
phase transitions without some other check 
on the phase structure of the materials in 
question; this caveat obviously applies to 
biological and food scientists also. 
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Evidence from Ion Chromatography Experiments 
That Met-Cars Are Hollow Cage Clusters 

Seonghoon Lee, Nigel G. Gotts, Gert von Helden, 
Michael T. Bowers* 

Ion chromatography studies were performed to assess various models proposed for the 
structure of Mac,, species, the met-cars. A laser desorption source was used to make 
a sequence of titanium-carbon clusters centered around Ti8C,,+. The Ti8C,,+ was de- 
termined to be a hollow cage cluster, with the dodecahedron structure originally proposed 
giving the best fit to experiment; cubic structures could be excluded. Collisional breakup 
of Ti8C,,+ yielded only Ti,C,,+ under the experimental conditions described herein, and 
modeling indicated that the cage structure was retained. Both Ti8C,, + and Ti8C,,+ were 
made by the cluster source, and again, dodecahedral-type cage structures were con- 
sistent with experiment. The extra carbon atom in Ti8C,,+ was attached exohedrally to 
a single titanium atom. No evidence for an endohedral species was found. 

T h e  discovery (1 ) and bulk synthesis (2) of 
fullerenes has allowed the structure of these 
hollow cage carbon clusters to be deter- 
mined by traditional spectroscopic means 
(3). However, for all other larger (n r 10) 
carbon clusters, the most reliable and nearlv 
exclusive structural evidence comes from 
ion chromatography (IC) studies (4,  5) .  
The IC studies showed that large, planar 
ring systems competed with fullerenes in 
the size range n = 30 to 60 (4-8) and in 
fact are the primary precursors of fullerenes 
formed in laser desorption sources (8-10). 

In parallel development, Castleman and 
co-workers (1 1 )  discovered a class of stable . . 
metallo-carbon composites with the stoi- 
chiometry M8C12, where M was one of sev- 
eral transition metals. These species were 
identified by their "magic" character in 
mass spectra where, under certain source 
conditions, the mass-to-charge (m/z) peak 
corresponding to M8C12 completely domi- 
nated neighboring species. Castleman pro- 
posed a dodecahedra1 cage structure of T, 
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symmetry composed of a cube of M atoms 
with C, units raised off each cube face and 
coined the term met-cars for these putative 
metallocarbohedrene s~ecies. 

This proposition prompted a rapid re- 
sponse from the theoretical community, 
which rather quickly confirmed that M8C12 
cages were particularly stable species (12), 
although a somewhat lower energy was pre- 
dicted for a distorted M, cube of Td symme- 
try with the C, units rotated along the cube 
diagonals. This structure is composed of two 
tetrahedral  airs of four metal atoms rather 
than the eight equivalent atoms of the do- 
decahedral structure. Castleman and co- 
workers provided indirect evidence for a cage 
structure by showing that Ti,C,,+ would 
attach a maximum of eight polar ligands 
( H 2 0 ,  ND,, and CH,OH), indicating that 
all Ti  centers were available for bonding 
(13). Only four T-type ligands could be at- 
tached (C2H4, C,H,), which could indicate 
that either steric hindrance is involved or 
four of the Ti  atoms are more accessible than 
the remaining four. Subtle changes in the 
structure of the Ti8C12 backbone could oc- 
cur as a result of the attachment reactions. 

We  applied the IC technique (14, 15) to 
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both carbon cluster ions (4-6, 8, 9) and to 
small carbon-metal composite clusters (1 6). 
In conjunction with computer modeling, IC 
allows us to probe the shape of cluster ions 
by measuring their mobilities. We  have 
shown that .isomeric species that differ sub- 
stantiallv in structure can be readilv identi- 
fied and many salient features abdut their 
structures unambieuouslv determined. The 
experimental setui  has been described ( 15, 
17). Cluster cations were generated in a - 
standard laser vaporization supersonic ex- 
pansion source (18). Once inside the IC 
cell, the mass-selected pulse of ions was 
subjected to a small uniform electric field 
that gently drifted the ions through a bath 
of He gas, usually present at 3 to 5 torr (at 
300 K).  The ion packet eventually exited 
the cell, was mildly accelerated, and was 
passed through a quadrapole mass filter, and 
an arrival time distribution (ATD) was ob- 
tained at the detector. For a single eeomet- - - 
ric isomer of a single cluster ion, the ATD 
could be readilv converted to an ionic mo- 
bility. If multil;le isomeric structures were 
present, then the IC device would spatially 
and temporally separate them if they dif- 
fered significantly in shape. In this case, the 
ATD would have several peaks. The de- 
tailed shape (that is, the width) of each 
individual ~ e a k  could, if necessarv, be ac- , . 
curately reiroduced b i  using the transport 
characteristics of that ion through He gas. 

