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Abstract. Raman spectra are presented for the single bonded dimeric fullerene (Cg,)2 and compared to op-
tical spectra and Raman spectra of the isostructural and isoelectronic heterofullerene (C59N)s2. The spectra
of both materials exhibit strong correlations with respect to splitting, line position, and line intensity. This
holds for non resonant excitation with blue and green lasers as well as for the strong resonances observed
with red lasers. The latter observation is consistent with a downshift for the electronic transition energies
as compared to Ceg. The absorption edge of thin films of (C59N)2 was found at 1.4 eV. The three intercage
modes were observed at 82, 103, and 111, and at 88, 98, and 106 cm ™! for (CseN)2 and (Cgy )2, respectively.
A surprising difference was found for the position of the pentagonal pinch modes in the two materials as
they were observed at 1461 and at 1451 cm ™", for (Cs9N)2 and (Cgy )2, respectively. This is interpreted as
a consequence of some characteristic differences in the electronic structure of the two compounds.

PACS. 61.46.4+w Clusters, nanoparticles, and nanocrystalline materials — 63.20.Dj Phonon states and

bands, normal modes, and phonon dispersion — 78.30.-j Infrared and Raman spectra

1 Introduction

In the second generation of fullerene research, polymeric
structures of the carbon cages on the one hand and special
techniques for doping on the other hand have attracted
particular attention. One-dimensional, two-dimensional
and even three-dimensional polymeric configurations have
been prepared in a reasonably large variety. Unfortunately
the degree of polymerization is rather uncontrolled except
for the lowest possible oligomeric structures where only
two monomers are covalently connected. This paper will
focus on such dimeric and doped phases.

Classically the doping of fullerenes can proceed by in-
tercalation of strong donors, such as alkali metals, into
the structure of the fullerenes. Alternative procedures are
the substitution of carbon atoms on the fullerene cage by
more electron rich atoms such as nitrogen [1] or by insert-
ing electron donors such as transition metals or rare earth
metals into the cage [2]. In the case of doping on the cage
with nitrogen, the resulting compound Cs9N was expected
to be a molecular metal as the extra electron should partly
fill the empty t1, derived band and thus shift the Fermi
level to a position with a finite density of states. How-
ever, both early experimental work and quantum-chemical
calculations demonstrated that CsgN is not stable. It
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rather undergoes a dimerization reaction to (CsgN)a or
a reaction with hydrogen to Cs9oHN [1,3]. Extended
quantum-chemical calculations [5] and photoemission ex-
periments [6,7] proved that in the dimeric structure the
system is nonmetallic with a gap of 1.4 eV. This gap is
about 0.4 eV smaller than the excitonic gap of Cgo. The
connection between the two constituent molecules of the
dimer is established by a single C-C bond in a trans con-
figuration between C’ carbons on the 6, 6 bond next to
the nitrogen in a Cy;, geometry, as shown in Figure 1la.

Alternative to the substitution of one atom on the
cage, doping to a phase with one extra electron was also
found to be possible by alkali intercalation at elevated
temperatures [8]. In this case the intercalated alkali metal
occupies the octahedral lattice site of a fec crystal struc-
ture [9]. However, the material turned out not to be stable
on cooling but rather to undergo a phase transition to an
orthorhombic, polymeric state below about 400 K [10].
The polymer consists of linear chains oriented in the orig-
inal [110] direction and the Cgp molecules are connected
via cyclobutane rings originating from a cyclo addition
process. The monomeric structure can be retained at low
temperature if the material is rapidly quenched to below
100 K [11]. In this case the structure becomes simple cu-
bic with space group Pa3 [12]. Warming up yields succes-
sively a dimeric state, shown in Figure 1b, an ordered
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Fig. 1. Molecular configuration for (CsoN)2 and for (Cgp)e2
as obtained from an AM1 calculation. For both systems the
center of inversion is retained. The symmetry of the molecules
is Cgh.

or disordered monomeric fcc phase, the orthorhombic
polymeric phase, and, finally, above 400 K, again the
high temperature fcc phase. This sequence of struc-
tures was studied with differential scanning calorimetry
(DSC) [13,14], electron spin resonance (ESR) [13] and
by X-ray analysis [12,15]. Evidence for the single bonded
character of the interconnection between the molecule in
the dimeric state came from calculations [16] and from
structural analysis [17].

Under the above outlined circumstances it is of interest
to carry out a comparative study of the two isoelectronic
materials, (Cgy)2 and (CsoN)2. Raman spectroscopy is ex-
pected to be very useful in this case since it probes elec-
tronic structures as well as vibrational properties, includ-
ing symmetry breaking due to distortions of the cage.

