrasound complicate a 
quantitative comparison of rates. A t  early stages of the 
reaction, pretreatment of Cu powder with ultrasound can 
increase rates more than 50-fold, while a t  later stages the 
rate increase is 10-fold. The effectiveness of pretreatment 
demonstrates that ultrasound produces an irreversible 

(20) Kuzharov, A. S.; Vlasenko, L. A.; Suchkov, V. V. Zh. Fiz. Khim. 
1984,58, 542. 
(21) Luche, J. L.; Petrier, C.; Gemal, A. L.; Zikra, N. J. Org. Chem. 

1982,47, 3806. 
(22) Boudjouk, P.; Thompson, D. P.; Ohrbom, W. H.; Han, B. H. 

Organometallics 1986, 5,  1257. 
(23) Rieke, R. D.; Bums, T. P.; Wehmeyer, R. M.; Kahn, B. E. In High 

Energy Processes in Organometallic Chemistry; Suslick, K. S., Ed.; Am- 
erican Chemical Society: Washington, D. C., 1987; p 223. 
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change in the Cu powder (i.e., the removal of the oxide 
coating), even in the absence of substrate. Enhanced mass 
transport is not responsible for the sonochemical im- 
provements. 

In conclusion, ultrasonic irradiation of Cu powder re- 
moves the passivating oxide coating, induces significant 
surface damage, and enhances the reactivity of Cu powder. 
Interparticle collisions driven by shock waves are probably 
the causative event. 
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The low-temperature deposition of thin-film materials 
from molecular transition-metal precursors is an area of 
rapidly growing intere~t . l -~ We now describe the depos- 
ition of copper-containing films from copper(1) tert-but- 
oxide tetramer, [Cu(0-t-Bu)l4,5 which was chosen because 
it is one of the more volatile molecular derivatives of 
copper known. These results are related to efforts directed 
toward the chemical vapor deposition of thin films of the 

(1) (a) Girolami, G. S.; Jensen, J. A.; Pollina, D. M.; Williams, W. S.; 
Kaloyeros, A. E.; Allocca, C. M. J.  Am. Chem. SOC. 1987,109,1579-1580. 
(b) Kaloyeros, A. E.; Williams, W. S.; Allocca, C. M.; Pollina, D. M.; 
Girolami, G. S. Adu. Ceram. Mater. 1987,2, 257-263. (c) Jensen, J. A.; 
Gozum, J. E.; Pollina, D. M.; Girolami, G. S. J. Am. Chem. SOC. 1988,110, 
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Chem. SOC. 1988, 110, 2688-2689. 

(3) (a) Rand, M. J. J .  Electrochem. SOC. 1973, 120, 686-693. (b) 
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H. Thin Solid Films 1988,157,81-86. (d) Suhr, H.; Etspuler, A.; Feurer, 
E.; Oehr, C. Plasma Chem. Plasma Proc. 1988, 8, 9-17. 

(4) (a) Czekaj, C. L.; Geoffroy, G. L. Inorg. Chem. 1988,27,8-10. (b) 
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International Conference on Ultrastructure Processing of Ceramics, 
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Chem. Vap. Dep., Int. Conf., 5th 1975, 495. 

(5) Although the vapor pressure of [Cu(0-t-Bu)l4 has not been mea- 
sured, it sublimes readily at  100 OC and lo4 Torr. (a) Tsuda, T.; Hash- 
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new copper oxide based high-temperature superconduc- 
t o r ~ . ~ ~ '  

Films of metallic copper have previously been vapor 
deposited by evaporation from the bulk metal? by thermal 
decomposition of copper(1) and copper(I1) halides: and 
by various techniques from l,l,l-trifluoro-2,4-pentane- 
dionato (tfa) or 1,1,1,5,5,5-hexafluoro-2,4-pentanedionato 
(hfa) complexes of copper(I1). For example, thermal de- 
composition of Cu(tfa), or C ~ ( h f a ) ~ = H ~ O , l ~  argon/hydrogen 
plasma enhanced deposition from C~(hfa )~ , l l  photochem- 
ical decomposition of Cu(hfa),oEtOH or C~(hfa),.2EtOH,'~ 
and laser photothermal decomposition of Cu(hfa);3 all give 
metallic copper films. Some of these methods result in 
appreciable fluoride contaminants in the deposits; a vol- 
atile copper precursor free of halogen or halogen-containing 
ligands is accordingly of interest. 

