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Figure 2. Release rates of FlTC-BSA (D) and /3-gal (•) from PCPP 
spheres coated with 21.5-kDa PLL.4'5 FITC-BSA release rates from 
liposomes (O) and MELs (•), composed of egg hydrogenated phospha­
tidylcholine (PPC) and cholesterol (CH), 1:1 molar ratio.7 

Ca-PCPP matrices efficiently entrapped fluorescein isothio-
cyanate labeled bovine serum albumin (FITC-BSA) and /3-ga-
lactosidase ((3-gal), with MWs of 68 and 540 kDa (kilodaltons), 
respectively; 60% and 80% of FITC-BSA and /3-gal, respectively, 
were recovered in Ca-PCPP spheres. The process enabled high 
retention of /3-gal activity, comparable to its aqueous activity.5'6 

Ca-PCPP spheres aggregate and adhere to glass, suggesting 
surface-charge effects. To neutralize charge (i.e., carboxylic 
groups), microspheres were reacted with the positively charged 
polyelectrolyte poly(L-lysine) (PLL).4a This not only diminished 
aggregation but sustained release rates of FITC-BSA (by 20%) 
and /3-gal (by 80%) (Figure 2).4b Presumably, the complex 
PCPP-PLL creates a permselective membrane on the microsphere 
surface, similar to alginate-PLL membranes.2b 

FITC-BSA release was further sustained by encapsulating it 
first in liposomes that were then entrapped in PCPP-PLL, pro­
viding microencapsulated liposomes (MELs) with an additional 
controllable barrier, i.e., lipid bilayer.7 Liposome entrapment 
did not interfere with ionic cross-linking and, when coated with 
21.5 kDa PLL, Ca-PCPP retained the liposomes for over 50 days. 
FITC-BSA release was significantly reduced and was similar to 
that of unencapsulated liposomes with the same lipid composition 
(Figure 2). The lipid bilayer is presumably rate-limiting for 
MELs. 

PCPP degradation was studied in phosphate-buffered saline 
(PBS), at 37 0C for 90 days. The medium was collected peri­
odically and assayed for backbone degradation products, i.e., 
ammonia, using ion activity measurements and inorganic phos­
phate.8 No degradation products were detected, implying that 
PCPP does not degrade. 

To examine cellular toxicity, liver cells9a'b were seeded on 
Ca-PCPP films coated with PLL.5 One hour after seeding, cells 
had attached to the films; washing with media did not remove 
the cells. Microscopic inspection and viability assays9c'd revealed 

(5) Supplementary material available: detailed encapsulation process (1 
paragraph); preparation of Ca-PCPP films (1 paragraph); /3-gal activity in 
PBS and Ca-PCPP matrices (1 figure); hybridoma cells in PCPP spheres via 
phase contrast microscopy (1 figure). 

(6) /J-GaI activity assay using o-nitrophenyl /?-galactopyranoside as a 
substrate. 

(7) (a) Liposomes of PPC (Avanti Polar Lipids) and CH (Sigma), 1:1 
molar ratio, were prepared by reverse-phase evaporation.7b To prepare MELs, 
1 mL of (FITC-BSA)-laden liposomes (66-88 jimol of lipid) was mixed with 
1 mL of 5% (w/v) PCPP and the mixture was sprayed as microdroplets into 
the CaCl2 solution.45 (b) Szoka, F.; Papahadjopoulos, D. Proc. Nail. Acad. 
Sci. U.S.A. 1978, 75,4194. 

(8) Phosphate was quantified colorimetry by reducing a molybdenum 
phosphate heteropolyacid with ascrobic acid (Sigma, kit No. 670). 

(9) (a) Liver cells were isolated from male fisher rats.9b (b) Selgen, P. O. 
In Methods in Cell Biology, Prescott, E„ Ed.; Academic Press: New York, 
1976; p 13. (c) Cell viability was followed by tetrazolium salt assay.* (d) 
Mosmann, T. J. Immunol. Methods 1983, 65, 55. 

live cells. Five days later, live cells were still observed on the films. 
Preliminary studies also indicated that hybridoma cells survive 
microencapsulation.4a-5 
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Recently there has been an interest in using inorganic and 
organometallic compounds as precursors for the synthesis of in­
organic thin films by chemical vapor deposition (CVD).1 In the 
CVD process, reactions are thought to occur both in the gas phase 
and at the gas phase-substrate surface interface.2 It remains 
to be demonstrated that well-developed solution reaction chemistry 
is relevant to such complicated systems,3"* and concurrently, 
whether or not solution reactivity can be used as a guide in the 
selection of precursors for the designed synthesis of target ma­
terials. 