The Raman spectrum of the parent material Cgg is
very well understood. The cage has 10 Raman active
modes, two of which are nondegenerate and of symmetry
Ay and eight are fivefold degenerated of symmetry H,.
The most prominent line originates from the pentagonal
pinch mode A,(2) at 1468 cm~! at room temperature.
This line has been widely used to characterize the par-
ticular state of the cage as for example the number of
charges transferred to it from a donor. As a calibration, a
7 cm ™! shift per extra electron is well established, at least
for low values of doping. The A,4(2) mode also responds
to covalent bonding in the form of a down shift. An even
stronger downshift upon charging is known for the mode
H,(8) but splitting of the degeneracy as a consequence of
symmetry breaking often hinders the application of this
mode for the analysis of the charge transfer. The radial
breathing mode A,(1) at 495 cm™! has been also known
to up shift slightly with doping but remains rather stable
otherwise. The H, (1) squashing mode and the H,(2) mode

at 275 and 420 cm ™, respectively, are other well defined
species. Both low frequency H, modes are well known for
their splitting upon symmetry reduction. From the previ-
ous experience with Raman spectroscopy of charged and
polymeric fullerene systems it was necessary to pay par-
ticular attention to the behavior of the pinch mode, to
characteristic lines at 345 cm™! (or lower), at 625 cm™!
and to the intercage modes. A summary of line positions
for the important modes of Cgp in the various phases is
listed in the first 5 columns of Table 1. Frequencies are
given in cm™!.

We reported recently some details about the Raman
spectrum of (Cs9N)z [18]. The spectra exhibited a strong
resemblance to those of Cgy but a strong splitting of the
lines from the degenerate modes was evident. Also, in
some parts of the spectrum the scattering cross section
was dramatically enhanced for red laser excitation. This
allowed to observe explicitly the three intercage modes
around 100 cm~!. Furthermore, the (C59N)2 compound
exhibited an unexpected stability which was demonstrated
to extend beyond 550 K. This is in dramatic discrepancy
to the above described instability of (Cg)2 which was as-
signed to a breaking of the intercage bond already below
room temperature.

Also, some quenching experiments had been carried
out previously in order to observe the vibrational response
of the dimeric Cgg phase [11]. Unfortunately quenching
rates at that time were too low to provide single phase
material. This seriously hindered the analysis of spectra
from the dimers.

In this paper we confirm the characteristic resonance
of the Raman spectra from (Cs9N)y in the deep red, the
response from the intercage modes and the loss of reso-
nance in the IR by exciting the material with several laser
lines in the corresponding energy range. The observed res-
onance is found to be consistent with measurements of the
optical absorption. The absorption correlates on the other
hand well to results reported from electron energy-loss
spectroscopy (EELS) [7]. The development of the vari-
ous phases established by the Cg, ion are followed in de-
tail and the resonance character of the Raman spectra is
demonstrated for this material as well. The splitting of
the degenerated modes was found to decrease with de-
creasing radial character of the modes. The comparison
between the two single bonded dimeric systems revealed a
very strong similarity but the lines were found to be nar-
rower for the (Cgy)2 dimer. A difference between the two
systems was observed for the behavior of the pentagonal
pinch mode which is a clear signature for some differences
in their electronic configuration.

2 Experiments and geometrical analysis

The biazafullerene samples used in this study were pre-
pared by a chemical route as described previously [18].
For the Raman experiments the powdered material was
either loosely pressed into a pellet or drop coated from
CSs on a gold coated silicon wafer and subsequently again
vacuum dried at elevated temperature. Exposition to laser
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Table 1. Some relevant frequencies for fullerene dimers in comparison to Cgo monomers and simple Cgo polymers. Excitation
for the single bonded dimers was with 647.2 or 632.8 nm, lettering for intensities is standard. na: not available, -: phase does not
exist, ip: intermediate monomeric phase, cg: center of gravity. Values for the frequencies of (Cego)2 are from references [19-21].

*at 130 K

Ceo Ceo (Ce0)2  (Cop)2  (Cs9N)2
phase monomer polymer monomer polymer dimer dimer dimer
Hy(1) 271 249 273s® 249 254w 261s 258s

256 259 257m 263w 261w
269 269 267w 270w 267w
276 275 270m 274s 271s
d293 344 344 293s 288s
H,y(2) 432 416 429b* 402 415w 420w
425 412 419w 424m
425m 427s
431 431 429w 435w
434m 437m
d447(Gy (1)) 452 452 447s 448s
Ag(1), 500 K 495 - 495 - - 492
270-300 K 496 489 na 490 489s 493s 493s
150-180 K
80 K 498 491
d513(Fi4(1)) - - - - 515w 513m 516s
d625(Gy(2)) 623vs 625m
Ag(2), 500 K 1465 - 1457 - - - 1458
270-300 K 1468 1459 1458ip 1454cg 1464 1451 1463
150-180 K 1469 1462 1462 1454 1463
80 K 1470 1462 1463
Hy(8) 1574 1563 1551 1530 1574 1560 1567cg
1577 na 1559
intercage
v - 97 - na 96 88 82
Oy - 117 - na 127 98 103
Oz - 173 - na 139 106 111

