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Abstract

Kinetic Energy Release Distributions (KERDs) have been measured for tleedporation from a series of fullerenes
including Ggo™ and its endohedral compounds sB@ Cgo* and Tb@Cgo™. We have employed Finite Heat Bath Theory
(FHBT) to analyze the measured KERDs and to deduce thmr@ing energies. We re-evaluated previously measured binding
energies for @1, La@G ", and Th@G,™ in the light of recent findings that fragmentation of fullerene ions proceeds via
a very loose transition state. This procedure demonstrates a substantial increase in the binding energy on goiggj,from C
to La@Got & Tb@Cg,™. The KERDs for all three ions, ggt, SGN@Cgo™, and Te@Cgo™ are nearly overlapping and the
C; binding energies are equal within experimental error. The binding energy deducegfasGurprisingly high. @™ on
the other hand has nearly the same stability asCThese results indicate thaggls a magic number. The results will be
discussed in the light of proposed structures for the various compounds and the reliability of data deduced from KERDs.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ities large enough to contain atoms and molecules.
Evidence that metal atoms can combine with arc-
Schwarz and coworker§l-3] were the first to vaporized carbon atoms to form endohedral metallo-
demonstrate the inclusion of rare gas atoms within fullerene molecule$4] was reported shortly after the
Ceot and Gg™ through high-energy collision ex-  discovery of fullerene moleculgS]. Endohedral met-
periments. It is thus appropriate to choose the topic allofullerenes can be isolated in macroscopic amounts.
of fullerenes and endohedral fullerenes within this This was achieved by using laser- or arc-vaporization
issue of IJMS that is dedicated to Professor Helmut [6] of graphite/metal composites in helium.
Schwarz. The fullerenes are closed cages with cav- Fullerenes, endohedral fullerenes, and their ions un-

- dergo the well-known gelimination reaction:
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A most controversial issue over the years has been 60. This depends somewhat on the normalization pro-

the G binding energy. We have reviewed this tofi¢
as well as the general topic of carbon clusters, includ-
ing fullerenes and endohedral fullereri@s The prob-
lem lies in the analysis of experimental data and the

cedure, namely in some studieg4C is taken as the
ion to which all other data are normalized whereas in
others itis Go™. All experimental results demonstrate
Cso and Go, as well as to a lesser extent alsgp(to

energy—entropy tradeoffs encountered in theoretical be particularly stable (‘magic’). Very few experiments

modeling. The original model calculations assumed a
fairly tight transition state for reaction (2) and led to
an upper limit for the binding energy ofsg"—C, ap-
proximately 7.6 eV. The calculations were reddag
leading to a re-evaluation of theoinding energy

in favor of a value in excess of 9.5eV. Recent calcu-
lations used a very loose transition state for reaction
(2) with an activation entropy in excess afs*
18.8 eu, Arrhenius pre-exponentidél factors as high
as 2x 10?%s~1 and included radiative decay, reaction
(3), in the modeling,

Ceo™ — Csg™ + C2

)
3)

(The star symbol in g** denotes internal excita-
tion of the G ion).

All of the recent experiments favor a high Gind-
ing energy, in excess of 10eV in the neutral and in
excess of 9.5eV in the cation, in agreement with
DFT and MP2 calculationfl0]. The experiments in-
clude Kinetic Energy Release Distributions (KERDS)
[11-13] time-resolved KERSs[14], time-resolved
metastable fraction$9], thermionic emission15],
and quenching of excited ions in a storage ring by
radiative cooling[16]. In spite of this agreement be-
tween experiment and theory, there is still an ongoing
controversy concerning this binding energy (see Fig. 1
of ref. [7]).

Relative dissociation energies of the fullerenes were

C50*+ — C60+ + hvu

determined through various experimental and theoret-

ical methods. There is general agreement thatGs
less stable than g+ and that G,™ is considerably
less stable. However, some resyli$] demonstrate

a dramatic drop in dissociation energy in going from
n < 60 ton > 60 whereas other resulf$7] find the
relative dissociation energies for large fullerenes, with
n > 60, to be at about the same level as those:fer

were carried out for > 80[17].