In the early 1960s, Bradley and co-workers reported that di-
alkylamido complexes undergo facile transamination reactions in 
solution (eq I).7 With primary amines, reaction 1 leads to 
imido-bridged oligomers if the alkyl substituent is small (eq 2)8,9 

and to dimer formation in the case of J-BuNH2 (eq 3).8,10 The 
formation of formal M-N multiple bonds by successive amine 
elimination reactions in eqs 2 and 3 suggests that a combination 
of transamination and amine elimination reactions involving 
volatile metal amido complexes could be the basis for the CVD 
synthesis of stoichiometric metal nitride thin films if ammonia 
were the co-reactant."'12 

MNR2 + HNR'2-» MNR'2 + HNR2 (1) 

M(NMe2)4 + RNH2 — [MC=NR)2], + HNMe2 

(M = Ti, Zr) (2) 

2M(NMe2)4 + 2J-BuNH2 -
[M2(NMe2)2(M-NR)]2 + 4HNMe2 (3) 

(1) For recent reviews, see: Girolami, G. S.; Gozum, J. E. Mater. Res. Soc. 
Symp. Proc. 1990, 168, 319. Stinton, D. P.; Besmann, T. M.; Lowden, R. 
A. Am. Ceram. Soc. Bull. 1988, 67, 350. 

(2) Chemical Vapor Deposition of Refractory Metals and Ceramics; 
Besmann, T. M., Gallois, B. M., Eds.; MRS Symposium proceedings 168; 
Materials Research Society: Pittsburgh, PA, 1990. 

(3) Fix, R. M.; Gordon, R. G.; Hoffman, D. M. Chem. Mater. 1990, 2, 
235. 

(4) Girolami, G. S.; Jensen, J. A.; Pollina, D. H.; Allocca, C. M.; Ka-
loyeros, A. E.; Williams, W. S. J. Am. Chem. Soc. 1987, 109, 1579. 

(5) Amato, C. A.; Hudson, J. B.; Interrante, L. V. Mater. Res. Soc. Symp. 
Proc. 1990, 168, 119. 

(6) Boyd, D. C; Haasch, R. T.; Mantell, D. R.; Schulze, R. K.; Evans, J. 
F.; Gladfelter, W. L. Chem. Mater. 1989, /, 119. 

(7) Bradley, D. C; Thomas, I. M. J. Chem. Soc. 1960, 3857. 
(8) Bradley, D. C; Torrible, E. G. Can. J. Chem. 1963, 41, 134. 
(9) Bartlett, R. K. J. lnorg. /VuW. Chem. 1966, 28, 2448. 
(10) Nugent, W. A.; Harlow, R. L. lnorg. Chem. 1979, 18, 2030. 
(11) Fix, R. M.; Gordon, R. G.; Hoffman, D. M. Mater. Res. Soc. Symp 

Proc. 1990, 168, 357. 
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Table I. Compositions and Growth Rates for Films Deposited at 200 
0C on Silicon" 

precursors 
Zr(NEt2), + NH3 

Nb(NEt2)4+ NH3 
V(NMe2)4 + NH3 
Mo(NMe2J4 + NH3 

growth rates, 
A/min 

200-500 
200 
120-200 
100-150 

N/M 
ratios* 
1.35 
1.35 
1.10 
1.45 

stoichiometrics 
Zr3N4 

Nb3N4 
VN 
S=Mo2N3 

° Film compositions and thicknesses obtained by RBS. *The error in 
these numbers is estimated to be ±0.05. 

Herein we show that the solution-phase chemistry illustrated 
by eqs 1-3 is applicable to a CVD system by synthesizing thin 
films of M3N4 (M = Zr, Nb) from M(NR2J4 and ammonia 
precursors at low temperatures. We also describe the synthesis 
of films with stoichiometrics Mo2N3 and VN from M(NMe2)4 

and ammonia. Periodic trends explain the contrasting result 
obtained for vanadium. 

The CVD apparatus consisted of an atmospheric-pressure la­
minar-flow rectangular glass reactor described previously.'1,13 

Purified helium was used as carrier gas for the inorganic complexes 
as well as a diluent for ammonia. 

