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Metal clusters represent unique inter-
mediate states of matter, the analysis of 
whose properties should reveal much about 
the growth of atoms into small metal parti-
cles, the development of features in the 
bulk metallic phase, and, within themselves, 
a very intriguing dynamic behavior. Fur-
ther, sufficient evidence now exists to 
demonstrate that metal clusters are of im-
portance to the fundamental mechanisms of 
catalysis and numerous chemical conversions. 
Thus, the basic properties (geometry, bond 
strength, reactivity) of small metallic 
clusters, Mn (2<n<6), have become the sub-
ject of intense theoretical and experimen-
tal study.l 

As a contribution to the understanding 
of these intermediate and unique states of 
matter,the goal of our experimental re-
search effort has been to (1) develop in-
tense cluster sources 2  and characterize the 
molecular electronic structure and hence 
bonding in select small metal aggregates 
and (2) study the nature of the oxidation 
processes which small metal aggregates 
undergo. 

We have developed a source configura-
tion which lies intermediate to a low 
pressure effusing molecular beam and a high 
pressure flow device, generating substan-
tial concentrations of small metal clus-
ters which are then exposed to an oxidi-
zing environment. This "high flux" non-
effusive source has been combined with 
those techniques which have proven invalu-
able for the study of highly exothermic 
chemiluminescent reactive processes across 
a wide pressure range 3 , 4  to probe the opti-
cal signatures of those reaction products 
associated with the oxidation of small 
copper (Cux+03) 5  and silver (Agx+03) 3 , 5 

 clusters with further extension to select 
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transitiQn (Mnx+03,Crx+03) 6  metals. From 
these studies we have obtained the first 
quantal information on the energy levels 
and optical signatures of several metal 
cluster oxides, Mn0y (n>2). These studies 
serve to outline the potential for chemi-
luminescent probes of polyatomic metal 
cluster oxide quantum levels, 5  not only 
within themselves but also as a means of 
suggesting future laser fluorescent probes 
of the metal cluster oxides. In addition, 
they are beginning to reveal a rather uni-
que dynamics associated with the oxidation 
of small metal clusters. 

The most extensive work on copper and 
silver cluster oxidation has yielded a 
wealth of information on the vibrational 
level structure of Cu20 and Agn0 (esp. 
Ag20) and demonstrated an expected red 
shift in spectral emission features upon 
traversal of the series Mn0 as n increases 
from two. This work has also focused our 
attention on the rather unique molecular 
electronic structure of the excited states 
of silver dimer. 

Our research effort has also focused 
on the formulation of intense continuous 
sources producing small cold metal clusters 
in supersonic expansion at concentrations 
up to 1012 /cc (Na3,Cu3,(Ag3)). 2,7  The 
products of expansion are studied using a 
combination of cw dye lasers and mass 
spectrometry. While the application of 
these sources has focused primarily on the 
study of copper clusters, their potential 
extension to the transition metals, speci-
fically to nickel trimer, 7  is now well 
underway and initial results have now been 
obtained on the gas phase nickel trimer 
spectrum. The development of these intense 
sources is necessary for the observation of 
the internal mode structure associated 
especially with polyatomic metal clusters 
or the polyatomic products of metal cluster 
oxidation, in many instances, may be plagu-
ed by the rapid depletion of excited state 
populations via either non-radiative pro-
cesses,•photodissociation, or predissocia-
tion, either before the emission of a 
monitoring photon can occur or before an 
appropriate spectroscopic probe can be made 
operative (for example, TPI spectroscopy). 
The metal cluster sources are formulated 
in order to overcome inherent loss mechan-
isms. 
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(1) "Metal Clusters", edited by M. 
Moskovits, John Wiley and Sons, New 
York (1986). 



THE PETROLEUM RESEARCH FUND  (2) W. H. Crumley, J. S. Hayden, and J. L. 
Gole, J. Chem. Phys. 84, 5250 (1986). 
"Formation and Oxidation of Intense 
Metal Cluster Beams and Flows," in 
Proceedings of the International 
Workshop on Ionized Cluster Beam 
Techniques (ICBT) '86, Tokyo and 
Kyoto, Japan, pg. 85. 

(3) R. Woodward, J. S. Hayden, J. L. 
Gole, and D. A. Dixon, J. Phys. Chem. 
89, 4905 (1985). 

(4) For example: G. J. Green and J. L. 
Gole, Chemical Physics 100, 133 (1985), 
R. Woodward, J. S. Hayden and J. L. 
Cole, ibid. 100,  153 (1985). 

(5) R. Woodward, P. N. Le, M. Temmen, 
M. McQuaid, and J. L. Gole, "Potential 
Probes of Metal Cluster Oxide Quantum 
Levels - Optical Signatures for the 
Oxidation of Small Metal Clusters Mx 

 (M = Cu,Ag,Si,Ge,B)," J. Phys. Chem., 
in press. 
R. Woodward, M. Temmen, R. C. 
Oldenborg, T. C. Devore, and T. 
Burkeholder, "A Comparative Study of 
the Oxidation of Atomic Copper and 
Higher Copper Clusters Under Single 
and Multiple Collision Conditions," 
in preparation. 

