JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Nanoscale Fullerene Compression of an Yttrium Carbide Cluster
Jianyuan Zhang, Tim Fuhrer,’ Wuéun Fu,’ Jiechao Ge, Daniel W. Bearden,i Jerry Dallas,

James Duchamp, Kenneth Walker,
and Harry C. Dorn* ™|

Hunter Champlon, Hugo Azurmendl, Kim Harlch

"Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24060, United States

*National Institute of Standards and Technology, Analytical Chemistry Division, Hollings Marine Laboratory, Charleston, South

Carolina 29412, United States

$Luna Innovations, Inc. (nanoWorks Division), 521 Bridge Street, Danville, Virginia 24541, United States
”Virginia Tech Carilion Research Institute, Roanoke, Virginia 24016, United States

© Supporting Information

ABSTRACT: The nanoscale parameters of metal clusters and
lattices have a crucial influence on the macroscopic properties
of materials. Herein, we provide a detailed study on the size
and shape of isolated yttrium carbide clusters in different
fullerene cages. A family of diyttrium endohedral metal-
lofullerenes with the general formula of Y,C,, (n = 40—59) are
reported. The high field *C nuclear magnetic resonance
(NMR) and density functional theory (DFT) methods are
employed to examine this yttrium carbide cluster in certain
family members, Y,C,@Ds(450)-Ci00, Y,C,@D;(85)-Cy,
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Y,C,@Css Y,Co@C;,(8)-Csy, and Y,C,@C,(6)-Cg,. The results of this study suggest that decreasing the size of a fullerene
cage with the same (Y,C,)*" cluster results in nanoscale fullerene compression (NFC) from a nearly linear stretched geometry to
a constrained “butterfly” structure. The '*C NMR chemical shift and scalar 'Jyc coupling parameters provide a very sensitive
measure of this NFC effect for the (Y,C,)*" cluster. The crystal structural parameters of a previously reported metal carbide,
Y,C; are directly compared to the (Y,C,)*" cluster in the current metallofullerene study.

B INTRODUCTION

Isolation of metal clusters from adjacent lattice units frees them
from their usual intramolecular interactions, and provides a
paradigm of understanding their size and shape within
constrained models. A recent seminal example of this approach
is the encapsulation of a single water molecule in the fullerene
Cgo which isolates it from other water molecules preventing
intramolecular hydrogen bonding.1 For metal clusters, fullerene
carbon cages also provide ideal environments for the isolation
purpose to study the size and shape of metal lattice and other
important structural nanoscale parameters thereby tuning their
physical properties.

Our hypothesis is that decreasing the fullerene cage size of
endohedral metallofullerenes (EMFs) will dramatically change
the size and shape of the encapsulated metal clusters.
Furthermore, nanoscale fullerene compression (NFC) of the
metal clusters by decreasing fullerene cage size can be directly
compared with macroscopic pressure compression (MPC) of
the same metal carbide lattice of yttrium carbides. Herein, we
present a detailed structural investigation of the yttrium carbide
clusters in progressing from large (~C,o) to smaller fullerene
cages (Cg,). The results learned from the isolated model can be
related to the metal lattice in other systems, for example, in
superconducting metal carbide systems.* We also compare
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crystal structural parameters of a previously reported metal
carbide, Y,C; to the (Y,C,)* cluster in the current metal-
lofullerene study illustrating the influence of nanoscale FC
when compared with the effects of macroscopic external
pressure compression.z’3 In the Y,C; superconducting system,
the superconducting transition temperature (T.) of Y,C, is
strongly dependent on the external pressure.*