Thin coatings (500-5000 A) were successfully deposited when 
Zr(NEt2),,7 Nb(NEt2J4,14 V(NMe2J4,1' or Mo(NMc2),16 and 
ammonia precursors were used at temperatures from 200 to 400 
0C. When the ammonia reactant was omitted in the process, no 
deposition was observed below 350 0C.3,17 In general, the films 
are smooth and pinhole-free and show good adhesion (Scotch tape 
test) to a variety of substrates including glass, silicon, and vitreous 
carbon. Film thicknesses and compositions were obtained by 
Rutherford backscattering spectrometry (RBS);18 stoichiometrics 
and growth rates are listed in Table I. In all cases, oxygen and 
carbon contaminants in the films are below the detection limits 
of RBS, indicating that these elements are present at less than 
2-3 atom % (see Figure 1)." In general, growth rates could be 
increased by increasing the vapor pressure of the M(NR2)4 pre­
cursors, which was accomplished by heating the bubbler assembly 
containing the compounds. 

According to the RBS analysis, the reactions between Zr(NEt2J4 

or Nb(NEt2J4 and ammonia gave zirconium and niobium nitrides 
with stoichiometrics Zr3N4 and Nb3N4 (Figure la,b). To our 
knowledge, this is the first CVD route to Zr3N4 coatings, although 
Zr3N4 films have been prepared previously via physical deposition 
processes20,21 and the compound in powder form has been syn­
thesized from ZrI4 and ammonia at 750 0C.22,23 There are only 

(12) For related work involving metal nitride ceramics, see: (a) Seyferth, 
D.; Mignani, G. J. Mater. Sci. Lett. 1988, 7, 487. (b) Banaszak HoII, M. M.; 
Wolczanski, P. T.; Van Duyne, G. D.; Harrison, A. T. Abstracts of Papers, 
199th National Meeting of the American Chemical Society, Boston, MA; 
American Chemical Society: Washington, DC, 1990; INOR 143. (c) Brown, 
G. M.; Maya, L. Abstracts of Papers, 199th National Meeting of the Am­
erican Chemical Society, Boston, MA; American Chemical Society: Wash­
ington, DC, 1990; INOR 118. 

(13) Kurtz, S. R.; Gordon, R. G. Thin Solid Films 1986, 140, 111. 
(14) Bradley, D. C; Thomas, I. M. Can. J. Chem. 1962, 40, 449. 
(15) Bradley, D. C; Alyea, E. C. J. Chem. Soc. A 1969, 2330. 
(16) Bradley, D. C; Chisholm, M. H. J. Chem. Soc. A 1970, 2741. 
(17) Sugiyama, K.; Pac, S.; Takahashi, Y.; Motojima, S. J. Electrochem. 

Soc. 1975, 122, 1545. 
(18) RBS data analyses were performed by using Spectrum Analysis 

written by Patrick M. Smith, Division of Applied Sciences, Harvard Univ­
ersity. Spectrum Analysis is a FORTRAN program based on algorithms from 
the following: Chu, W. K.; Mayer, J. W.; Nicolet, M. A. Backscattering 
Spectrometry; Academic Press: New York, 1977. 

(19) (a) Feldman, L. C; Mayer, J. W. Fundamentals of Surface and Thin 
Films Analysis; North-Holland: New York, 1986; p 64. (b) Vasile, M. J.; 
Emerson, A. B.; Baiocchi, F. A. J. Vac. Sci. Techno!. A 1990, 8, 99. 

(20) Johansson, B. O.; Hentzell, H. T. G.; Harper, J. M. E.; Cuomo, J. 
J. J. Mater, Res. 1986, /, 442. Schwarz, K.; Williams, A. R.; Cuomo, J. J.; 
Harper, J. H. E.; Hentzell, H. T. G. Phys. Rev. B; Condens. Matter 1985, 
52,8312. 