[Cu(O-t-Bu)],, which is a white air-sensitive solid, is 
introduced into a Pyrex vacuum system via a break-seal 
ampule after the system has been baked out and evacuated 
to a base pressure of Torr. The precursor sublimes 
slowly a t  a pressure of Torr from a reservoir that is 
heated to 100 "C by an oil bath. The precursor travels via 
5-cm diameter glass tubing into the deposition zone, which 
is maintained a t  a constant temperature of 400 "C by a 
tube furnace. The glass tubing leading to the deposition 
chamber is warmed to 100 "C with heating tape to prevent 
the precursor from condensing before reaching the hot 
zone. 

Chemical vapor deposition (CVD) from [ Cu(0-t-Bu)], 
yields thin films of copper metal on a variety of substrates, 
including borosilicate glass, silicon, KBr, quartz, alumi- 
nium, and graphite. No appreciable differences in the film 
morphology as a function of substrate were noted. The 
films are approximately 1.5 pm thick and are polycrys- 
talline; they exhibit sharp X-ray powder diffraction profiles 
characteristic of bulk copper. Auger analysis confirms the 
presence of copper, indicates that the films contain ap- 
proximately 5 %  oxygen, and shows that carbon is essen- 
tially absent (<1%). Scanning electron microscopy (SEM) 
indicates that the films are uniform and featureless. Mass 
spectrometric analysis of the gaseous byproducts exiting 
the hot zone reveals that tert-butyl alcohol is the only 
species present. This suggests a decomposition mechanism 
involving cleavage of the Cu-0 bonds to produce tert- 

(6) (a) Shi, W.; Sun, J.; Yao, W.; Jaing, J.; Liu, L.; Yin, H.; Qi, Z. Mod. 
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Li, L.; Zhao, B.; Lu, Y.; Wang, H.; Zhao, Y.; Shi, Y. Chin. Phys. Lett. 1987, 
4,233-236. (e) Zhao, B.; W a g ,  H.; Lu, Y.; Shi, Y.; Huang, X.; Zhao, Y.; 
Li, L. Chin. Phys. Lett. 1987,4,280-282. 
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Solid Films 1975,25, S25-S28. (c) Porteus, J. 0.; Choyke, W. J.; Hoff- 
man, R. A. Appl. Opt. 1980,19,451-454. (d) Inal, 0. T.; Torma, A. E. 
Thin Solid Films 1979,60,157-174. 
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Chem. (Engl. Trawl.)  1970, 44, 1502-1503. (c) Brenner, S. S. Acta 
Metall. 1956,4,62-74. (d) Kuznetsov, G. D.; Babad-Zakhryapin, A. A.; 
Gvozd, V. F. Protectioe Met. (Engl. Trawl.)  1972,8,565-566. 
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chem. SOC. 1965,112, 1123-1126. 

(11) Oehr, C.; Suhr, H. Appl. Phys. A 1988,45,151-154. 
(12) (a) Houle, F. A.; Wilson, R. J.; Baum, T. H. J. Vac. Sci. Technol. 

A 1986,4,2452-2458. (b) Jones, C. R.; House, F. A.; Kovac, C. A.; Baum, 
T. H. Appl. Phys. Lett. 1985,46,97-99. 

(13) (a) Houle, F. A.; Jones, C. R.; Baum, T.; Pico, C.; Kovac, C. A. 
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Figure 1. Scanning electron micrograph of CuzO deposit a t  15 
kV showing whisker formation. 

butoxy radicals, which subsequently abstract hydrogen 
atoms from surface-bound hydroxyl groups on the sur- 
rounding glass chamber. 