Deducing thermochemical information such as
binding energies from KERs and KERDs is a
well-established proceduf#8]. We began measuring
kinetic energy releases upon dissociation of endohe-
dral fullerenes several years aff®] with the aim of
determining the ¢ binding energies. The question
that was of interest to us was to what extent is the
cage stabilized or destabilized upon introduction of
the endohedral atom. The early measurements were
extended later offil1] to include additional endohe-
dral species. As was already pointed out imate
added in proof [11], all the calculated binding en-
ergies need to be re-evaluated in view of the very
loose transition state of reaction (1) and the analogous
reactions for endohedral ions. The present paper is
devoted to a re-evaluation of the binding energy data
[11,19] for Cgo™, La@Gso", and Th@G,". New
results will be presented forgg", Ti.@Cgo™, and
SeN@GCgo™

2. Experimental
2.1. Preparation and isolation of Cgp and Tio@Csg

The production and isolation of puresg§ and
Tio@Cgo, respectively, have been published by some
of us, previously[20,21] The titanium endohedral
and Go were produced by DC arc discharge. De-
tails of the arc discharge instrument have been de-
scribed elsewherg22]. Briefly, the soot containing
Ti-metallofullerenes was generated by DC (500 A)
arc discharge of titanium carbide/graphite compos-
ite rods (size: 15mmx 15mm x 300 mm; atomic
content of Ti: 0.8%; Toyo Tanso Co.) under 50 Torr
of flowing He. The discharge voltage between an-
ode and cathode was carefully set t0.5V by
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adjusting the distance between two electrodes. The well as using the technique of MIKEs. The endohe-
soot was collected under anaerobic conditions. The dral fullerene cations were obtained by ionization of

mixture of metallofullerenes and empty fullerenes
were Soxhlet-extracted from the soot by carbon disul-
fide [23]. The extraction was not terminated unless
no color was discernable. G®vas removed from the
extract solution and the solid mixture was used for
isolation of Ti-metallofullerenes.

The isolation of Ts@ Cgp was achieved through the

the corresponding neutral samples.

The samples were introduced into the mass spec-
trometer using the direct insertion probe and evapo-
rated at 400C. The electron-impact conditions were
as follows: electron ionizing energy, 70eV; emis-
sion current, 5mA; ion source temperature, 4G0
resolution, 1100 (10% valley definition). Metastable

so-called multistage HPLC separation process on two ion peakshapes were determined by scanning the

complementary columns. In the first stage, a 5PYE
column (Naclai Cosmosil, 25 mm250 mm) was used

to remove the abundant empty fullerenegd,CCro,
C76, Crs, Cg2, Cgsa, and Gg) from the fraction con-
taining T @ Cgo. The saturated toluene solution of the
extract mixture was injected into the column for rough
separation. Toluene with a flow rate of 15mL/min

electrostatic analyzer and using single-ion count-
ing. lon counting was achieved by a combination of
an electron multiplier, amplifier/discriminator, and
multichannel analyzef27]. The experiments were
performed at 6-8kV acceleration voltages and a
main beam width of<2.5V. The data were accu-
mulated in a computer-controlled experiment, mon-

was used as a moving phase. The fraction containing itoring the main beam scan, and correcting for the

Tio@Cgp overlapped with that of g and was col-

lected for further isolation. In the second stage, a re-

cycling HPLC separation on a Buckyclutcher column
(Regis, 20 mnx 500 mm) was employed to completely
isolate To@Cgo. By recycling on the Buckyclutcher
column, the saturated solution collected in the first
step for four cycles, the 3@Cgo was isolated from
Css.

Cgo was isolated in a similar fashion. In the first
stage, the g fraction overlapped thedg fraction. By
recycling the fraction of & on the SPYE column for
three times, @p could be isolated.

2.1.1. Sc3N@Cgo
SaN@Cgg is well known and its preparation has
been achieved some years d@d]. It is now avail-

drift of the main beanj26]. The metastable ion peak
shapes were mean values of 50-500 accumulated
scans.

In a MIKE spectrum recorded in the second
field-free region ff2, the decay of fragment ion®g
produced in the first field-free region ff1 from precur-
sor ionsmy with my > mp will also contribute if their
apparent massg* = m%/ml, is approximately equal
to mp, the mass of the parent ion whose reaction is
being studied. This phenomenon contributes to arti-
fact peaks in MIKE spectra of clusters and fullerenes.
This was the case in earlier measuremdts,19]
in which carbon cluster and fullerene mixtures were
studied. The high purity of the dg, SGN@GCgp, and
Tio@Cgp samples employed here ensured that the
metastable peak shapes were devoid of contributions

able commercially. We purchased HPLC-pure samples from artifacts in the present study.

of SgN@Cgp from Luna Innovations, Inc., and used
them without further purification.