(21) Rislolainen, E. O.; Molarius, J. M.; Korhonen, S. A.; Lindroos, V. 
K. J. Vac. Sci. Technol. A 1987, 5, 2184. Yee, D. S.; Cuomo, J. J.; Frisch, 
M. A.; Smith, D. P. E. J. Vac. Sci. Technol. A 1986, 4, 381. Salmenoja, K.; 
Korhonen, A. S.; Erola, E.; Molarius, J. M. Appl. Phys. Lett. 1986, 49, 505. 
Salmenoja, K.; Korhonen, A. S. Vacuum 1986, 36, 33. Netterfield, R. P.; 
Martin, P. J.; McKenzie, D. R. J. Mater. Sci. Lett. 1990, 9, 972. 
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Figure 1. RBS spectra for films deposited on silicon at 200 0C. A He+ 

beam was used with an energy of 2.0 MeV, except for part c, obtained 
at 1.8 MeV. 

a few reports of a Nb3N4 phase in the literature, and Nb3N4 films 
have never been prepared.24,25 Zr3N4 is a dielectric, metastable 
phase, with a structure corresponding to a rhombohedral distortion 
of the cubic ZrN lattice.20 We have found that Nb3N4 is a 
conductor («3000 nQ cm). 

Transmission electron micrographs for Zr3N4 and Nb3N4 films 
deposited at 200 0C indicate that they are composed of small 
microcrystallites («2 nm). The electron diffraction rings for the 
Zr3N4 were sharp, and the pattern was consistent with one reported 
for a dual ion beam deposited material.20 The diffraction rings 
for Nb3N4 were broad, indicating that the crystallites are smaller 
than those of Zr3N4. 

In contrast to the reactions involving zirconium and niobium, 
the reaction of V(NMe2J4 and ammonia at 200 0C led to a 
gold-colored vanadium nitride that, according to an RBS analysis 
(Figure Ic), has only a slight excess of nitrogen (V:N, 1:1.1).26 

Thus, vanadium behaves similarly to titanium, for which a TiN 
stoichiometry was observed for films deposited from Ti(NMe2J4 

and NH3." The mechanisms of the reductions in the VIV(NMe2)4 

and Ti lv(NMe2)4 reactions with NH3 are not known, but the 
contrasting chemistry we observe between the first- and second-row 
transition elements can be rationalized on the basis of periodic 

(22) Juza, R.; Rabenau, H.; Nitschke, I. Z Anorg. AlIg. Chem. 1964, 332, 
1. 

(23) Juza, R.; Gabel, A.; Rabenau, H.; Klose, W. Z. Anorg. AlIg. Chem. 
1964, 329, 136. Yajima, A.; Segawa, Y.; Matsuzaki, R.; Saeki, Y. Bull. 
Chem. Soc. Jpn. 1983, 56, 2638. Orlovskii, V. P.; Rudenko, N. V.; Ivanov-
Emin, B. N. Russ. J. Inorg. Chem. 1967, 12, 1217. 

(24) Girgorovich, V. K.; Sheftel, E. N.; Usmanova, G. S. hv. Akad. Nauk 
SSSR, Met. 1975, No. /,170; Chem. Abst. 1975, 82, 128298p. Panasyuk, 
A. D. Poroshk. Metall. (Kiev) 1981, No. 9, 61; Chem. Abstr. 1981, 95, 
176336q. See also: Oya, G.; Onodera, Y. J. Appl. Phys. 1974, 45, 1389. 

(25) A Nb3N4 phase has been theoretically predicted; see: Erschbaumer, 
H.; Podloucky, R.; Neckel, A. J. Phys. F: Met. Phys. 1985, 15, L279. 

(26) The CVD of VN films from VC14/N2/H2 at >900 0C has been 
reported: Kieda, N.; Mizutani, N.; Kato, M. In Proceedings of the Tenth 
International Conference on Chemical Vapor Deposition; Blocher, J. M., Jr., 
Cullen, G. W„ Kern, W., Rai-Choudhuri, P., Sugawara, K., Eds.; Proc. 
Electrochem. Soc. 87-8; Electrochemical Society: Pennington, NJ, 1987; p 
1203. Kieda, N.; Mizutani, N.; Kato, M. Nippon Kagaku Kaishi 1987, 1934; 
Chem. Abstr. 1988, 108, 66244n. 
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trends; that is, the heavier transition-metal M(NR2)4 compounds 
are more difficult to reduce, leading to unusually nitrogen rich 
stoichiometrics. 

Interestingly, preliminary studies indicate that the reaction of 
Mo(NMe2I4 and ammonia is more complicated and leads to a 
nitrogen-rich film with a N to Mo ratio of = 1.45, suggesting a 
stoichiomctry close to Mo2N3 (Figure Id). The films are gold-
colored and conductive. 