To date, the metal clusters encapsulated in the fullerene
cages have included: metal atoms,”™” metal clusters,"”"* metal
nitride clusters'>'® and metal carbide clusters.'” "> The
encapsulated metal carbide clusters reported to date have
fullerene cages ranging from Cgs to Cgy, but the attempts to
detect the "*C chemical shifts of the endohedral carbide cluster
were not successful until Nagase et al. utilized isotopically
enriched '*C samples.”® Single crystal structures of Gd,C,@
Cy,”* and two S¢,C,@Cy, isomers”®*” have been studied, and a
very recent X-ray crystal study of Sc,C,@C,, (n = 40—42)
shows the change in carbon cage size can result in different
carbide cluster shapes.”® For a clear understanding of the
structural changes of the metal carbide clusters as a function of
cage size, we have performed a detailed "*C NMR study of the
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yttrium—carbide dimetallofullerenes, Y,C,@D;-Cy,, *C en-
riched Y,C,@C;,-Cg,, and Y,C,@C,-Cg,'® as well as an isomer
of Y,C,@Cy, For the first time, we have observed the
important scalar 'Jy_c coupling for all samples. In addition, the
experimental results are supported by DFT calculations of the
(Y,C,)* cluster in various environments, including the cluster
(Y,C)*, Y,C,@Ds-Ciop Y2C,@D5-Coy, and Y,C,@C;,-C,.
A previous DFT computational study of the Y,C, neutral
molecular cluster supports a stable linear structural arrange-
ment as illustrated (Figure 1la), although a square planar
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Figure 1. Nanoscale fullerene compression of yttrium carbide clusters.
(a) Y,C,** cluster without a cage; (b) linear Y,C,* cluster inside a
large fullerene cage; (c) Y,C,* cluster with carbide bond vector
orthogonal to the yttrium—yttrium vector in a compressed fullerene
cage; (d) Y,C,* cluster with carbide bond vector orthogonal to and
deviated from yttrium—yttrium vector; (e) mass spectrometry showing
a family of endohedral metallofullerenes with formula Y,C,,.

structure is only slightly less stable.”® For the charged (Y,C,)**
cluster, the DFT results of our current study also suggest a
stable linear structure stable linear structure (Figure 1b).
However, the study on metallofullerenes encapsulating other
metals (Gd and Sc) also established that the (M,C,)* metal-
carbide clusters inside mid-sized fullerene cages can have the
carbide bond vector orthogonal to the metal-metal bond
adopting an “idealized butterfly shape” (as in Gd,C,@Cs,,
Figure 1c).”> An additional increase in the compression of the
(M,C,)* cluster by a small cage leads to a butterfly shape in
which the carbide is orthogonal to but displaced from the
metal—metal bond axis (as in Sc,C,@Cg,, Figure 1d).”° We
propose that this structural difference is due to the cage size
rather than the metal, and a certain encapsulated (M,C,)*
cluster in a progressively smaller cage changes the most stable
cluster conformation from a linear to butterfly shape.

The endohedral metallofullerene (EMF) synthesis was
accomplished by arcing the Y,O; filled graphite rods in helium.
A family of EMFs with the formula Y,C,, (n = 40—59) was
obtained that dominated the mass spectrum after selective
removal of empty caged fullerenes (Figure le).”’ Although
some of the peaks in Figure le could result from classic
dimetallic EMFs Y,@C,,, we have isolated four yttrium carbide
members of this family, Y,C,@C;,-Cg,, Y,C,@C-Cygy, Y,C,@
Cygy and the larger cage Y,C,@D;-Cy, for our experimental
study.
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B EXPERIMENTAL SECTION

Synthesis and Isolation of Y,C,@D;-Cq,. Y,C,@D;-Co, was
synthesized in a Kritschmer-Huffman generator by vaporizing
composite graphite carbon rods filled with a mixture of Y,Oj3, graphite
powder, and metallic Cu with a weight ratio of 1.1/1.0/2.1 in a
dynamic flow of He and N, (flow rate ratio of N,/He = 3/100). The
produced soot was then extracted with refluxing toluene in a Soxhlet
extractor and soluble extract was applied to a cyclopentadiene-
functionalized Merrifield peptide resin column. The eluent from the
column was separated by multistage HPLC. The purity of Y,C,@C,
was confirmed by HPLC chromatogram, laser-desorption time-of-light
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Figure 2. (a) HPLC chromatography of Y,C,@D;-Cy, (a 10 X 250
mm SPYE column; 4 = 390 nm; flow rate 2.0 mL/min; toluene as
eluent; 25 °C); (b) LD-TOF mass spectrum of Y,C,@D5-Cy, with
positive ionization.