2.2. Mass spectrometry and Mass-analyzed lon
Kinetic Energy spectrometry (MIKES)

Measurements were performed on a high-resolution

The product KERDs were determined from the first
derivatives of the metastable ion peak shg@8s-30}]

3. Data analysis

Unimolecular reactions that possess no reverse ac-

double-focusing mass spectrometer of reversed geom-tivation energies, lead to KERDs that are Boltzmann-

etry, the VG-ZAB-2H25,26]running mass spectra as

like and can be modeled by statistical theories. In the
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model-free approach, the KERD is written in the form
[11,18}

8) 0<I<1) @)

= ¢ ex (—
p(e) =¢ p kBTi

wheree is the kinetic energy releaskis a parameter
that ranges from zero to unitigg is Boltzmann'’s con-
stant, and’ tis the transition state temperature defined
by the average kinetic energy on passing through the
transition state. The values bfand T+ are obtained
by fitting the experimental KERD witkq. (4) using
non-linear regression. It was found that for fullerene
fragmentations is very close to 0.5. This corresponds
to the expected value for the most statistical situation,
since the translational density of states is proportional
[31] to £9°.

The isokinetic bath temperature is defined in Finite
Heat Bath Theory (FHBT])32] as the temperature to
which a heat bath should be set so that the canonical
rate constantk(Ty), is equal to the microcanonical
rate constantk(E), sampled in the experiment. The
isokinetic bath temperature is given [88,34]

rexp(y/C) — 1
v/C

whereC is a dimensionless heat capacity ani the
Gspann paramet§d5]. The binding (or vaporization)
energy,AEyap and the isokinetic bath temperature are
connected via the Trouton relation:

Th=T (5)

The currently acceptable value for the Gspann
parameter for the £elimination from fullerenes is
greater or equal to 3[®,18] and a valueyr = 33 has
been adopted here also for the endohedral fullerenes.

An alternative method for data analysis can some-
times be adopted if the assumption that 0.5 is
considered to be strictly vali@6]. This holds for frag-
ment ion peaks that are truly Gaussian, the KERD is a
three-dimensional Maxwell-Boltzmann distribution,
and no discrimination against fragment ions occurs.
In this situation, the full-width-at-half-maximum,
AU, of the MIKE peak (derived by using non-linear
least squares fitting techniques, and correcting for the

T. Peres et al./International Journal of Mass Spectrometry 228 (2003) 181-190

finite width of the parent ion peak), provides a robust
measure of the average KER,through the relation

(%)

where Uy is the high voltageUp is the nominal
electric sector field voltage, anuy, and iy are the
masses of the parent ion and fragment ion, respec-
tively [18,37]

Furthermore, in this situation, the transition state
temperatureTi, of the reaction is easily derived from
g,

mrz)Uac

AU
16ms (mp — mg)

Up

2.16

™I

)

£ =15kgTT 8)

We have applied both of these alternative methods in
the present study and the results will be demonstrated
to be comparable.

4. Results and discussion
4.1. Mass spectra

The mass spectra ofgg; Tio@ Cgo, and SgN@ Cgp
are presented iRigs. 1-3 respectively. They demon-
strate a high degree of purity. Wheregsdliminations
are observed leading from thegg® cation to lower
fullerene cationsKig. 138, impurities such as §; or
Cg are negligibly small. This is similarly true for the
endohedrals, p@Cgp and SgN@Cgg, whose mass
spectra were free of 7@ Cg4 and SgN@ Cg4, respec-
tively, as well of other higher endohedral fullerenes
that could lead to artifact peaks in MIKE spectra.