In conclusion, we have prepared very pure, high-quality ear­
ly-transition-metal nitride thin films by low-temperature CVD 
from M(NR2)4 and ammonia precursors. This system provides 
access to metal nitride coatings with stoichiometrics not available 
by other chemical routes. In general, periodic trends explain the 
stoichiometrics. Finally, by successfully employing the M-
(NR2)4/NH3 system, we have shown that solution chemistry can 

be used as a guide for the design of low-temperature CVD re­
actions. 

Acknowledgment. We are grateful to the National Science 
Foundation (DMR-88-02306) for support of this work. We thank 
Yuan Z. Lu for his help in obtaining the TEM data. The RBS 
spectra were acquired by using the Cambridge Accelerator for 
Materials Sciences housed in the Harvard Materials Research 
Laboratory, an NSF-funded facility (DMR-86-14003). 

Supplementary Material Available: Transmission electron 
micrographs and electron diffraction patterns for Zr3N4 and 
Nb3N4 thin films and a listing of X-ray photoelectron binding 
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Intermediates and Transition States in Chloride Ion/Acyl Chloride 
Displacement Reactions [J. Am. Chem. Soc. 1987,109, 589-590]. 
CHAU-CHUNG HAN and JOHN I. BRAUMAN* 

I (J IB.) have become aware that the data in Figure Ie of this 
paper were changed so as to enhance some of the peaks and 
diminish others, in order to reflect the observations in a spectrum 
that was acquired but not saved. Extensive subsequent studies,1 

however, have failed to reproduce the result reported. Conse­
quently, I believe that the conclusion reported in this paper does 
not follow from these experiments, although it is consistent with 
other experiments2 and with quantum calculations.3'4 

(1) Wilbur, J. L.; Brauman, J. I. Manuscript in preparation. 
(2) Asubiojo, O. I.; Brauman, J. 1. J. Am. Chem. Soc. 1979, 101, 3715. 
(3) Yamabe, S.; Minato, T. J. Org. Chem., 1983, 48, 2972. 
(4) Blake. J. F.; Jorgensen, W. L. J. Am. Chem. Soc, 1987, 109, 3856. 

Photochemical Dehydrogenation of Alkanes Catalyzed by trans-
Carbonylchlorobis(trimethylphosphine)rhodium: Aspects of Se­
lectivity and Mechanism [J. Am. Chem. Soc. 1989, / / / , 
7088-7093]. JOHN A. MAGUIRE, WILLIAM T. BOESE, and ALAN 
S. GOLDMAN* 

Page 7093: In the second paragraph before the Conclusion, 
the first sentence should read "... Ic1 and fc4 are of course expected 
to be strongly dependent on the alkane substrate." In the same 
paragraph, the quantum yield for cyclohexane and cyclooctane 
dehydrogenation in the absence of added CO is misstated as $obs 

= 0.97. The correct value is 0.097, as indicated in Figure 4 and 
ref 29. 

Reaction-Surface Topography for Hydride Transfer: Ab Initio 
MO Studies of Isoelectronic Systems CH3O" + CH2O and CH3NH2 

+ CH2NH2
+ [J. Am. Chem. Soc. 1990, 112, 530-537]. IAN H. 

WILLIAMS,* ANDREA B. MILLER, and GERALD M. MAGGIORA* 
Page 531: Figure 3, showing the important molecular orbitals 

discussed in the text, is incorrectly labeled. The HOMOs should 
be orbitals 7a, and 7ag (not 6b, and 6bu), and the LUMOs should 
be 7b| and 7bu (not 7a, and 7ag). The sentence in the last two 
lines of the left-hand column of page 531 should read as follows: 
Cartesian force constants computed analytically within CADPAC 
were employed in normal-mode analyses, using the CAMVIB pro­
gram,14 to characterize each critical point. 

[J. Am. Chem. Soc. 1990,112,5343-5345]. MARTIN J. WARREN, 
MARIO D. GONZALEZ, HOWARD J. WILLIAMS, NEAL J. STOLO-
wiCH, and A. IAN SCOTT* 

Page 5344: In Scheme II structures 8 and 11 are incorrect and 
should contain only one methyl group as shown in the revised 
version given below, which also shows the conversion of 8 and 11 
to 9 and 12 by further C-methylation. This graphical error in 
no way alters the conclusions of the work as discussed in the text. 
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Uroporphyrinogen HI Methylase Catalyzes the Enzymatic Syn­
thesis of Sirohydrochlorins II and IV by a Clockwise Mechanism A a CH2COOH P = CH2CH2COOH 