radiation was always performed in a vacuum better than
10~ Pa. For the measurement of the optical absorption a
thin film of (Cs9N)2 was deposited under UHV conditions
on a single crystal KBr substrate. The deposition process
was performed at rather high temperatures (about 800 K)
for a total evaporation time of only about 30 minutes to
keep the degradation of the material to a minimum. This
procedure has been described previously in detail [6]. Ra-

man spectra for the sublimed films proved to be identical
to the spectra from the drop coated films.

The dimeric phase of Cgg was prepared as a thin film
on a single crystal in the following way:
a) a single crystal of Cgp with dimensions of about 3 x 3 x 2
mm? was heated to 500 K and exposed to Rb vapor in
front of the Raman spectrometer. The doping process

was monitored by observation of the pinch mode line.
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Fig. 2. Low frequency radial and high frequency tangental part
of the Raman spectrum of (Cg,)2 as excited with A = 514.5 nm
before and after quenching.

Overdoping to phase K3Cgg or even KgCgo was occasion-
ally observed but these phases could always be dissolved
by equilibration at slightly higher temperatures. Finally,
even for red laser excitation a spectrum of pure RbCgg
was observed. During the following sample handling and
measurement procedures occasionally a signature of the
pentagonal pinch mode from undoped material appeared.
Such signatures could always be suppressed by running
additional doping-equilibration cycles.

b) The crystal was then rapidly quenched from 500 K
to liquid nitrogen temperature. The specially constructed
cryostat allowed average quenching rates of about 10 K/s
which means 100 K were achieved in about 1 minute.
Raman spectra were used to prove the success of the
quenching experiment. Figure 2 demonstrates that the
high temperature fcc phase was quenched almost com-
pletely to the low temperature monomeric compound.
The three dominating lines seen are the pentagonal
pinch mode (1457/1463 cm~!), the radial breathing
mode (495/497 cm™!), and the Hy(1) squashing mode
(268/272 cm™!). The numbers give the line positions at
high/low temperature, respectively.

¢) The crystal was then slowly warmed up until the
dimeric phase was observed as it will be demonstrated in
detail below. This phase was found to be stable between
160 and 260 K.

d) Finally, the process of warming up was continued un-
til the orthorhombic polymeric phase was obtained just
below room temperature.

To learn about the geometrical configuration of the
two dimers a semi-empirical AM1 calculation from the
MOPAC program was performed with geometry optimiza-
tion. Results for the geometries are depicted in Table 2 and
related to Cgg. The similarity between the two dimers is
evident but intercage bonding appears shorter for (Cg,)2
than that for (C59N)2.

The symmetry analysis of the vibrational modes is
identical for the two compounds and summarized in
Table 3. The 354 vibrational degrees of freedom are dis-
tributed on 91 A, + 86 B, + 87 A, + 90 B, species
where all gerade modes are Raman active and all unger-
ade modes are IR active. In particular the Cgg derived
degenerated modes Hy, G4, and Fy splitt into 24, + 3By,
24, + 2By, and 2A, + By, respectively. Three of the re-
sulting gerade and ungerade modes each correspond to
intercage vibrations which can be determined by reducing
the I, modes of Cgg to the symmetry Coj of the dimers.
As a result we find for both dimers 2 A; + 1 B, Raman
active intercage modes. A similar distribution of modes is
obtained for the IR active modes.

Since the center of inversion is retained for the symme-
try group Cy;, and the number of cage modes is doubled
as compared to Cgp we expect to see all 174 vibrational
degrees of freedom from a Cgg derived cage in the Raman
as well as in the IR spectra of the two dimers.

Raman spectra were excited with different laser ener-
gies extending from the IR (A = 1064 nm) to the blue spec-
tral range and for temperatures between 80 and 500 K.
The spectral resolution was 3.5, 3, and 1.5 cm™! for the
blue, green and red laser, respectively. Analysis and de-
tection of the scattered light was performed with a Dilor
xy spectrometer and with liquid nitrogen cooled CCD de-
tection. Excitation power was limited to less than 0.7 mW
with a line focus of 3 x 0.05 mm?. To reduce the contam-
ination of the spectra with laser plasma lines the laser
beam was purified by a prism monochromator and a line
filter. The IR excitation was performed with a Bruker 66v
Raman system and a Ge detector with enhanced respon-
sivity. The spectral resolution could not be reduced to
below 4 cm~!. With respect to the spectra of (Cs9N)y
extended use is made from the results reported in [18].

