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Effect of high hydrostatic pressure on the intramolecular modes of„C59N…2
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The effect of high pressure, up to 10 GPa, on the phonon spectra of azafullerene, (C59N)2 , at room
temperature has been investigated by Raman spectroscopy. At ambient pressure, the Raman spectrum of
(C59N)2 displays eight of the ten molecular modes of C60. Their frequencies are close to those of the corre-
sponding modes of pristine C60 solid. The pressure dependence of theHg(7), Ag(2), andHg(8) phonon
frequencies exhibits reversible changes in their pressure coefficient in the region 6.060.5 GPa. In addition, the
Ag(1) breathing mode shows two clear changes in the pressure dependence of the pressure coefficient, one at
;3.0 and another at;6.0 GPa. The results are explained by taking into account the pressure dependence of the
structural properties of solid (C59N)2 . @S0163-1829~99!14903-8#
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I. INTRODUCTION

The introduction of heteroatoms into the fullerene ca
leads to significant perturbations of the electronic and g
metric character of the fullerene cluster;1,2 such fullerides
~heterofullerenes! are expected to have applications in sup
conductivity, photoinduced electron transfer~photoelectric
devices!, and organic ferromagnetism. As a result of t
trivalency of nitrogen, compared to the tetravalency of c
bon, nitrogen substitution of a carbon atom on the C60 cage
leads to the azafullerene radical, C59N* —isoelectronic with
the C60

2 anion—which has been found to rapidly dimeriz
yielding the (C59N)2 dimer.3 Thus, solid (C59N)2 consists of
dimerized molecular units linked by C-C bonds between c
bon atoms adjacent to the N atom~the C-N bond is between
two six- membered rings! at each monomer.2–4 Conductivity
measurements have confirmed that the material is an ins
tor, while the electron paramagnetic resonance~EPR! spectra
consist of only one sharp narrow line, attributed to a lo
concentration of defect spins.5 Electron energy-loss and pho
toemission spectroscopy measurements revealed little mi
between the N and C electronic states with strong local
tion of the excess electron at the N atom.6

The samples under investigation had the form of fine d
PRB 590163-1829/99/59~4!/3180~4!/$15.00
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with a crystalline hexagonal structure~space group
P63 /mmc or one of its subgroups!. At room temperature
and ambient pressure, the (c/a) ratio is equal to 1.623~a
59.97 Å, c516.18 Å!, differing marginally from the ideal
ratio of A8/3 ~;1.633! expected in the case of spher
packed in a hexagonal close-packed~hcp! lattice.7 Indeed,
C60 also adopts a hcp structure with (c/a)51.633 ~a
59.98 Å, c516.30 Å!, besides the more stable fcc structu
in which the shortest interball distance is 10.02 Å.8 The sta-
bility of the hcp structure in both C60 and (C59N)2 is evi-
dently driven by the presence of residual solvent molecu
in the lattice. Finally, azafullerene is a less compressi
solid @k54.6531022 GPa21 ~Ref. 7!# than C60 @k5
5.5231022 GPa21 ~Ref. 9!#.

In this work, we present an investigation of the effect
high pressure up to 10 GPa on the phonon spectra of (C59N)2
in order to probe the diversity of the bonding interactio
and especially to investigate the role of the intradimer C
bridge in its stability. The high-pressure behavior of so
azafullerene is also compared to that of pristine C60.

II. EXPERIMENTAL DETAILS

The azafullerene sample used in the present study
prepared from a ‘‘holey bucky,’’10 as described previously,3
3180 ©1999 The American Physical Society
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and was purified by high pressure liquid chromatograp
~HPLC! on a Cosmosil ‘‘Bucky prep’’ column, using toluen
as eluent. The solid (C59N)2 was obtained from a solution in
o-dichlorobenzene~ODCB!, which was evaporated to dry
ness in a rotary evaporator. Recrystallization from a CS2 so-
lution led to a highly crystalline material, which was subs
quently degassed under dynamic vacuum (;1026 Torr) at
140 °C for 12 h.11 Note that if the material is sublimed unde
the same dynamic vacuum at 500 °C for 12 h, it adopt
monoclinic structure again comprised of dimeric (C59N)2
units.4

High pressure was generated using the diamond anvil
~DAC! of Mao-Bell type.12 The pressure transmitting med
used in the present study included 4:1 methanol-ethanol m
ture, distilled water, and 4:1:5 methanol-ethanol-glyce
mixture. The traditional methanol-ethanol 4:1 mixture exh
its Raman scattering in the same frequency region as
sample and because our sample had the form of fine dus
observed scattering volume contained significant amount
the mixture, resulting in an interference of the Raman sp
tra. Distilled water is not a very good hydrostatic mediu
but gave us the possibility to record the Raman spectrum
the sample without interference from the pressu
transmitting medium. Finally, the methanol-ethanol-glyce
4:1:5 mixture has better hydrostatic behavior and the res
were in excellent agreement with those obtained with
other transmitting media. The ruby fluorescence techni
was used for pressure calibration.13 Raman spectra were re
corded using a triple monochromator~DILOR XY-500!
equipped with a charge-coupled device~CCD! liquid-
nitrogen-cooled detector system. The spectral width of
system was;5 cm21. The 514.5-nm line of an Ar1 laser was
used for excitation, with the laser power kept less than
mW, measured directly before the cell, in order to avoid la
heating effects analogous to the softening of theAg(2)
pentagon-pinch~PP! mode observed in C60.