These results establish that metallic films can be de- 
posited from a molecular alkoxide precursor;14 we have 
previously shown that metallic palladium and platinum 
thin films may be grown by CVD from organometallic 
precursors such as the allyl compounds Pd(C3H5)2 and 
Pt(C3H5)2.2*3 

Depositions from [Cu(O-t-Bu)], were also conducted a t  
400 "C and 10" Torr after dosing the walls of the vacuum 
chamber with small amounts of water. Under these con- 
ditions, water slowly desorbs from the reactor walls during 
CVD, and instead of a metallic film, we observed the 
formation of a reddish-yellow deposit on borosilicate glass, 
stainless steel, aluminium, copper, and silicon. This ma- 
terial gives sharp X-ray diffraction peaks a t  the proper d 
spacings and intensities for copper(1) oxide, Cu20. The 
Auger and XPS spectral4 confirm the composition of the 
deposit and establish the absence of carbon, copper metal, 
and copper(I1) oxide, CuO. SEM images of the deposits 
reveal the presence of Cu20 whiskers that are 0.5-0.75 pm 
thick and up to 35 pm long (Figure 1). The whiskers are 
brittle and can be easily removed from the substrate. Mass 
spectrometric analysis of the gaseous products formed 
during the deposition again indicate the presence of only 
tert-butyl alcohol. If the depositions are conducted in the 
presence of D20, the mass spectrum of the evolved tert- 

(14) The presence of Cu 0 was established by comparing the binding 
energy of the Cu XPS 2p3/?peak (932.0 eV) and the kinetic energy of the 
Auger L3VV peak (917.1 eV) in an energy correlation table [Handbook 
of X-ray Photoelectron Spectroscopy; Muilenberg, G. E., Ed.; Perkin- 
Elmer: Eden Prairie, MN, 1978; p 821. 
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butyl alcohol changes. The peaks at  31 and 59 mass units, 
which are the most intense peaks in the spectrum of un- 
labeled tert-butyl alcohol, decrease in intensity; corre- 
spondingly, the peaks a t  32 and 60 mass units increase in 
intensity.15 The mass 31 and 59 species have been as- 
cribed to the hydroxyl-containing ions CH20H+ and 
C3H60H+, respective1y,l6 and therefore the D20  experi- 
ment clearly suggests that tert-butyl alcohol specifically 
labeled at  the hydroxyl site is formed. Although we cannot 
a t  present rule out the possibility that H/D exchange with 
D20 occurs after the formation of unlabeled tert-butyl 
alcohol during CVD, the data are most consistent with a 
mechanism involving direct hydrolysis of [ CU(O-~-BU)],.’~ 
This study represents the first chemical vapor deposition 
of pure copper(1) oxide, although a chemical vapor 
transport method has been reported previously. l7 

Further work will be directed toward the use of carrier 
gases such as hydrogen and oxygen, which would respec- 
tively reduce the level of contaminants in the copper film 
and promote the formation of CuO. Depositions conducted 
in the presence of H2180 are being investigated to deter- 
mine unambiguously the source of oxygen in the Cu20 
deposits. 
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(15) Relative to the m / e  = 41 base peak ( I  = loo), the peaks a t  31.32, 
59, and 60 mass units have relative intensities of 67, 0, 198, and 7, re- 
spectively, when the depositions are conducted in the presence of H20, 
and 20,4,55, and 14 when the depositions are conducted in the presence 
of D20. Other mass peaks have the same relative intensities in both 
spectra. 

(16) Siegel, A. S. Org. Mass Spectrom. 1970, 3, 1417-1421. 
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Opperman, H.; Krabbes, G. Krist. Tech. 1977,12, 1099-1104. 
(18) Similar studies of copper deposition from [Cu(O-t-Bu)14 were 

conducted at  the University of Minnesota in late 1987: Accibal, M.; 
Gladfelter, W. L., personal communication. 