3 Results
3.1 The resonance in (CsoN)>

In [18] the pinch mode was found to be downshifted to
1463 cm ™! which is much less than expected for one ex-
tra electron on the cage and the additional covalent bond.
The modes H,(7) and H,(8) from Cgp appear almost un-
changed in shape and slightly downshifted to 1425 and
1567 cm™!, respectively. Relevant line positions as they
will be needed for the comparison to (Cgy)2 are collected
in Table 1, column 8. For the lower H, modes the situation
is very different. H,(3) and Hy(4), originally at 710 and
780 cm~!, appear strongly split and resonance enhanced
in the dimer. At 625 cm™?, a rather strong line appears (at
least for excitation with the red laser) which is typical for
covalent bonding of cages. Another line which turned out
to be crucial for the dimerization is located just above the
A,4(1) mode at 516 cm~!. This line often appears as a pair.
The components of the Hy(2) mode as they are listed in
Column 8 of Table 1 were reassigned as compared to [18].
This reassignment is discussed below.
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Table 2. Geometry parameters for (CsoN)2, (Cgo)2 and Ceo. AMI stands for the semi empirical calculations used in this work.

For the Cgo compounds N must be replaced by C.

AM1 C'-N Ca-N (C'-Cb (C'-X CbC'Cb CbC'N NCX CbC'X

[A] [A] [A] [A] degrees  degrees degrees degrees
(CsoN)2 1496  1.446  1.547 1.580 100 113 108 111
(Coo)2 1499 1431 1.546  1.539 100 108 114 112
Ceo 1.40 1.46 1.46 108

Table 3. Symmetry and vibrational spectra for single bonded fullerene dimers.

cage modes

intercage modes

R IR R IR
C60,Cqp  In 2A4+ 8H, 4F1,
(CsoN) Cs 87A'(IR, R)+87A” (IR, R) - -
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Fig. 3. Raman spectra for the radial cage modes of (Cs9N)2 fé._
for excitation with four different lasers as indicated. The lines )
most characteristic for the dimer are marked with arrows.

In order to check the consistency of the dramatic en-
hancement of the low frequency modes, we studied the low
frequency part of the spectrum in more detail by exciting
with several red and even IR lasers. The result is demon-
strated in Figure 3. Both red laser excitations exhibit the
very strong resonance, whereas for the green laser and
in particular for the IR laser, the resonance is quenched.
The positions of the intercage modes are confirmed for
both lasers and their low frequency component appears
as a clear feature even for excitation with the green laser,
in contrast to the previous results.

The behavior of the resonance is well correlated to the
response of the optical absorption. Spectra obtained from
a thin film of (Cs59N)2 on KBr and from (Cs9N)s dis-
solved in CSy are depicted in Figure 4. The absorption
in the thin film starts just below 1.5 eV but tails down
to about 1.3 V. In solution the cut on of the absorption
is even sharper. It starts at 1.4 eV and exhibits several

05 1.0

——
15 20 25 30 35
Energy (eV)

Fig. 4. Optical absorption for (Cs9N)2. The dotted line is for
a thin film on KBr, the full line is for (Cs9N)2 dissolved in CSs.
The insert depicts a blow up of the edge region. The arrows
indicate the positions of the laser lines used for this work.

characteristic peaks at 1.5, 1.7, 2, and 2.7 eV. The laser
line positions used in this work extend from below the
absorption edge to well above. The results for the opti-
cal absorption are in good agreement with reports from
EELS where a red shift of electronic transition energies
was observed as compared to Cgg [7].
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Fig. 5. Raman spectra of quenched (Cg,)2 and for various
annealing temperatures. Only the part for the radial modes
(left side) and for the tangential modes (right side) is shown.
Excitation was for 514.5 nm. Important lines characteristic for
the dimer phase are marked with arrows.

3.2 The phases of RbCgg

During the process of warming up, the quenched RbCgg
single crystal underwent several phase transitions which
were followed by their Raman response. Figure 5 depicts
the low frequency part of the spectra (left side) and the
high frequency part spectra (right side) for selected tem-
peratures between 80 and 250 K as measured with a green
laser. The spectra exhibit a characteristic change between
130 and 160 K. New lines appear which can be assigned
to the dimer. Such lines are at 293, 513, and 623 cm™*.
Also, the two peaks derived from H,(3) and Hy(4) at 690
and 770 cm™!, respectively, exhibit a spontaneous split-
ting into many components at 160 K. No intercage modes
can be observed under the selected experimental condi-
tions. In the region of the tangential modes the pinch mode
is downshifted by 8 cm ™!, from 1462 cm ™! to 1454 cm~*.
At 160 K only a very small fraction of the material is left
in the monomeric phase. Response from this material is
evident from the component in the center of the triplet
structure in the pinch mode region of the spectrum. On
the other hand, the response from the underlying pristine
Ceo crystal becomes visible.