14

III. RESULTS AND DISCUSSION

The Raman spectra of (C59N)2 in the frequency region
100–1800 cm21 at various pressures and room temperat
are illustrated in Fig. 1. At ambient pressure, the Ram
spectrum of (C59N)2 is similar to that of C60. It contains
eight of the ten principal molecular modes observed in C60,
i.e., Hg(1), Hg(2), Ag(1), Hg(3), Hg(4), Hg(7), Ag(2),
andHg(8). In addition, two more modes,v~1! andv~2!, are
observed with frequencies 344 and 395 cm21, respectively.
We note that thev~1! andv~2! modes are also observed
crystalline C60 but for pressures higher than 0.4 GPa, wh
the free rotations of the C60 molecules are frozen.15 Their
presence in (C59N)2 is consistent with the freezing of fre
rotation caused by dimerization.

The frequencies of the observed phonon modes in
Raman spectra of (C59N)2 are close to the correspondin
ones for pristine C60.

15,16 The observed differences do n
exceed the spectral resolution of the apparatus~;3 cm21!,
except for theHg(1), Ag(2), andv~2! modes, where the
corresponding differences are slightly larger, in the range
6 – 8 cm21. It is worth pointing out that the frequency of th
Ag(2) mode at ambient pressure is;1460 cm21, exactly the
same as for photodimerized C60.

17 Therefore, dimerization
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results in the softening of theAg(2) mode in C60 and its
derivatives. Another interesting observation in the Ram
spectrum is the broad~width ;40 cm21! asymmetric feature
at 265 cm21. In photodimerized C60, theHg(1) intramolecu-
lar mode appears to be split into two components with f
quencies 258 and 271 cm21.17 Thus we assume that this fea
ture in the spectrum of azafullerene is originating from t
same molecular vibration in both cases. The above obse
tions, namely: ~i! the appearance of thev~1! and v~2!
modes,~ii ! the frequency of theAg(2) mode and,~iii ! the
appearance of the broad asymmetric peak at theHg(1) fre-
quency region, are clear manifestations of the dimeric ch
acter of azafullerene in its Raman spectra.

The pressure dependence of the observed phonon m
frequencies is shown in Figs. 2, 3, and 4 for the high, mid
and low frequency regime, respectively. The open~solid!
symbols denote data taken for increasing~decreasing! pres-
sure measurement protocols. The peak positions were d
mined by least-squares fitting of Gaussian line shapes to
experimental data. All modes, exceptHg(3) andHg(4), ex-
hibit a positive response to pressure, in analogy to pris
C60. The shaded areas denote the pressure regions w
changes of the pressure coefficients occur. The phonon
quencies as well as their pressure coefficients, as obtaine
the least-squares fitting procedure, are tabulated in Tab
along with the corresponding data for pristine C60.

15 From
Figs. 2, 3, and 4, we deduce that (C59N)2 does not exhibit
pressure induced phase transitions, driven by changes in
fullerene rotational state, similar to those observed in C60 at
0.4 and 2.4 GPa.18 This behavior may be understood fro
the fact that the existence of the intradimer C-C bridge
azafullerene prevents such molecular reorientations. Th
results are consistent with those also found by x-ray diffr
tion ~XRD! measurements.6

The strongest lines of the Raman spectrum of (C59N)2 ,
corresponding to theHg(7), Ag(2), andHg(8) intramolecu-
lar phonon modes, exhibit a monotonic increase with pr
sure~see Fig. 2!. From Table I, we see that forP,6 GPa the
pressure coefficients (]v/]P) of these phonons are system

FIG. 1. Raman spectra of (C59N)2 at room temperature and fo
various pressures up to 10 GPa. The vertical lines indicate the
served phonon peaks.
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atically smaller than those of the corresponding modes
C60. This can be rationalized by taking into account t
lower compressibility of (C59N)2 ~Refs. 7 and 9! compared
to that of pristine C60. However, when the pressure reach
the region 6.060.5 GPa, a reversible change in their press
response occurs, without any frequency discontinuity or
residual softening after pressure release. Their pressure
ficients above that pressure region are drastically redu
The effect is most pronounced for theHg(7) mode, whose

FIG. 2. The pressure dependence of theHg(7), Ag(2), and
Hg(8) intramolecular Raman modes of (C59N)2 . The open~solid!
symbols denote data taken for increasing~decreasing! pressure
runs. Shaded area nearP56.060.5 GPa denotes the change in t
slope of the pressure dependence.