4.2. MIKEs and kinetic energy releases

MIKE scans of the parent ions ofgg, Tio@ Cao,
and SgN@GCgo were performed on the most intense
isotope of the isotopic multiplet of peaks in the mass
spectra Figs. 1-3. The MIKE spectra revealed the
following three G elimination reactions:

Cgot — Crg™ +C2

Tio@Cgot — Tio@Crs" + C

©)
(10)
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Fig. 1. Positive ion electron-impact (70 eV) mass spectraggf C

SeN@Cgo"™ — SeN@Crs™ + Co (11)

The MIKE spectrum for SIN@Cgo™ is presented
in Fig. 4. It contains the narrow parent ion peak in

TiZ@C80

1 1 1 1

1050 1055
m/z

1060 1065

Fig. 2. Mass spectrum of the isotopic multiplet of the parent ion
of Tio@Cgo.

185

intensity

Sc,N@C,,

1105
mfz

1110

1115

Fig. 3. Mass spectrum of the isotopic multiplet of the parent ion

of SaN@Cgo.

addition to the broad metastable peak both drawn

to the same laboratory ion

energy scale. The energy

broadening in the laboratory scale due to the kinetic
energy release in the center of mass (CM) scale of
reaction (11) is clearly demonstrated. The metastable
peak shape for reaction (9) is representedrig. 5

together with the Gaussian

fit.

x4

1

Sc,N@C,, "~ Sc,N@C,,* + C

2

R

5690 5730 5770

5810

5850 5890

lon Energy, eV

Fig. 4. MIKE spectrum of the parent iom(z 1109) of SgN@ Cgo.
The narrow peak is the parent ion whose maximum is at a lab-

oratory ion energy of 5860.5eV.

The broad peak is due to the

metastable ion dissociation, reaction (11), taking place in the sec-
ond field-free region ff2 of the VG-ZAB-2F instrument.
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Fig. 5. Metastable ion peak shape for the fragment iggi"Grom

Fig. 7. KERDs in the CM system for reactions (9)—(11);
smooth line—reaction (9); dashed line—reaction (10); dash-dotted

Cgo™ due to reaction (9) taking place in the second field-free
region. The smooth solid line represents a Gaussian fit to the

fragment. The parent ion maximum intensity was at 7810.5eV.

A typical KERD obtained for reaction (9) is pre-
sented inFig. 6. The modeled KERD Eq. (4) is
superimposed on the experimental cunfbg( 6).

line—reaction (11).

energy resolutions were combined and the following

results were derived: average kinetic energy release:
£(9=0.46+ 0.01eV; transition state temperature:

7+(9) = 35004+ 270K; parametert = 0.60 + 0.09.
The alternative method of deriving the transition state
temperature from the width at half height of the fitted

The parameters of the fitted curve for this exper- metastable peak={g. 5 gaveT¢(9) = 3560+ 80K.

iment are/ = 0.574 and T#

= 3419K. Several

The KERDs derived for all three reactions (reac-

experiments of this type under the highest possible tions (9)—(11)) are nearly super-imposablEig( 7).

Cso+ - C78+ +C

2

05

1.0

1.5
Center of mass kinetic energy release, eV

Fig. 6. Kinetic energy release distribution (KERD) in the CM system deduced from the metastable peak shape for reaction (9); smooth
curve—experimental; dashed line—fit basedEm (4) See the text for further details.
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Table 1
Modeling results for fullerenes and metallofullerenes
£ (eV) ™ (K) To (K) AEq, (€V) AE{, (€V)

Cgo™ 0.46 £ 0.01 3500 3760 10.69 9.4
Tio@Cgo™ 0.43+ 0.02 3366 3600 10.28 9.0¢
SN@Cgo™ 0.50 + 0.05 3476 3715 10.58 9.3

Cgo™ 0.35+ 0.02 2860 3065 8.72 8.5
La@Gs2* 0.46 + 0.02 3624 3875 11.02 10.7
To@Gso+ 0.55+ 0.02 4650 4980 14.2 13.¢

aPresent data derived from the KERDs.

b Present results using = 33.

¢ Data from previous column re-normalized to a binding energy of 10 eV §gf CThe present data were normalized by a factor 10/11.3
whereas the previous data from rgfl1] were normalized by the corresponding factor relevant to those experiments, namely 10/10.3.

dData from ref.[11] derived from the corresponding KERDs.

€Results from ref[11] re-calculated using = 33.