A mass spectrum obtained under typi- 
cal oueratine conditions is shown in Fie. 
1A. The  seriYes of peaks are separated by T2 
atomic mass units (amu), and the strong 
peak at 528 amu corresponds to the cor- 
rect mass of a singly charged TisCl, clus- 
ter. However, the 528-amu peak could 
possibly be C44+. A high-resolution spec- 
trum (Fig. 1B) shows that the underlying 
isotopic distribution agrees within 1% of 
that expected for TisC12+ and bears no 
resemblance to that expected for C44+. 
Similarly, the peaks centered near 516 and 
540 amu can be shown to be T i8C l l t  and 
Ti,C,,+, respectively. 
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A n  IC spectrum of Ti8C12+ is given in 
Fig. 2, along with a predicted spectrum for 
a species with a mobility of 5.78 cm2 V-' 
s-'. The  agreement between the two 
curves indicates that the IC peak is due 
primarily to a single species, although the 
presence of a small amount ( < l o % )  of a 
second species with a similar mobility can- 
not be ruled out. The  structure of the 
species giving rise to the IC peak can be 
determined as follows. First, trial struc- 
tures must be obtained by some process. 
For carbon clusters (5) ,  we used either ab 
initio or semiempirical methods to calcu- 
late stable structural candidates. In the 
case of Ti,C12, a number of theoretical 
structures have already been proposed, so 
we chose to use these to see if a fit is 
obtained. Once a structure is chosen, 
Monte Carlo methods are used to obtain 
its rotationally averaged cross section for 
collision with helium. and from this cross 
section it is straight forward to calculate 
the corresponding mobility (5 ,  19). The  
theoretically predicted structures we have 
chosen to model are the dodecahedral 
structure first suggested by Castleman 
(1 1 ), the distorted dodecahedron found to 
be slightly lower in energy by several 
groups (1 2) ,  a "cubic" structure suggested 
bv Pauline (20) where the T i  atoms occu- 
pi the apices of the cube and C, units the 
faces, and a "cubic" structure proposed by 
Khan (21) where again the T i  atoms form 
a cube but this time the 12 carbon atoms 
form a hollow ball inside the cube. The 
~red ic ted  mobilities of each of these mod- 
els and their agreement with experiment is 
given in Table 1. 

In interpreting the results in Table 1, 
several things should be considered. First, 
the modeled mobilities have an inherent 
uncertainty of - 1 %, primarily from the 
finite sampling in the Monte Carlo pro- 
cess. For pure carbon clusters, the mobili- 
ties could be determined with onlv one 
adjustable parameter, the sum of the He  
and C van der Waals radii. From fitting a 
very large amount of data, the best nymber 
for this sum was chosen to be 2.70 A (5). 
However, when a cluster is composed of 
more than one kind of atom, individual 
van der Waals radii are needed. The  He 
van der Waals radius was determined from 
He-He interaction potevtial calculations 
(22, 23) yielding 1.09 A.  Consequently, 
carbon has a v p  der Waals radius of 2.70 
- 1.09 = 1.61 A.  W e  estimat$d the T i  van 
der Waals radius to be 2.10 A by calculat- 
ing Ti+-He interaction potentials (24), a 
procedure that worked very well in obtain- 
ing the van der Waals radius of the C1 
atom (22) and the van der Waals radii of 
other metal atoms (23). These three van 
der Waals radii were used in all model 
mobility calculations reported here, yield- 

Mass (amu) 

Mass (amu) 

Fig. 1. (A) A low-resolution mass spectrum of 
clusters formed by laser desorption of a titanium 
rod with 1 % CH, present in the He expansion gas. 
The peaks are separated by 12 amu. (B) The 
peaks centered at mlz = 516, 528, and 540 are 
recorded under higher mass resolution. 

ing a probable uncertainty of -2% in 
these quantities. 