(LD-TOF MS) mass spectrometry (Figure 2) and UV—vis spectral
characterization (Supporting Information Figure S1) and cyclic
voltammetry (Supporting Information Figure S6) were also
performed. A Raman spectroscopic study of this sample describing
tunneling of the carbide has been reported.*®

Synthesis and Isolation of Y,C,@GC;,-Cg,, Y,C,@C-Cg,, and
Y,C,@Cgy. The 3C labeled yttrium carbide EMFs were produced in a
similar process with Kritschmer-Huffman generator, with one graphite
electrode filled with Y,0; and *C labeled amorphous carbon powder
(99% Cambridge Isotopes). The mass ratio between "*C packed
amorphous carbon powder and the graphite rod wall was 1/3. After
solvent extraction, the soluble portion of the soot was applied to a
modified “stir and filter approach” with cyclopentadiene-functionalized
silica (instead of amino-functionalized silica) to remove the majority of
the empty-cage fullerenes while maintaining a significant portion of the
yttrium carbide EMFs.*® The resulting solution was loaded onto a S-
PBB column for chromatographic separation. The Y,C,@C.-Cg, and
Y,C,@C;,-Cg, were co-eluted with the Y;N@Cg, and the Y,C,@Cq,
was co-eluted with Y;N@Cg,. With further multistage isolation on a 5-
PYE HPLC column, the Y,C,@C;,-Cqg,, Y,C,@C,-Cg,, and Y,C,@Cg,
were obtained and the corresponding chromatograms of the purified
products are shown in Figure 3a,ce. These EMFs are also
characterized by LD-TOF mass-spectrometry (Figure 3b,df) and
UV—vis spectrum (see Supporting Information). To ensure the
accuracy of the molecular mass of the *C enriched peaks in the mass
spectra, the well-characterized EMF Sc;N@Cg, (m/z = 1109) was
used as an internal mass calibrator in Y,C,@C,-Cg,, as shown in Figure
3d. The molecular peak in the mass spectrum is broadened and shifted
to higher mass by 7—8 mass units (1193 rather than 1186 for Y,Cg,
and 1218 instead of 1210 for Y,Cg), suggesting a ~9% '*C
enrichment.

13C NMR Sample Preparation and Spectroscopy. EMF
samples were dissolved in 90% CS,/10% CD;COCD; and
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Figure 3. (a) HPLC chromatogram of Y,C,@C;,-Cg, (a 10 X 250 mm SPYE column; 4 = 390 nm; flow rate 2.0 mL/min; toluene as eluent; 25 °C).
(b) LD-TOF mass spectra of "*C enriched Y,C,@C;,-Cg, with positive ionization. The two smaller peaks are M-24 and M-48, respectively, resulted
from the loss of C, units in the ionization process. (c) HPLC chromatogram of Y,C,@C,-Cs,. (d) LD-TOF mass spectra of **C enriched Y,C,@C,,-
Cg, with positive ionization. Sc;N@Cg, (m/z = 1109) is an internal standard calibrator. (e) HPLC chromatogram of Y,C,@Cg,. (f) LD-TOF mass
spectra of "*C enriched Y,C,@Cg, with positive ionization. The smaller peak is M-24 resulted from the loss of a C, unit.

approximately 8—10 mg of Cr(acac), was added as a relaxation agent.
The *C NMR spectra were obtained utilizing a Bruker 800 MHz
(Hollings Marine Laboratory facility) at 298 K with 4 s delay time
between pulses. Because of very limited sample quantity of 0.1—1 mg,
each spectrum required 2—5 days scan time for the spectra presented.