The parameters deduced from the KERDs are summa-0.7 eV. Re-normalizing the new data fogg? and its
rized inTable 1 endohedrals to the traditional vallmEvap(Ceo+) =

In addition to the reactions of gg+ and its two 10eV[16], we obtain:
endohedrals studied here, we have recalculated data AEvap(C80+) = 9.4+0.7 eV;AEvap(Tig@Cgo+) =
from referencd11] concerning reactions ofgz™ and 9.0+ 1eV; AEyap(SEN@Cgo™) = 9.3+ 0.6eV.
two of its endohedrals, In addition, we have used the previously published
data forT¥ for reactions (12)-(14)Table ) to re-

Ce2" — Cao" +Ca (12) calculate binding energies using= 33. The exper-

La@Gy™ — La@Gsot + Co (13) iments that were run at the tinj@1] gaveT¢(2) =
3300K and the results for &gF, La@Go", and

Th@Gs2" — Th@Geo" + C2 (14) Tb@Gs>" were normalized to the corresponding C

. . binding energy of g accordingly. The results are as
The average energies and transition state temperas¢ ;o

+ )
tures ™) deduced from the KERD4 1] are included AEyap(Ce2™) = 8.5+20.4eV: A Eyvap(La@Caz™) =

in Table 1 107+ 0.5eV; A Eyap(Th@Cs2™) = 138+ 0.5eV.
All of the results are summarized ifable 1 The
binding energies for g and Gy' and their endo-
hedrals are representedhig. 8
Several conclusions transpire from the data:

4.3. Binding energies

We have obtained for reaction (2) irgé, T¢(2) =
3600 K and/ = 0.50. UsingEgs. (5) and (6yith the
preferred Gspann parameter for reaction (22) = 1. The G binding energies of g™ and its endohe-
33 and the experimental kinetic energy release data drals are equal within experimental error.
for reaction (2), givesA Evap(Ceo™) = 11.3eV. This 2. The G binding energies of &* and its endohe-

value is somewhat higher but within error limits of pre-

vious determination§7,13,38]of the binding energy

of Cz in Cgot. Applying similarly the FHBT equa-

tions to the KERD data for reactions (9)—(11) gives:
AEvap(CgoJr) =10.7+0.8¢eV, AEvap(Tiz@Cgo+)

= 102 + 1.1eV; AEap(SeN@Cget) = 106 +

drals are very different. There is a pronounced in-
crease in the binding energy upon introduction of
the La atom into the cage and a further increase
upon the introduction of Th.

. The G binding energy of empty £ is slightly

higher than that of ™.
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15 are highly unstable kineticallj39]. Our present re-
sults based on the kinetic energy release measurements
demonstrate that the bnd Ds,, cages have been sta-
bilized by the SgN and Tp endohedrals to the empty

12 r Cso (Dz) level.

1"r Shinoharg23] reviewed recently the chemistry and
physics of endohedral metallofullerenes. He pointed

14

-

18 r

-

10 -

Binding Energy, eV

g T I out [23] that Ggo (In) has only two electrons in the
°r O 1 I + four-fold degenerate highest occupied molecular or-
sr . , ) ) l bital (HOMO) level and can accommodate six more

C, La@C, Tb@C, C, Ti@Cy,Sc,N@C,, electrons to form the stable closed-shell electronic