(6) T. C. Devore, T. Burkeholder, and 
J. L. Gole, work in progress. 

(7) R. Woodward, S. H. Cobb, and J. L. 
Gole, work in progress. 

REPORT ON ACTIVITY ASSISTED BY 

GRANT, PRF #  17322-A6 

Page 3 	3 of 	pages. 

PREPARED BY 

James L. Gole 

Date 
	9/19/86 

Please refer to instructions. 

Fill in information requested 
above for each page. 

The report heading, narrative, 
and all drawings must be prepared 
within the box. 

Please submit one sharp, clear 
"original" and a copy (Xerox, 
carbon, etc.) for each page. 



FINANCIAL STATEMENT 
(Insert "ANNUAL" or "FINAL", as appropriate) 

AMERICAN CHEMICAL SOCIETY - THE PETROLEUM RESEARCH FUND 

'or the Period: October 1, 1985 
	

to August 31, 1986 
(The preferred closing date for the reporting period is August 31) 

alance Carried Forward from Previous Reporting 
Period (from Same or Earlier Grant) 

received from PRF During This Reporting Period 
(Include Summer Research Supplements) 
Stipends to: 
a. Principal Investigator  	0  

(Contribution Toward Summer Salary)* 
b. Undergraduate Students  	0 
c. Graduate Students 	 0  
d. Postdoctoral Fellows 	. . . 	• • 	15000  
e. Summer Research Fellows (Only if 

funded b Summer Research Supplement) 
Faculty 	Student 4/I (check one). 	_1500 

f. Other (Specify) 

	

	 0  
0  

Laterials and Supplies 	 2000  
:quipment 	 0  
bmputer Time Charges 	 500  
'ravel (Explain if in excess of budget). . 	0  
ither Expenses (Attach itemized list) . . 	0 
Iepartmental Allocation* 	 500 

*If provided in grant agreement 

btal Expenditures During Reporting Period. 

alance on Hand at End of Period 

Total of PRF Grant Payments Received to Date 

8,160.65 

 

0 

19,500 

11339.35 

:omplete this section ONLY for a Financial Statement which shows a balance in the grant 
,ccount at the termination date of the current grant agreement. 

The balance in the grant account will be liquidated: 

By refund of unspent and uncommitted funds. The check should be drawn to the order 
of American Chemical Society - The Petroleum Research Fund, and identified by the 
PRF grant number. 

By use in the completion of the grant project. We hereby request approval by the 
American Chemical Society of an extension of the grant agreement, without commitment 
of additional funds, until 	 (Period up to one year, renewable). 

Te certify that the expenses reported herein were incurred for education and research in 
Lccord with the terms of the approved ACS-PRF grant-in-aid. 

Georgia Institute of Technology 
(Grantee Institution) 

7inantial Officer (typed name) 	(Signature) 	 (Telephone) 
	

(Date) 

James L. Gole 	 17322-AC6 

'rincipal Investigator (typed name) 	 PRF Number 

Please submit to the Petroleum Research Fund, American Chemical Society 
1155 Sixteenth Street, N.W., Washington, D.C. 20036 	Telephone (202) 872-4481 

Rev. 6/85 



PERSONNEL STATEMENT 

PRF# 17322-AC6 	 REPORTING PERIOD OCTOBER 1, 1985 	TO August 31, 1986 

GRANTEE INSTITUTION 
	Georgia Institute of Technology 	 DEPARTMENT Physics-Chemistry 

PRINCIPAL INVESTIGATOR(S) 
	

James L. Gole 

GRANT PROJECT TITLE Characterization of Ligand-Free Copper and Silver Clusters and Their Reactions to Form Metal Cluster 

Oxides and Halides 

List undergraduate, graduate, and postdoctoral co-workers receiving stipends under the above named grant: 

NAME 
TITLE OR 
ACADEMIC 
APPOINTMENT 

PREVIOUS 
EDUCATION 
& DEGREES* 

COUNTRY OF 
PERMANENT 
RESIDENCE 

PERIOD OF 
SUPPORT 
(MONTHS) 

PERCENT 
OF SUPPORT 
FROM PRF ** 

DEGREES RECEIVED 
(IF ANY) DURING 
REPORTING PERIOD 

Robert Woodward Research Sci. 
B.S., 	M.S. 
Furman Univ. U.S. 10 months 25% 

Christian Pettyjohn 
Research 
Assistant Undergraduate U.S. 