FIG. 3. The pressure dependence of theAg(1), Hg(3), and
Hg(4) intramolecular Raman modes of (C59N)2 . The open~solid!
symbols denote data taken for increasing~decreasing! pressure
runs. Shaded areas at;3.0 and;6.0 GPa denote the changes in t
slope of the pressure dependence forAg(1) breathing mode.
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pressure coefficient is reduced by more than 50%. The c
cal pressure regime, 6.060.5 GPa, is in excellent agreeme
with structural results obtained by synchrotron x-ray diffra
tion measurements. These have shown that the (c/a) ratio in
azafullerene solid increases monotonicaly with increas
pressure until, at;6.5 GPa, it reaches the ideal hcp (c/a)
value, and then remains unchanged to much higher press
~20 GPa!.5,7 The observed behavior was rationalized by n
ing that at this pressure~;6.5 GPa!, the interdimer center-
to-center distance is compressed to;9.3–9.4 Å, essentially
identical to the corresponding intradimer distance. So,

FIG. 4. The pressure dependence of theHg(1), v~1!, v~2!, and
Hg(2) intramolecular Raman modes of (C59N)2 . The open~solid!
symbols denote data taken for increasing~decreasing! pressure
runs. Shaded area at;5 GPa denotes the change in the slope of
pressure dependence forHg(1) mode.

TABLE I. The phonon frequencies, assignment and their pr
sure coefficients for the (C59N)2 Raman active modes. The corre
sponding values for C60 are also included.

Mode

(C59N)2 C60
a

v i

cm21
]v i /]P

cm21/GPa
v i

cm21
]v i /]P

cm21/GPa

P,5 GPa P.5 GPa P,2.4 GPa
Hg(1) 265 3.3 1.0 272 3.2

P,6 GPa P.6 GPa
v~1! 344 1.9 1.9 345 2.9
v~2! 395 0.9 0.9 389 20.2
Hg(2) 432 1.0 1.0 435 2.4
Hg(3) 707 20.6 20.6 710 20.8
Hg(4) 771 20.8 20.8 772 22.7
Hg(7) 1424 7.6 3.4 1422 9.8
Ag(2) 1460 5.2 3.5 1467 5.5
Hg(8) 1567 4.2 2.7 1570 4.8

P,3 3,P,6 P.6
GPa GPa GPa

Ag(1) 491 1.5 8.8 20.1 495 4.2

aData from Ref. 15.
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Raman data are also sensitive to these structural ‘‘modi
tions’’ of (C59N)2 in the same pressure region.

The Ag(1) breathing mode, which is expected to be
most sensitive to the formation of the intramolecular C
bridge, exhibits two reversible changes with pressure, on
;3.0 and one at;6.0 GPa~Fig. 3!. A change at;3 GPa has
been also observed in the XRD measurements for the (101̄)
reflection.7 This behavior was interpreted as reflecting
significant difference between the compressibility of the m
lecular units and that of the bulk solid. The pressure dep
dence of theAg(1) mode supports this interpretation. F
pressureP,3 GPa, the breathing mode hardens at a slo
rate than that of C60 ~Table I!, as the decrease in volume
mainly absorbed by the weak van der Waals forces betw
the dimeric units and has little effect on the intradimer C
bridge. For 3,P,6 GPa, theAg(1) mode hardens faste
while for P.6 GPa, its frequency remains practically u
changed. For pressures above 3 GPa, the change of th
tradimer bridge becomes more pronounced leading to
faster hardening ofAg(1) mode in this pressure region.
the end, for pressures higher than 6 GPa, where the stru
of the material approaches the ideal hcp one, its lower c
pressibility results in the frequency invariance of this mo
The Hg(3) and Hg(4) intramolecular modes of (C59N)2
~Fig. 3! soften with increasing pressure almost linearly in
whole pressure region investigated, as in the case of C60 but
with smaller pressure coefficients@in particular, theHg(4)
mode#. Thev~1!, v~2!, andHg(2) modes have pressure d
pendence similar to those of C60 and do not show any chang
in their pressure coefficients~Fig. 4!. Finally, the pressure
dependence ofHg(1) mode exhibits a reversible pressu
ro
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coefficient change atP'5 GPa with smaller slope values a
higher pressures~Table I!.

IV. CONCLUSION

In conclusion, by comparing the pressure dependence
the modes observed in (C59N)2 to that of the corresponding
modes in C60, we find that both materials show the sam
signs in their frequency shifts (]v/]P). This indicates that
the structure of the material does not play a significant role
the pressure response of the intramolecular modes with
role limited to modifying the magnitude of (]v/]P). Dimer-
ization mainly leads to two effects observed in the Ram
spectra. First, it induces a red shift to the frequencies
certain modes and second, it separates the modes into
categories: those that exhibit pressure coefficient chang
and those that do not. We suggest that the modes show
pressure coefficient changes are those inducing larger v
ume changes, e.g.,Ag(1), Ag(2), Hg(1), Hg(7), and
Hg(8). We note that theHg modes are quadrupolar which
retain an axis of fivefold symmetry and theAg(1) andAg(2)
modes are the breathing and the pentagon-pinch modes.
is in accordance with the fact that pentagons are more s
sitive to volume changes because they contain the wea
single bonds.
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