The dodecahedral structure first pro- 
posed by Castleman gives the best agree- 
ment with experiment. The 1.4% difference 
between the model mobility and experiment 
is typical of variances observed for carbon 
clusters. For reasons outlined above, howev- 
er, a somewhat larger uncertainty is present 
for the Ti-C clusters and hence the more 
compact structures predicted theoretically, 
and listed as a distorted dodecahedron in the 
table, cannot be excluded. However, the 
cubic structures of Pauling, and especially of 
Khan, are far outside the acceptable uncer- 
tainty range and can be excluded. The im- 
portant result is that the Ti,C12 met-car 
definitely has a hollow cage-type structure 
not dissimilar to the one initially proposed 
bv Castleman and co-workers. 

Our interest includes determining the 
growth mechanism of these species. In this 
regard, several additional experiments were 
carried out on systems related to Ti8Cl2+. 
The first of these involved injecting 
Ti8C12+ into the IC cell at high energy to 
see if any fragments were formed and to 

Drift time (ps) 

Fig. 2. Arrival time distribution of Ti,ClZt after it 
has passed through the ion chromatography cell 
(solid line). The dotted line is a predicted peak 
shape of asingle component with a mobility of 5.71 
cm2 V-I s-I obtained by solving the transport 
equations under the conditions of the experiment. 

1 CID of Ti8C12+ 
f 150 Ti8CI2+ 

Mass (amu) 

Fig. 3. A mass spectrum obtained by scanning 
the quadrapole mass filter following the IC cell 
under conditions where pure Ti&,,+ is injected 
into the cell at 150 eV. CID, collision-induced 
dissociation. 

determine their structure (Fig. 3) (25). 
Only one fragment was observed, loss of T i  
to form Ti7C12+. Neither a C2  unit nor a 
Ti-C, unit was ejected. A similar result was 
obtained by Pilgrim and Duncan upon pho- 
todissociation of Ti,C,,+, where the prima- 
ry process was loss of a single T i  atom along 
with smaller losses of two and three T i  
atoms (26). The IC spectrum of Ti7C12+ 
consisted of a single peak, and its mobility 
was determined. There are no theoretical 
structures of Ti7C1,+ reported, and calcula- 
tions on this species was deemed beyond 
the scope of this work. We  did, however, 
model Ti7C12+ formed by simply removing 
a T i  atom from the dodecahedron caee. The " 
results are given in Table 1. Good agree- 
ment with ex~eriment  was found. confirm- 
ing that the cage structure is retained. Some 
relaxation will occur around the defect site 
making the actual structure slightly more 
compact, which would probably improve 
the comparison with experiment. 
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Fig. 4. Cartoons of several 
of the specles used as mod- 
el structures for Ti,C12+, 
Ti7C12+, TisCll +, and 
Ti,C13+. The predicted mo- 
bilities are given along with 
the percent deviation from 
experiment. The Ti atoms 
are shown as the liahter 
shaded species, and tjhe C Ti8CT2+ Ti7CTP+ Ti8C1, + 

atoms are the darker cross- 5.79 (+I .4%) 5.89 (-1.8%) 5.80 (-0.5%) 
hatched species. 

Table 1. Comparison of experimental and model 
mobilities for various Ti$,+ clusters; the deviation 
is (model - experiment)/(experiment). 

M o d e l  Devi- 
For- Structure mobility ation 
mula (cm2 

"-1 s - l )  (%) 

Ti,C,,+ Dodecahedron 
(1 1 )  

Distorted do- 
decahedron 
(12) 

Cubic (19) 
Cubic (20) 

Ti7C12+ Dodecahedron 
(less Ti atom) 

Ti&, , + See Fig. 4 
Ti,C13+ Endohedral (27) 
Ti&,,+ Exohedral 

(Fig. 4) 

We could not dislodge a C atom from 
Ti8C12+, but we could observe Ti8C11+ 
coming from the cluster source (see Fig. 1).  
This species yielded an IC spectrum with a 
single peak from which a mobility was deter- 
mined. To  model this cluster, we removed 
one of the C atoms from dodecahedra1 
Ti8Clzt and shifted the remaining C atom 
to the cube face (see Fip. 4). The results are " ., 

given in Table 1. Again, excellent agree- 
ment with experiment was obtained. 