Full Summer 
Sunnlement 83/ 

List other co-workers on grant project not directly supported with ACS - PRF funds, 

NAME SOURCE OF SUPPORT DATES ASSOCIATED WITH GRANT PROJECT 

Thomas Devore N.S.F. Research Undergrad. 	Inst. June 1, 1986 - present 

Thomas Burkholder N.S.F. Research Undergrad Inst. May 15, 1986 - August 1, 	1986 

Mark Temmen (Masters Degree) 	Physics Department Oct. 	1, 1985- April 1, 1986 

* For graduate students, indicate the College or University attended prior to graduate work. For postdoctoral fellows, 
give the name of the Ph. D. granting institution. 

** (during the period stated in preceding column) 
	

Revised 6/82 



THE PETROLEUM RESEARCH FUND  17322-A6 	Characterization of Ligand-Free 

Copper and Silver Clusters and Their Reac-

tions to form Metal Cluster Oxides and 

Halides 

REPORT ON ACTIVITY ASSISTED BY 

GRANT, PRF #  17322-A6  

Page 1 of 3 pages. 
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PREPARED BY 
	 Technology 

Metal clusters represent unique inter-
mediate states of matter whose basic prop-
erties (geometry, bond strength, reactivity) 
have become the subject of intense theoreti-
cal and experimental study. 1  As a contri-
bution to the understanding of these inter-
mediate and unique states of matter, the 
goal of our experimental research effort 
has been to (1) develop intense cluster 
sources allowing the mapping of the molecu-
lar electronic structure and hence bonding 
in select small metal aggregates and (2) 
study the nature of the oxidation processes 
which these small aggregates undergo. These 
studies have not only revealed a unique 
reaction dynamics but also the manifestation 
of an intriguing temperature dependent dyna-
mic behavior associated with the clusters 
themselves. 

We have developed two source configura-
tions which lie intermediate to a low 
pressure effusing molecular beam and high 
pressure flow device, generating substan-
tial concentrations of small metal clusters 
which are then exposed to an oxidizing en-
vironment. In one configuration, an intense 
near supersonic metal flow expands into a 
low pressure environment where it is bathed 
by a concentric flow of a given oxidant. In 
a second configuration, a non-effusive 
metallic flow is bathed in an entrainment 
gas at room to LN2 temperature to induce 
clustering, the clusters then being oxidi-
zed in a multiple collision intermediate 
pressure environment. These "high flux" 
noneffusive sources have been combined with 
those techniques which have proven invalu-
able for the study of highly exothermic 
chemiluminescent reactive processes across 
a wide pressure range 2  to probe the optical 
signatures of those reaction products asso-
ciated with the oxidation of small copper 

James L. Gole 
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(Cux+03,C12,C1)

3,5 
and silver (Agx+03, 

C1 2 ) 3 00  clusters with further extension to 
select transition metals (Mnx+03,Cr+03) 3,7,8 

 From these studies we have obtained the 
first quantal information on the energy 
levels and optical signatures of several 
metal cluster oxides, MnOy (n>2) and pre-
liminary data on the copper cluster chlori-
des. In addition it has been possible to 
study the manifestations of ultrafast energy 
transfer among known excited electronic sin-
glet states and previously uncharacterized 
triplet states of CuC1. 5  These studies 
serve to outline the potential for chemi-
luminescent probes of polyatomic metal 
cluster oxide and halide quantum levels 3,5 

 not only within themselves but also as a 
means of suggesting future laser fluores-
cent probes of the metal cluster oxides 
and halides. 

From these studies, we have obtained 
quantal information on several previously 
uncharacterized metal cluster oxides. This 
work includes the analysis of two and poss-
ibly three low-lying electronic states of 
Ag20, 3 , 6  allowing an evaluation of the 
ground state vibrational constants for the 
asymmetric AgAgO isomer. We have obtained 
a plethora of information on the vibration-
al level structure of the CuCu0 3,4  and 
CuxO (x>3) 4  copper cluster oxides. Further, 
in studying the multicentered Cu x  (x>3) + 
C12 reactions, we have tentatively identi-
fied the chemiluminescent emission spec-
trum of the Cu2C1 molecule formed in the 
multicentered Cu3+C12 + Cu2C1 + CuCl reac-
tive encounter. We have also studied the 
reactions of small manganese clusters, 
obtaining the first Mn20 emission spectrum 
which demonstrates that this molecule takes 
on an ionic form corresponding to (Mn2 61-) 
(0) 6-  where the Mn2 61-  stretch frequency 
is found to fall between that of Mn2 and 
Cr2. Finally, additional data obtained 
on the copper and silver systems has 
demonstrated an expected red shift in 
spectral emission features upon traversal 
of the series Mn0 as n increases from two. 
This work has also focused our attention 
on the rather unique molecular electronic 
structure of the excited states of silver 
dimer and trimer. 

(1) "Metal Clusters", edited by M. 
Moskovits, John Wiley and Sons, New 
York (1986). 
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