Computational Studies. Density functional theory (DFT)
computations were performed using the Gaussian 03 program package
as described in the SL Briefly, all of the molecules were geometry
optimized at the UB3LYP level with a DZVP basis set for yttrium
atoms and a 6-31G* basis set for carbon and nitrogen atoms. The
energy-minimized values and the same level of theory were used to
calculate all of the *C NMR chemical shifts.*"

B RESULTS

*C NMR Studies of Y,C,@D5(85)-Cyy, Y,C,@Cs,-Cgy,
Y,C,@C,-Cgy, and Y,C,@Cgye The 200 MHz C NMR
spectrum of Y,C,@C,, (Figure 4a, aromatic region expanded in
Supporting Information Figure SS) shows a series of 15 distinct
lines between 6 = 128 and 152 ppm. There are 1 double
intensity, 13 full intensity, and 1 one-third intensity signals,
indicating a 15 X 6, 1 X 2 (number of NMR lines X relative
intensity) pattern which is consistent with the Cy, cage with D;
symmetry of Y,C,@D5(85)-Cq,, an analogue to the previously
reported Gd,C,@D5(85)-Cy, structure.”” The DFT computa-
tional *C NMR chemical shift range, 129.47—153.1S ppm, is
also in good agreement with the range of the experimental
spectrum, 128.97—151.69 ppm. One deshielded triplet signal
was detected at a chemical shift of § = 227.3 ppm which
originates from the carbide in Y,C,@D5(85)-Cq,. Of special
interest is the observed sharp triplet (1:2:1 pattern) signals
which is consistent with an yttrium—carbide scalar coupling
(*Jyc = 22.4 Hz) between a carbide atom and two chemically
equivalent yttrium atoms. To our best knowledge, this is the
first observation of a resolved scalar coupling between
encapsulated cluster atoms within an EMF cage. The "C
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NMR spectrum of Y,C,@C;,-Cg, exhibits 17 signals in the
aromatic region (Figure 4c, expanded in Supporting
Information Figure S6) and also one highly deshielded signal.
The 17 lines consist of 11 full intensity lines (6 carbons), S half
intensity lines (3 carbons), and 1 one-sixth intensity line (1
carbon), confirming the C,, symmetry of the cage.'® With 3C
isotopic labeling, the *C NMR deshielded triplet signal was
observed at a chemical shift of 6 = 257.0 ppm confirming that
this signal originates from the carbide in Y,C,@Cs;,-Cg,. This
shift is only slightly more deshielded than those reported for
Sc,C,@C;,-Cg, (8 = 253.2 ppm) and Sc,C,@D,;Cg, (5 =
249.0 ppm) with similar fullerene cages.”® In similar fashion to
Y,C,@D;-Cy,, a sharp triplet (1:2:1 pattern) signal is observed.
Of particular interest, the Jy_¢ coupling of the cluster in Y,C,@
C;,-Cq, is 17.2 Hz, which is reduced from the 22.4 Hz of
Y,C,@C;,-Cy,, suggesting a more compressed cluster con-
formation of the former yttrium carbide EMF in a smaller cage.
The *C NMR spectrum of Y,C,@C.-Cg, shows 44 lines in the
aromatic region (expanded as Supporting Information Figure
S7), which confirms the identity of the molecule in comparison
with previously reported results,"® and one deshielded signal
with a chemical shift of 256.2 ppm. The carbide signal shows
the same 1:2:1 pattern resulting from the coupling between %Y
and BC of the cluster (Figure 4f), with Jy_c coupling of 17.0
Hz. It is important to note that despite the major differences
between the cage symmetry of the C-Cg, and C;,-Cg, cages, the
carbide signals from the (Y,C,)*" clusters have almost identical
chemical shifts and Jy_¢ coupling constants (Figure 4d,f). This
suggests a very similar electronic environment of the (Y,C,)*
cluster in these Cg, cages with very different symmetries. The
BC NMR spectrum of Y,C,@Cg, also shows a highly
deshielded carbide signal with the coupling between *Y and
BC resulting in a 1:2:1 pattern (Figure 4h). The chemical shift
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Figure 4. (a) The 200 MHz *C NMR spectrum of Y,C,@D;-Cyy; (b) expanded region of panel a from 225.8 to 228.6 ppm showing the signal from
the endohedral cluster; (c) 200 MHz *C NMR spectrum of Y,C,@Cs,-Cy,; (d) expanded region of panel ¢ from 255.4 to 258.6 ppm showing the
signal from the endohedral cluster; (e) 200 MHz '*C NMR spectrum of Y,C,@C-Cgy; (f) expanded region of panle e from 255.1 to 257.9 ppm
showing the signal from the endohedral cluster; (g) 200 MHz *C NMR spectrum of Y,C,@Cgy The tall peaks in the aromatic region are the result
of residual solvents (toluene and o-xylene). (h) Expanded region of panel g from 246.4 to 249.2 ppm showing the signal from the endohedral cluster.