(19) This result is consistent with the observed formation of poly- 
crystalline Cu20 from the hydrolysis of [Cu(O-t-Bu)], in solution: Ramli, 
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Hydrogen-Bond Directed Cocrystallization as 
a Tool for Designing Acentric Organic Solids 
Margaret C. Etter* and Gayle M. Frankenbach 

Chemistry Department, University of Minnesota 
Minneapo 1 is, Minnesota 55455 

Received August 17, 1988 

One of the dilemmas facing chemists trying to make 
useful organic nonlinear optical materials is that they have 
exquisite control over designing individual molecules but 
practically no control over designing molecular packing 

* To whom correspondence should be addressed at 78 Kolthoff 
Hall, Department of Chemistry, 207 Pleasant St. S. E., University 
of Minnesota, Minneapolis, Minnesota 55455. 

0897-4756/ 89/ 2801-0010$01.50/0 0 

Figure 1. Photograph of a typical crystal of I (approximately 
0.5 cm along the  longest edge). O n  the  right is a schematic diagram 
of t h e  crystal showing Miller index assignments of the prominent 
faces. 

patterns in solid-state materials. Since even-order non- 
linear optical properties (such as second harmonic gen- 
eration) occur only in acentric materials’ and since the 
magnitude of the effect depends strongly on relative ori- 
entations of molecular and crystallographic axes: progress 
in this field requires that new useful solid-state design tools 
be developed. Despite notable advances in understanding 
the molecular basis of organic crystal growth processes,3 
there are still no general synthetic tools available for 
controlling the structures of molecular aggregates or 
crystals. We have shown previously how hydrogen-bond 
interactions in organic compounds can be used to direct 
formation of aggregate structures with predictable con- 
nectivity patterns and, in some cases, with predictable 
~ymmet ry .~  In this paper we demonstrate how these 
concepts can be applied to the design and preparation of 
acentric organic cocrystals, exemplified by the structure 
of a 1:l cocrystalline complex of 4-aminobenzoic acid (4- 
ABA) and 3,5-dinitrobenzoic acid (3,5-DNBA), I. 

Any single hydrogen bond is inherently acentric when 
the hydrogen atom is covalently bonded to one electro- 
negative atom, X, and associated with another atom, Y (X 
# Y): 

-Y***HX 
1 

If the donor, XH, and acceptor, Y, groups are on the same 
molecule and positioned so that hydrogen-bonded chains 
form, these chains will necessarily be acentric, as shown: 

* “ X U Y *  * H X U Y *  H X ~ Y .  

2 

Acentric one-dimensional aggregates such as this are the 
common packing patterns for nitroanilines and isographic 
analogues.& Two-dimensional acentric aggregates, of which 
squaric acid is a p r ~ t o t y p e , ~  can be designed in a similar 
fashion with multiple donor and acceptor sites, as shown 
in 3. 

The same principles of molecular organization can be 
applied to the design of cocrystals. For example, if Y and 
HX are on different molecules an intermolecular bond of 
the type -Y-*HX- will lead to a heterodimer. Likewise, 
two different carboxylic acids substituted with Y and HX 
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323-335. (d) Shimon, L. J. W.; Wireko, F. C.; Wolf, J.; Weissbuch, I.; 
Addadi, L.; Berkovitch-Yellin, Z.; Lahav, M.; Leiserowitz, L. Mol. Cryst. 
Liq. Crst. 1986, 137, 67-68. 

(4) (a) Etter, M. C. Zsr. J .  Chem. 1985,25,312-319. (b) Etter, M. C.; 
Urbaiiczyk-Lipkowska, Z.; Jahn, D. A.; Frye, J. S. J. Am. Chem. Soc. 1986, 
108,5871-5876. (c) Panunto, T. W.; Urbaiiczyk-Lipkowska, Z.; Johnson, 
R.; Etter, M. C. J. Am. Chem. SOC. 1987,109,7786-7797. (d) Etter, M. 
C.; Panunto, T. W. J. Am. Chem. SOC. 1988,110,5896-5897. (e) Etter, 
M. C.; Baures, P. W. J. Am. Chem. SOC. 1988, 110,639-640. 

(5) Semmingsen, D. Acta Chem. Scand. 1973,27,3961-3972. 

1989 American Chemical Society 