The transition to the dimeric phase is very sharp as
seen in Figure 6 from the plots of the intensities for the
various characteristic peaks and the center of gravity for
the pinch mode versus the sample temperature. The phase
transition temperature is just below 150 K where the
characteristic dimer lines appear for the first time. Ex-
cept for small shifts with temperature the line positions
for the characteristic peaks remain stable up to 260 K.
The intensities for these lines exhibit, on the other hand,
varying behavior. The split off component of the Hgy(1)
mode at 293 cm~! increases rather strongly with temper-
ature, whereas the mode at 513 cm ™! drops rapidly until
both lines disappear at 270 K where the polymer is
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0.5 - L 1462
« o
204 - - 1460 "
> (8]
£0.3 L 1458 =
5 5
0.2 L 1456 2
é 1454 =
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Fig. 6. Transition to the dimeric phase in RbCgo. The left
scale is for intensities (area) of the modes at 293 (o), 513 (O),
and 623 (v7) cm ™', respectively. Intensities relative to the value
for the A4(1) mode were used. The right scale is for the cen-
ter of gravity of the pinch mode (o). Dashed lines are phase

boundaries.
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2
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Fig. 7. Behavior of the pentagonal pinch mode of dimeric
(Cgo)2 for a crystal exposed to 270 K. Exposure times are in-
dicated in hours. Excitation for the three lower spectra was
for 514.5 nm. The lines marked with an asterix originate
from underlying Ceo. The line assigned with an arrow comes
from monomeric RbCgo. The top spectrum was obtained after
reloading the crystal with Rb and for excitation with 647.2 nm.

developing. The center of gravity for the pinch mode drops
suddenly at the phase transition and continues to drop up
to 250 K with the usual temperature coefficient of the
order of 2 em™'/100 K. The final rise of the frequency
originates from the transition to the polymeric phase.
Beyond 250 K the spectrum starts to change again.
Details are best observed in the spectral region of the
pinch mode and are demonstrated in Figure 7. The crys-
tal was annealed in front of the spectrometer at a tem-
perature of 270 K for several hours. After 20 minutes
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Fig. 8. Raman response for the (Cgy)2 dimer for excitation
with 647.2 nm at 180 K in comparison to the response from
Ceéo at room temperature. The Mullikan symbols assign the
Raman active symmetry species for Cgp and the Cgo derived
modes for (Cgy)a2.

the response from the dimer was reduced and the line
centered at 1458 cm~! (arrow) appeared. This state
was, however, only transient. For extended exposure over
8 hours the system transformed into the polymeric or-
thorhombic phase as can be seen from the third spectrum
in Figure 7. The broad line centered at 1454 cm™~! is char-
acteristic for the latter [22].

The well shaped but rather broad line for the pinch
mode from the polymer phase may be expected to orig-
inate from a strong disorder in the material. A particu-
lar type of disorder can be due to a distribution of chain
lengths as it is well known for polymeric systems. In such
a case, the shape and position of the line should change for
excitation with various lasers. Surprisingly this is not the
case for (Cgy)2. The top spectrum in Figure 7 was excited
with a red laser after the sample had been reloaded with
Rb and reprocessed to avoid the strong response from the
underlying Cgo. Position and shape of the lines excited
with the two different lasers are almost identical.

3.3 The resonance in (Cg)2 in comparison to (CsgN)>

Changing the excitation for the Raman spectra of (Cgy)2
from the green to the red results again in a dramatic
enhancement of the response as it was observed for
(Cs9N)2. Figure 8 depicts the overall spectrum excited
with 647.2 nm at 180 K. Whereas the line positions did
not change as compared to the green laser excitation, the
intensities increased strongly, particularly in the low and
intermediate frequency region. The mode at 623 cm™!
(assigned as G4(2) in the figure) which was one of the
markers for the covalently bonded state becomes one of
the dominating lines. Its enhancement is about a factor
of 20 as compared to the response from the green laser.
The response form H,(3) and H,(4) becomes particularly
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Fig. 9. Raman response for selected regions of the fulleren
dimeres (Cs9N)2, and (Cgg)2 as excited with different lasers
as indicated and in comparison to Cgo; intercage modes
(left), Hy(2) and Ag(1) region (center), Hy(3) and Hy(4) re-
gion (right).

strong. The modes appear now as the strongest features
in the spectrum. Even the H,(6) derived features around
1240 cm~! are enhanced and exhibit a well recognizable
splitting. Blowing up the response allowed for the first
time to analyze the splitting into five components located
at 1233, 1235, 1242, 1248, and 1250 cm™'. Only the
H,(5) and Hy(8) modes remain almost unchanged. At the
low frequency end of the spectrum the intercage modes
appear in a similar pattern to that for (Cs9N)a.