Pilgrim and Duncan (27) have observed 
a large "magic" peak in the mass spectrum 
at an m/z value corresponding to Ti14C13+. 
They suggested that this species had a cubic 
structure and was a 3 X 3 X 3 face-cen- 
tered-cubic lattice fragment. Of interest 
here is the fact that photodissociation of 
Til4Cl?+ loses six T i  atoms and forms 
Ti8Cl, as the dominant fragment, not 

Ti8C12+ (27). Pilgrim and Duncan suggest 
that the central carbon in the 3 x 3 X 3 
Ti14C13+ lattice fragment may become 
trapped endohedrally inside a met-car 
Ti8Clzt cage. In our experiment, Ti8C13+ 
is made in the cluster source (Fig. 1). This 
species gives a single-peak IC spectrum 
from which a mobility is obtained. We 
modeled Ti8Cl,+ using an endohedral 
structure and an exohedral structure where 
the C atom was attached to a single T i  atom 
(see Fig. 4 and Table 1) .  The  endohedral 
species does not agree with experiment 
within allowed error limits, whereas the 
exohedrally bonded carbon model is in ex- 
cellent agreement with experiment. Hence, 
growth of Ti-C composites immediately be- 
yond the Ti8C12+ met-car occurs by first 
attaching carbon to the outside of the met- 
car cage. Somewhere between the forma- 
tion of Ti8Cl,+ and Ti14C13+ a major struc- 
tural transformation must occur. Neither 
our experiment nor that of Pilgrim and 
Duncan ~ ie lded  equilibrium structures (that 
is, they are kinetically controlled); hence, it 
is very possible that Ti8Cl,+ made from 
photodissociation of T14Cl,+ does have the 
extra C atom trapped inside a Ti8C12+ cage. 

REFERENCES AND NOTES 

1. H. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. 
Smalley, Nature 31 8, 1662 (1 985). 

2. W. Kratschmer, K. Fostiropolis, D. R. Hoffman, 
Chem. Phys. Lett. 170, 167 (1 990); R. E. Haufler et 
ai., J. Phys. Chem. 94, 8634 (1990); R. Taylor, J. P. 
Hare, A. K. Abdulsada, H. W. Kroto, J. Chem. Soc. 
Chem. Commun. N20, 1423 ( I  990). 

3. Special issue, "Buckminster Fullerenes," Acct. 
Chem. Res. 95 ,3  (March 1992). 

4. G, von Helden, M.-T. Hsu, P. R. Kemper, M. T. Bow- 
ers, J. Chem. Phys. 95, 3835 (1991). 

5. G. von Helden, M.-T. Hsu, N. Gotts, M. T. Bowers, J. 
Phys. Chem. 97, 8182 (1993). 

6. Negative carbon clusters exhibit the same families of 

structures as the cation~c clusters, although the rel- 
ative abundances are different [N Gotts, G von Hel- 
den, M. T Bowers, unpublished results; see also G. 
von Helden, P. R. Kemper, N G. Gotts, M. T. Bow- 
ers, Science 259, 1300 (1 99311, 

7. J. M. Hunter, J. L. Fye, M. F. Jarrod, J. Chem. Phys. 
99, 1785 (1 993). 

8. G, von Heden, N. G. Gotts, M. T. Bowers, J. Am. 
Chem. Soc. 11 5,4363 (1 993). 

9. - , Nature 363, 60 (1993). 
10. J. Hunter, J. Fye, M. F. Jarrod, Science 260, 784 

(1 993). 
11. B. C. Guo, K. P. Kerns, A. W. Casteman Jr., ibid. 