s o bing f o state with a large HOMO-LUMO gap. The £t unit
Fig. 8. inding energies in eV for empty fullerenes (open i ;
sygr]nbols)zand end%hedragllfullerenes (filled ssn{bols); squaré&p—c donateei SIX elgiCtronS t.o th%@(lh) Ca.ge forming
and its metallofullenes; circles—sg and its metallofullerenes. (S%N) @GCgo". The situation regard'ng 1@ Ceo
is less clear-cut. Its electronic structure has been
discussed?21]. Electronic energy loss spectroscopy
4.4. The relative stahilities of Cgg, Cg2, and their (EELS) has demonstrated that the valence state of tita-
endohedrals nium within Tio@GCgp is slightly lower thant+2 [21],
in other words that the total number of transferred
It has been pointed ouB9] that nature prefers electrons is four (or a bit less than four), suggesting
to generate metallofullerenes with chemically reac- Ti>**@GCgo*~. Theoretical calculations using a bond
tive fullerene isomers. Accepting one or more elec- resonance energy (BRE) model shows the electronic
trons from the encapsulated metal atoms stabilizes structure of Ti@GCgo (Dsh, the major isomer in this
these fullerene isomers. Indeed, the isolable metallo- study) is (Ti"),@Cgo?>~ and there may be some co-
fullerenes studied here employ unstable isomerspf C  valent interaction between Jand the G (In) cage
and Gz as carbon cages. For thgdJullerene, there [39]. This means that the evidence is not in favor of
are seven distinct isomers that satisfy the isolated pen-donation of six electrons to theggcage in this case.
tagon rule[40]. The two most stable isomers that are  The relative stability of negatively charged cages is
of nearly equal stability have Dand D;q symmetries, of great help as an index for predicting the most fa-
the first being the major isomer and the second the vorable carbon caggl2]. The G fullerene has nine
minor one. These are the isomers that have been iso-isomers that satisfy the isolated pentagon rule but
lated by Kappes and coworkgel] and by Shinohara  only the most stable one with,Gymmetry has been
and coworker$20], respectively, and characterized by produced. A three-electron transfer from La to the
UV-Vis NIR and 13C NMR spectroscopy. We have Cg, cage forming L&*@GCg®~ markedly changes
employed, in this study, a sample of the Bomer. the relative stability of the isomefd2] and two iso-
The metallofullerenes stabilize theisomer thatisthe ~ mers with G, and G symmetry, respectively, have
least stable one among all the empgyGomers. This been isolated43—-45] Whereas neutral La@g has
is the structure adopted by $H¢@Cgp [24]. Two iso- an open-shell structure and is paramagnetic, most
mers of Tp@ Cgo have been produced, withspand h neutral Go endohedral fullerenes are closed-shell
symmetries, respective[R1], but they have not been species. TH@Cgo has been termed ‘an exceptional
separated. We have employed a mixture in which the metallofullerene’ [39]. Because of the non-closed
Dsh isomer is dominant (75-80%) as opposed to the shell structure for theylisomer of Th@ Cgo its stabil-
I isomer (20—25%). These kinetically stable metallo- ity is much less than that of thespisomer. Further
fullerenes are made from empty fullerene cages that studies are needed in order to decide whether these
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differences affect the relative stabilities of the corre-
sponding singly charged positive ions.

Most importantly from our point of view, is the fact
that La@G and La@Cgp have been isolatefP3]
but La@Gp is unstable and has not yet been isolated.
On the other hand, in addition to $¢@ Cgg being a
very stable and isolable endohedral fullerene, the com-
pound SeN@C;s has also been isolated and charac-
terized[46]. We assume that the relative stability of

these endohedral fullerenes does not change dramati-

cally upon ionization and formation of the correspond-
ing singly charged positive ions. As a result, reaction
(11), the G elimination from SgN@GCgo™, produces

a rather stable product ion, $¢@C;g™ whose neu-
tral counterpart has been isolated. This is in line with
the relatively low binding energy of Sh@Cgo™ that

is comparable to that of the empty caggCion. Fur-
thermore, the very high binding energy of La@¢€
deduced for reaction (13) is in line with the instability
of La@Ggo™ as judged on the basis of the instability
of its neutral counterpart. TheoMinding energies of

189

using the method of kinetic energy releases described
here. He has found Eyap(Cgot) = 9.38+ 0.07 eV
andAEvap(C32+) = 8.584+0.03 eV in excellent agree-
ment with our data and with considerably lower error
bars.
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studies[17,41,47] have shown that & is less sta-
ble than either &g or Cgo. We find that the &€ bind-

ing energy of @" is AEyap(Cgo™) = 8.5+ 0.4eV.
This value is equal to the one obtained fofg€ by
Tomita et al.[16]. However, the value we obtain for
Cgo™ is higher than the other twa) Eyap(Cgo™) =

9.4 + 0.7eV. Our present data seem to indicate that
contrary to previous beliefs, based partly osp Geing

a “missing” fullereng41] and very difficult to isolate,

it is not less stable than its neighbors but rather more
stable. If this is indeed the case, it could be the result
of ionizing directly the most stable neutrakdiso-
mer rather than obtaining theg&™ ion from consec-
utive dissociations of higher fullerenes. The reaction
cascade leading by consecutive €limination could
conceivably form an isomer that is less stable than the
one formed by us when ionizing the;llsomer. T.D.
Mark (personal communication, September 2002) is
now in the process of re-measuring thglfihding en-
ergies of the fullerene cations for a wide range of sizes
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