of this signal is 247.8 ppm, which is slightly more shielded than
the signals in both Y,C,@Cs, isomers (256—257 ppm) and
much more deshielded than the carbide signal in Y,C,@C,,
(227.3 ppm). In addition, the triplet 1:2:1 pattern is
significantly broader in this case and could even possibly
suggest a slight inequivalence of the two Y atoms. The Jy_c
coupling of the signal is estimated at ~17.8 Hz, which is higher
than those of both Y,C,@Cg, isomers but lower than that of
the Y,C,@Cg,. The poor signal-to-noise ratio in the aromatic
region makes it difficult to assign the symmetry of this Cy, cage.
However, we can estimate at least ~70 separate spectral lines in
the aromatic region (expanded as Supporting Information
Figure S8). In addition, other lines could overlap the toluene
solvent impurities in this spectrum. Moreover, the two
relatively deshielded peaks at 161.7 and 160.6 ppm are
characteristic of fused pentalene carbons,® suggesting this
Cg4 cage is most likely an isolated pentagon rule (IPR)-violating
cage. Future additional studies will be necessary to identify the
actual symmetry of this Cg, cage.

Computational Studies of the (Y,C,)*" Cluster. As
indicated above, DFT computational studies for the neutral
Y,C, molecular cluster support a stable linear structure as
illustrated (upper Figure la).”® However, encapsulation of the
yttrium carbide cluster involves a charged cluster with transfer
of electrons to the fullerene cage. For the charged (Y,C,)*"
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cluster, DFT results also predict a linear structure stable when
not encapsulated in a fullerene cage. The DFT computational
results predict a carbide "*C NMR chemical shift of 150 ppm
and a scalar coupling of 'Jyc = 55.5 Hz. These values compare
favorably with the experimental values reported for the
organometallic compound (Cp),YC=CPh-OEt, (147 ppm
and 70.9 Hz) and other similar systems where the yttrium atom
is also collinear with the carbide moiety (YC=C).*>

DFT Computational Studies of Y,C,@Ds (450)-C,qq,
Y,C,@D;(85)-Cy,, and Y,C,@C;,(8)-Cg;. On the basis of
the optimized geometry of the (Y,C,)*", large cages should lead
to linear clusters as found above for simpler yttrium carbides.
To test this hypothesis, we carried out DFT computations on
(Y,C,)* cluster encapsulated in a Ds(450)-Cq cage (Y,C,@
D;(450)-Cg). The D4(450)-Cyo cage can be viewed as an
icosahedral Cgy cage cut in half and a nanotube segment
(hexagonal carbons) consisting of 20 carbons added in the
middle and it was chosen due to its good stability found in
other fullerene and metallofullerene studies.”” The DFT
computational study leads to the optimized stable structure
illustrated in Figure Sa. The Y atoms in this structure are not
exactly linear with the carbide C, vector, but are only slightly
displaced from the predicted linear YC=CY structure (Y—C—
C angle is 22°). In addition, the computed carbide *C NMR
chemical shift of 142.0 ppm and the scalar coupling of 'Jyc =
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Y,C,@C:.(8)-Ca