Relevant modes and their splittings are listed in
Table 1 in column 7 in comparison to values for the cy-
clobutane bonded dimer in column 6. Grouping into split-
ted species was performed according to the discussion
below. The special modes assigned as d293, d457, d513,
and d625 were included as obtained from red laser ex-
citation. As already mentioned in the description of the
results for (Cs9N)q, they are very characteristic for the
dimeric or polymeric phases. The assignment in the ta-
ble was based on the same assumptions as used in refer-
ence [18], namely that the strongest modes in the dimer
originate from the Raman allowed species in Cgp and
the next strongest modes originate from the gerade Cgg
modes. In addition the sequence of species appearing with
increasing frequency was adopted from ab initio calcula-
tions for Cgg.

Since the resonance enhancement is particularly strong
in the low frequency region of the spectrum we have de-
picted selected parts of it in Figure 9 for resonance con-
ditions, together with the resonance spectrum and the off
resonance spectrum for (Cs9N)2 and Cgo. As compared
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to (Cs9N)q the splitting of the individual lines is character-
istically smaller for (Cgy)2. For example the lines derived
from Hy(3) centered at 690 cm~! and the lines derived
from H,(4) centered at 750 cm™! can be recognized in
the latter material whereas they can not be discriminated
from other lines in (C59N)s. Also, compared to Cgo the
presentation demonstrates hardly any shift for the centers
of gravity of the lines in the case of (Cs9N)2 but a well
expressed shift of about 10 cm™! for the Cgo dimer.

The strong and narrow line assigned above as d625
is now very well presented and obviously consists of only
one component. From the above analysis it is assigned to
G4(2). A line with a similar character can be clearly seen
at 712 cm™? for the (Cg,)2 material. It is thus assigned as
Gg(3).

These results for (Cg,)2 allow a better assignment for
the modes derived from Hy(3) and Hy(4) for (Cs9N)s.
This is indicated in the figure by the two brackets in the
spectrum of (C59N)s excited with 647 nm. Also, the split-
tings for the doublet on the high frequency side of the
radial breathing mode at 493 cm~! is about a factor of
two larger in (C59N)2 than in the Cgo dimer.

The spectral range of the Hy(2) derived modes around
424 cm ™1 is of particular interest (Cgy)2. Five components
are easily recognized. From the relative intensities the two
allowed A, and the three allowed B, components of the
splitted mode can be tentatively identifies as indicated by
the arrows and by the lines in the figure. The components
are at 415, 419, 425, 429, and 434 cm ™!, respectively as
listed in Table 1. Comparing this to the results for (C59N)s
requests a reassignment for the Hy(2) derived modes in
this material as well. This assignment is used in Table 1.

Finally, the intercage modes for the Cgg dimer have the
same pattern as for (Cs9N)2 but are slightly down shifted
except for the lowest frequency mode which is upshifted
by 6 cm~!. Values for the individual components are at
88, 98, and 106 cm ™! as listed in Table 1, column 7. With
increasing temperature, the lowest and the highest com-
ponent of the three lines become rather strong and disap-
pear when the transition to the monomeric or polymeric
phase is approached (not shown explicitly). This is in con-
trast to the behavior of the same lines in (Cs9N)2 which
appear highly independent of temperature. The intercage
modes of the single bonded dimers should be also related
to the intercage modes of cyclobutane-bonded dimers or
polymers as it is done in Table 1, columns 3 and 6. These
modes appear throughout at higher frequencies as com-
pared to the modes in the single bonded material.

Details of similarities and differences are evident from
the comparison of the positions for the most characteristic
modes listed in Table 1. The most striking difference is the
position for the pentagonal pinch mode which appears at
1463 cm~! for (Cs9N)a and at 1451 em ™! for (Cgy)2.

4 Discussion

The similarity for the intercage modes is an immedi-
ate consequence of the similarity between the geometric

configurations summarized in Table 2. For all calculated
distances the difference between (Cs9N) and (Cgy)z2 is
less than 1% except for the intercage separation. For the
latter the difference amounts to more than 2% and the
value for (Cs9N)s is larger than the value for (Cg,)2. This
is surprising on account of the much lower thermal sta-
bility observed for (Cgy)2 as compared to (Cs9N)s. It is,
however, consistent with the higher value for the intercage
stretching mode in (Cg;)2 as shown in Table 1, third line
from the bottom. Concerning the stability one can con-
clude that the intercage bond is not the most important
parameter for the stability. Obviously intercage bonds can
be rather long and the dimer will still not dissociate if
there is no low energy ground state for the dissociated
geometry. This is the case for (Cs9N)a where the bonds
do not break until the cage itself degrades [23]. The de-
scribed behavior is also consistent with the observation
that in contrast to (Cgg)2, heating (C59N)2 does not yield
spectra from monomeric species [23].