255, 1411 (1992); S. Wei, B. C. Guo, J. Purnell, S. 
Buzza, A. W. Castleman, J. Phys. Chem. 96, 4166 
(1 992); B. C. Guo, S. Wei, J. Purnell, S. Buzza, A. W. 
Casteman Jr., Science 256, 51 5 (1 992). 

12. I .  G. Dance, J. Chem. Soc. Chem. Commun. (no. 24) 
(1 9921, p. 1779; M.-M. Rohmer, M. Benard, C. Hen- 
riet, C. Bo, J.-M. Poblet, ibid. (no. 15) (1993), p. 
1 182; Z. Lin and M. B. Hall, J. Am. Chem. Soc. 11 5, 
11 165 (1 993). 

13. B. C. Guo, K. P. Kerns, A. W. Casteman, J. Am. 
Chem. Soc. 115. 741 5 11 9931. 

14. P. R. Kemper and M. T. ~owers ,  J. Phys. Chem. 95, 
5134 (1991). 

15. M. T. Bowers, P. R. Kemper, G. von Helden, P. A. M. 
van Koppen, Science 260, 1446 (1 993). 

16. G, von Heden, N. G. Gotts, P. Maitre, M. T. Bowers, 
Chem. Phys. Lett. 227, 601 (1994). 

17. P. P. Radi, G, von Helden, M.-T. Hsu, P. R. Kemper, 
M. T. Bowers, int. J. Mass Spectrom. ion Processes 
109, 49 (1991). 

18. For the work reported here, a pure Ti rod was ex- 
posed to pulses of photons from an excimer laser 
operating at 308 nm. The rod was continuously trans- 
lated and rotated to provide fresh metal for each laser 
pulse. The expansion gas was He seeded with 1 % 
CH, at a backing pressure of 80 psi behind a Newport 
pulsed valve. A timing circuit allowed variable delays 
between triggering the pulsevalve and the laser. Clus- 
ter ions exiting the source were mass selected with a 
double-focusing reverse geometry sector mass spec- 
trometer. At this point either a mass spectrum could 
be taken or a specific cluster o n  mass selected and 
pulse injected into the C cell through a small entrance 
hole. A 5-ps pulse was typical. 

19. E. A. Mason and E. W. McDaniel, Transpofl Proper- 
ties of ions n Gases (Wiey, New York, 1988). 

20. L. Pauing, Proc. Nati. Acad. Sci. U.S.A. 89, 8125 
(1 992). 

21. A. Khan, J. Phys. Chem. 97, 10937 (1 993). 
22. G. von Heden, E. Porter, N. G. Gotts, M. T. Bowers, 

ibid., in press. 
23. A thorough discussion of the procedures used in 

estimating van der Waals rad~i is given in G, von 
Heden, thesis, University of California at Santa Bar- 
bara (1 994). 

24. In the case of titanium, calculations on met-car-type 
structures indicate that the Ti atoms have a formal 
charge of about + 1 and the C, units a formal cherge 
of about -0.67. Consequently, we modeled Ti+ in- 
teracting with He. Because the exact electronic con- 
figuration of the Ti species in Ti&,, is unknown, we 
averaged the interaction over a variety of possible 
electronic states. Modeling also showed that if a Ti 
van der Waals radius of 2.20 was used (+5%) the 
mobility of Ti&,,+ decreased by 2.8%. These val- 
ues would represent the maximum uncertainties in 
these quantities. Only two quantities are needed for 
the modeling: the sum of the He and C van der Waals 
radii and the sum of the He and Ti van der Waals 
radii. We used 2.7 and 3.19 A for these quantities, 
respectively. 

25. M. F. Jarrold and E. C. Honea, J. Am. Chem. Soc. 
11 4, 459 (1 992). 

26. J. S. Pilgrim and M. A. Duncan, ibid. 11 5, 4395 
11993). , , 

27. , ibid., p. 9724. 
28. The support of the Air Force Office of Scientific Re- 

search under qrants FA9620-93-1-0134 and 
FA9620-93-1-0365 and the NSF under grant CHE 
91-19752 is gratefully acknowledged. We thank I. 
Dance for providing results before publication. 

27 September 1994; accepted 21 November 1994 

SCIENCE VOL. 267 17 FEBRUARY 1995 