Figure S. simulated structure of (a) optimized Y,C,@D;(8)-Cq; (b)
optimized Y,C,@D;(85)-Cyy; (c) transition state of Y,C,@D;(85)-
Cyy; (d) optimized Y,C,@C;,(450)-C g0

57.1 Hz are in good agreement with the prediction for the
linear (Y,C,)*" cluster (vide supra). Although Y,C, clusters
have not been experimentally studied in cages greater that C,,
the current computational study predicts linear Y,C, cluster
structures are feasible if the fullerene cage is a relatively large
cage of at least 100 carbons or has an unusual shape.

The DFT calculations for Y,C,@D;(85)-C,, suggest an
optimized stable structure where the two yttrium atoms are
slightly displaced from the C; symmetry axis and the carbide
vector is nearly orthogonal, but with inequivalent distances of
each carbide atom to each yttrium atom (Figure Sb). The
transition state (TS) structure of Y,C,@D;(85)-C, exhibits an
“idealized butterfly shape”, where the C, carbide unit is
perpendicular to a line between the two metal atoms (Figure
Sc). The energy difference between the most stable structure
and this butterfly structure is only ~12 kJ/mol, which is
consistent with the observed '*C NMR sharp triplet (1:2:1
pattern) for a small (Y,C,)*" cluster rotational barrier between
these two states suggesting rapid motional averaging on the
NMR time scale of the carbide atoms about the overall C; axis
(Figures Sb and 6a). However, the total electron surface map
(Figure 6b) defines a belt motif reflecting a significant repulsive
interaction with the rotational carbide (C,)™* at the 3-fold
symmetry 6,6,5 junction site of the two pentagons in this belt
motif. This suggests rapid carousel rotational motion of the
encapsulated C, carbide unit about the overall C; axis of the
Y,C,@D;(85)-Cy, molecule at ambient temperatures.

In the optimized structure of Y,C,@Cs,(8)-Cs, (Figure 5d),
with two yttrium atoms lying along the C; axis, the carbide
bond is orthogonal to and considerably displaced from the C;

axis to form a “butterfly”, or bent geometry which is suggested
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Figure 6. Cluster motion study with DFT computation. (a) Relative
energy of different states of the molecule with rotating (Y,C,)*
cluster. The energy values are referenced to the most stable structure.
(b) Computated total electron density map of Y,C,@D;(85)-Cy,
defining a belt motif with a repulsive interaction between the 5,6,6
junction sites on the cage (blue) and the encapsulated carbide.

by inde3pendent computational study of M,C,@C;,(8)-Cs,
system>> and experimental study of Y,C,@Cs,(8)-Cg,.>*

B SUMMARY AND DISCUSSION

The experimental and computational results are summarized in
Figure 7. It is clear that the (Y,C,)*" cluster prefers a linear
configuration in the absence of a fullerene cage. However, even
in relatively large cages like C,y, the cluster adopts a cage only
slightly distorted from a linear configuration. For an
intermediate cage size, Y,C,@D5-Cy,, the cluster is compressed
to make the carbide bond nearly orthogonal to the yttrium
bond vector and with only a slightly less stable transition state
having an “idealized butterfly” shaped cluster. For a small cage
as in the Y,C,@C;,-Cg, system, even greater compression is
present and the (Y,C,)*" cluster adopts a definitive butterfly
shape.

It is also clear that the *C NMR chemical shift and scalar
"Jyc coupling parameters provide a very sensitive probe of the
degree of NF compression of (Y,C,)*" cluster, as illustrated in
the right two columns in Figure 7. The *C NMR results for the
carbide signal exhibits a significant deshielding, which increases
even more upon NF compression, as the chemical shift
increases by over 100 ppm from about 150 ppm for the
stretched (nearly linear) clusters (no cage or in Ds-Cyop) to
over 250 ppm for the compressed clusters (C,,-Cg, and C,-Cg,).
At the same time, the scalar 'Jyc decreases upon NF
compression from over 50 Hz for the nearly linear clusters to
about 17 Hz found in the compressed clusters in smaller cages
(C3,-Csy and C-Cyy).