Calculated frequencies for the intercage modes are
85, 108, and 117 cm™! for the Cgy dimer and 88, 108,
and 126 cm~! for (C59N)2 and thus in very good agree-
ment with the experiment in general. The normal coor-
dinates indicate that the lowest frequencies correspond
to the intercage stretching. This is in agreement with an
analysis previously reported for the cyclobutane bonded
dimer [24]. With this assignment the experimentally ob-
served intercage stretching modes follow a trend as ex-
pected intuitively. For (Cs9N)2 which has the longest in-
tercage bond the frequency is lowest. (Cg)2 has a shorter
intercage bond and thus a higher intercage frequency. Fi-
nally, (Cgo)2 has two single intercage bonds and thus one
expects the highest intercage frequency. Unfortunately the
AM1 calculation does not reproduce this trend, at least
not for the two single bonded dimeres as the value of
85 cm™! calculated for (Cgy)2 is lower than the value of
88 cm ™! calculated for (Cs9N)s. The reason for this dis-
crepancy may be due to the fact that the normal coordi-
nates for this mode spreads out over a much wider region
of the molecule than expected from the simplified picture
of two cages vibrating against each other and therefore
need a more sophisticated evaluation. This is consistent
with a detailed local density approximation (LDA) based
analysis of the vibrational species of the dimers [25].

The split off of the fifth component of the Hy(1) de-
rived band is also almost the same for the two dimeres
analyzed here. It was also observed at about the same po-
sition in the cyclobutane bonded dimers. For longer ring
bonded oligomers, the line was found by LDA calculations
to shift up to 340 cm™1 [26,27]. It is one of the most signif-
icant features in the Raman spectra of this type of linear
polymers. In the undoped or doped orthorhombic linear
polymers this line is observed at 345 cm™" [28].

The general agreement between the spectra of (Cs59N)a
and (Cg)2 is relaxed with respect to several findings. The
differences are small but obviously relevant for the differ-
ences in the electronic structure of the two dimers. The
smaller line splitting and the narrower lines mentioned
in Section 3 are indicative for a more homogeneous
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distribution of the atomic potential in the Cgg dimer.
Both findings allow an even better correlation between
the modes observed in (Cgy)2 and the modes of Cgo than
with those for (Cs9N)s.

Splittings due to the loss of degeneracy in (Cgg )2 scale
roughly with the decrease of the radial component of the
modes. Whereas the average splitting between the compo-
nents for the modes H,(1) is about 8 cm™! it is decreased
to about 5 cm™! for H,(2), to 3.5 cm™! for H,(6) and
unresolvable for H,(8).

The assignment is now rather consistent for the two
dimers. Interestingly all G, modes remain unsplit. This
is independent of the amount of radial character. As a
consequence the response from these modes appears as
a very strong line. No physical interpretation is available
for this phenomenon as yet. The few additional lines in
the spectrum of (Cg,)2 which were not assigned to gerade
modes are rather weak and may safely be correlated to
modes derived from ungerade species of Cgy or to sum
and difference response from two or more gerade modes.

The similarity of the resonance behavior for the two
dimers (Cs9N)o and (Cgy)2 suggests similar optical ab-
sorption and a similar reason for its downshift. The down-
shift may be assigned formally to additional oscillator
strength from a t1,-t14 derived transition, activated by
the occupation of the ty, state with the extra electrons
from the nitrogens. Such interpretations must be consid-
ered with care, since the electrons either from the nitro-
gens in (CsgN)g or from the charge transfer in (Cg,)s re-
main highly localized and their orbital energy might be
rather different from an orbital energy of an electron in
the ty, derived level. From ab initio quantum-chemical
calculations the energy levels are less split in (C59N)2 due
to the extra Coulomb energy of the charged nitrogen on
the cage [6]. The situation is simpler in the case of (Cgy)2
where no extra Coulomb potential exists and the molecu-
lar potentials are therefore more smooth.

The line position for the pentagonal pinch mode in
the dimeric phases deserves also some attention. The val-
ues of 1451 cm™! for the Cg, dimer and 1463 cm ™! for the
Cs9N dimer are dramatically different. In fact the former
is considerably lower than expected whereas the latter is
higher than expected. From columns 2 and 4 in Table 1
the values of the A4(2) mode for Cgy and Cg, exhibit
the expected downshift of 7 cm~! for the extra charge at
high temperatures. For the down shift upon polymeriza-
tion by the cyclobutane ring we find for the uncharged
system 1467 — 1459 (8 cm™1!) and for the charged sys-
tem 1457 (+3 from the reduction of temperature) — 1454
(6 cm~1). For the undoped dimer we find only a downshift
of 4 ecm~!. This means consistently 3 or 4 cm~*! shift per
extra ring bonding. Applying such estimates to the Cg,
dimer we obtain for temperatures of 270 K 1461 cm ™" for
the monomer and 1457 cm™! for the dimer. The latter
value is in between the results observed for (Cg,)2 and
(Cs9N)2 but still contrasts the values of (1451 cm~!) and
1463 cm ™! from columns 7 and 8 in Table 1. The weaker
bonding (longer intercage bond) may lead to a reduction
of the influence of the intercage bond on the frequency of