In addition, it is interesting to note that the cage symmetry
does not play a decisive role in determining the shape of the
cluster structure. For example, Y,C,@C;,-Cg, represents a high-
symmetry case with only 17 NMR signals for 82 aromatic
carbon atoms, while Y,C,@C.-Cg, represents the low-symmetry
case with 44 NMR signals for the 82 aromatic carbon atoms.
Despite these major differences in cage symmetry (Cs, versus
C,), they have very similar chemical shifts (257.0 ppm vs 256.2
ppm) and 'Jyc couplings (17.2 ppm vs 17.0 ppm) for the
yttrium carbide clusters. Also, the Y,C,@Cg, shows a carbide
signal with 247.8 ppm chemical shift and 'Jy¢ = 18.0 Hz which
both agree with the NF compression trend very well, indicating
the unique pentalene motif only has a limited influence on the
cluster structure and NMR parameters. These results suggest
that cage symmetry for a given cage size (Cy,) plays only a
minor role in influencing the *C NMR spectral parameters and
corresponding shape of the (Y,C,)*" cluster. In summary, the
more important factor in dictating the structure of the

dx.doi.org/10.1021/ja300134x | J. Am. Chem. Soc. 2012, 134, 8487—-8493
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Molecule Optimized cluster | Average atomic distance C; BC NMR chemieal 1Jy.c (Hz)
structure in the cluster shift (ppm)
Y-C/Y-Y/C-C(A)
(Y2C)* ¢-06-¢ 2.92/5.83/1.27 147+ (150) 70.9* (55.5)
Y;C:@Ds-Cro *o 2.89/5.51/1.26 (156) (7.1)
v v
V.0@D:Cn | g 2.53/4.92/1.27 2273(229) 22.4(22.5%%)
L
LY
(opt)
Y,C:@D;-Css © 2.48/4.81/1.27 (288) (21.6)
L &€
(I8)
Y,C@Cyy == s 247.8 17.8
Y:C:@C3-Ca oo e 2.43/3.74/1.27 257.0(288) 17.2(18.3)
Y.C,@C-Cyy . o 256.2 17.0
Numbers in parentheses are computational results.
* These values represent the experimental result of (Cp),YC=CPheOEt,
**This number represents average value of the scalar coupling constants
between Y atom and carbon 1 (40.6 Hz) and carbon 2 (4.4 Hz)
Figure 7. Key results from NMR experiments and DFT calculations.
encapsulated (Y,C,)*" cluster is the carbon cage size. However, oo 2 rorenec o0 P R
it is possible that for mgmﬁcantly larger EMFs the cage = ! AR , — S —
structure may play a more important role. - \ § e
Also summarized in Figure 7, the atomic distances within the 3 o ™™
(Y,C,)* cluster provided by DFT computation suggests that S x
the cluster atoms are forced closer with increasing compression, 'E-f- & “.. g v
as indicated by the decrease of both Y—C distance (average of z Ty % < N
Y—C1 and Y—C2) and Y-Y distance. It should be noted that e e & B i " E
the C—C distance remains almost unchanged within the bond c ) ) i )
length uncertainty limits. It is also interesting to note that the ‘z_m WiTNCE N Compe] - § MECRGRTISe T
alteration in cluster atomic distances under NF compression 2 N ¥ 5 )
exhibits the same trend as the lattice atomic distances for the E 490, “-.h E i ';
yttrium carbide Y,C; system under compression by macro- ; L z %
scopic pressure (MP),” as shown in Figure 8. In both systems, 250 # 340 \
the Y-C and Y-Y distances decrease with increasing | TR | s <
compression, either from smaller fullerene cage or a higher 240 3.36
0 510 50 0 s

external pressure. Moreover, the C—C distances remain nearly
constant in both cases. Qualitatively, decreasing cage size by
~18 carbons within the investigated region (~Cg,—C,4) in NF
compression is nearly equivalent to increasing the external
pressure from 0 to 50 GPa in MP compression based on the
changes in Y—C interatomic distance. The Y—C distance under
the upper limit of pressure ~50 GPa is also reflective of the
experimental limit to date for the smallest cages (~Cg, see
Figure le) that can potentially be isolated. It is worth
mentioning that such contraction upon MP compression is
not limited to the yttrium carbide (Y,Cs), but has also been
studies in lanthanum carbide systems as well.*®

B CONCLUSION

In this paper, we have synthesized, purified, and characterized
from a diyttrium metallofullerene family, four yttrium carbide
endohedral metallofullerenes (EMFs), Y,C,@D;(85)-Cq,,
Y,C,@C;,-Cqy, Y,C,@C,-Cq,, and Y,C,@Cgy. We have
investigated the (Y,C,)* cluster structural features in this
EMF family by *C NMR and DFT computational approaches.
With the chemical shift and first-time observation of metal-
carbide 'Jy¢ coupling of the (Y,C,)*" cluster, we have probed
the structural change of the endohedral clusters under the

8492

10 50
External Pressure (GPa) External Pressure (GPa)

Figure 8. The change of interatomic distances upon on compression.
Red lines and points denote the data obtained from NFC (data source
Figure 7, C,, represents the calculated interatomic distances for
[Y,C,]* cluster), and blue lines and points denote the data obtained
from MPC (data source ref 3 and transferred as in Figure S13 in
Supporting Information). Y—C distances are average values of
corresponding Y—C1, Y—C2, and Y—C3 distance in the lattice. Y=Y
distances are average values of corresponding Y—Y1 and Y-Y2
distance in the lattice). (a) Y—C distances in fullerene cages; (b) Y-Y
distances in fullerene cages; (c) Y—C distances in superconducting
materials; (d) Y=Y distances in superconducting materials.

influence of NF compression. The '*C NMR chemical shift and
scalar 'Jy¢ coupling parameters provide a very sensitive measure
of the structural changes of the (Y,C,)*" cluster with respect to
changes in the size of the carbon cage (Cg,—Cjoo). In contrast
with changes in the size of the cage, the results suggest only a
minor role for changes in cage symmetry for a given cage size
(Cg,) as reflected by influences on the '*C NMR spectral
parameters. These results confirm the hypothesis that influence
of nanoscale fullerene compression (NFC) on interatomic
distances on yttrium carbide clusters is consistent with the
influence of macroscopic pressure compression (MPC). With

dx.doi.org/10.1021/ja300134x | J. Am. Chem. Soc. 2012, 134, 8487—-8493
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the support of DFT calculation results, one can conclude that
upon NFC the cluster changed from a stretched linear shape to
a compressed “butterfly shape”, with increasing chemical shift
values, decreasing 'Jy_¢ coupling constants and decreasing Y—
C interatomic distances found for the clusters. The crystal
structural parameters of a previously reported metal carbide
Y,C; are directly compared to the (Y,C,)*" cluster in the
current metallofullerene study illustrating the influence of
nanoscale FC when compared with the effects of macroscopic
PC. In the future, the possibility of using EMFs as isolated ideal
model clusters to mimic other metal lattice clusters under
ultrahigh pressure could be important in metal carbide
materials research.

B ASSOCIATED CONTENT

© Supporting Information

Detailed computational methods, UV—vis spectra of the four
isolated yttrium carbide EMFs, expanded aromatic region of the
4 NMR spectra, simulated *C NMR aromatic regions, cyclic
voltammetry of Y,C,@D;-Cy,, interatomic distance table in
Y,C,; lattice from ref 3, coordinates of optimized structures and
TS structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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