the pinch mode in (Cs9N)2 whereas less extended delo-
calization of the extra electron in (Cg,)2 (compared to a
full delocalization in the monomeric A;Cgy compounds)
may enhance the downshift of the mode. A detailed ex-
planation for the unusual line positions for the pentagonal
pinch mode remains, however, a challenge for a more so-
phisticated quantum-chemical calculation.

The transition from the quenched monomer of Cg, to
the dimer is rather sharp in temperature and well charac-
terized by the appearance of the new Raman lines around
100 cm ™1, at 293, 513, and 623 cm ™!, by the downshift of
the pentagonal pinch modes from 1462 to 1453 cm ™!, re-
spectively, and by the sudden splitting of the modes H(3)
and Hy(4) at a temperature above 130 and below 160 K.
The definitive stability range of the dimeric phase may
thus be located between 150 K and 260 K.

The above limits of stability can be compared to results
from ESR and differential thermal analysis (DTA) [13].
Referring to the former a loss of the metallic state was
observed at 125 K which was interpreted as the transi-
tion to the dimeric phase. The endothermic reaction as-
signed to the transition was, however, only observed at
200 K [13]. The high temperature edge for the stability
was observed by both techniques at 270 K. Thus, at least
the results for the high temperature stability limit are in
very good agreement with our findings. For the low tem-
perature stability limit the discrepancy between the ESR
results and the results from DTA are removed in a sense
that our observation is intermediate between the two pre-
viously reported values.

The dramatic change for the relative intensities of
the modes at 513 cm™! and at 293 cm ™! as depicted in
Figure 6 is remarkable. As this change is for relative in-
tensities, it must be taken seriously. Since for both modes
the resonance transition is the same at any temperature
the different response can only originate from a change
of the electron-phonon coupling with temperature. Such
changes indicate a considerable change in the normal co-
ordinates of the modes and thus a considerable relaxation
of the cage geometry which eventually leads to a fraction
of the intercage bonds as discussed below.

Above about 260 K the new line appearing in the fre-
quency range of the pinch mode and located at 1458 cm ™!
indicates another phase transition. The value observed for
the frequency is a little lower than expected for a singly
charged and unbonded Cgg molecule but considering the
lower temperature and some uncertainty in the exact value
for the center of the line it is safely assigned to the re-
sponse from the monomeric Cg, species. Thus the dimer
dissociates into a monomer before it finally connects to the
ring bonded phase. This dissociation is indeed a request
to establish a bonding by the cyclo addition reaction as
the latter needs free rotation of the cages. The existence
of the intermediate phase is restricted to a very narrow
temperature range. It may even be that the monomeric
state is indeed only a local transient to the orthorhombic
polymeric phase. Comparing to the results from ESR and
DTA the agreement is again rather good. In the latter
experiments the transition to the monomeric phase was
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observed at 270 K and the stability range for this phase
was rather narrow, only 30 K [13]. In contrast, the sta-
bility range for the monomeric phase in CsCg is much
larger. It extends from 220 to 270 K [13,14].

5 Conclusion

In conclusion we demonstrated the strong relation be-
tween the Raman response of the isostructural and isoelec-
tronic fullerene dimers (Cs9N)g and (Cgy)2). Both com-
pounds exhibit a splitting of degenerate modes and a
strong resonance for excitation with red lasers. At least
for the biazafullerene this resonance is consistent with
the downshift of the optical absorption edge as compared
to Cgo. The splitting in (Cg,)2 is stronger for the radial
modes as compared to the tangential modes.

A more detailed comparison reveals several differences
between the two materials. For (Cs59N)2 X-ray data and
semi-empirical quantum-chemical calculations reveal a
larger intercage bond length, the Raman lines are broader,
and the splitting is larger. These results are traced back to
the less uniform molecular potentials in the heterofullerene
dimers as compared to the homofullerene dimers.

The various phases which appear during the annealing
process of the (Cgj)2 were analyzed. The monomeric phase
following the dimeric structure was observed as a transient
structure at 270 K. Even though this structure is definitely
observed, an extended stability range could not be located
on the temperature scale.

Assignment of the Raman lines observed for (Cg)2
could be performed with an unprecedented quality if Cgg
was taken as a reference material. Whereas the former
H, and F,; modes exhibited the expected splitting the G,
derived modes remained unsplit and of accordingly high
intensity.
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