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Effect of high hydrostatic pressure on the intramolecular modes o{ CsgN),
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The effect of high pressure, up to 10 GPa, on the phonon spectra of azafullerggsd),(Cat room
temperature has been investigated by Raman spectroscopy. At ambient pressure, the Raman spectrum of
(CsoN), displays eight of the ten molecular modes qf.CTheir frequencies are close to those of the corre-
sponding modes of pristineggsolid. The pressure dependence of thg(7), Ay(2), andHy(8) phonon
frequencies exhibits reversible changes in their pressure coefficient in the regiod.6 8Pa. In addition, the
Ay(1) breathing mode shows two clear changes in the pressure dependence of the pressure coefficient, one at
~3.0 and another at6.0 GPa. The results are explained by taking into account the pressure dependence of the
structural properties of solid ¢gN),. [S0163-182809)14903-9

I. INTRODUCTION with a crystalline hexagonal structuréspace group
P65;/mmc or one of its subgroups At room temperature
The introduction of heteroatoms into the fullerene cageand ambient pressure, the/@) ratio is equal to 1.623a
leads to significant perturbations of the electronic and geo=9-97 A, c=16.18A), differing marginally from the ideal
metric character of the fullerene clustér:such fullerides 'atio of \8/3 (~1.633 expected in the case_of spheres
(heterofullerenesare expected to have applications in super-Packed in a hexagonal close-packétp lattice.” Indeed,
conductivity, photoinduced electron transfgshotoelectric  Ceo @S0 adopts a hcp structure withc/@)=1.633 (a
device$, and organic ferromagnetism. As a result of the =9-98A,c=16.30 A), besides the more stable fcc structure,
trivalency of nitrogen, compared to the tetravalency of cari" Which the shortest interball distance is 10.02 Ahe sta-
bon, nitrogen substitution of a carbon atom on thg éage  Pility of the hcp structure in both g and (GgN), is evi-
leads to the azafullerene radicalgS* —isoelectronic with ~ dently driven by the presence of residual solvent molecules
the G anion—which has been found to rapidly dimerize, n IFQe Iaitlzeéglggllgb%zgfluIIeRre?e 'S at:ess compre_ssmle
yielding the (GgN), dimer? Thus, solid (GgN), consists of ~ S°! [K__Z it a® (Ref. 7] than Go [«=
dimerized molecular units linked by C-C bonds between car?>-52< 107 GPa " (Ref. 9]

bon atoms adjacent to the N atdqthe C-N bond is between hi Ir? this work, wte rigeée;t an tltr:vesglganon of tthe effect of
two six- membered ringsat each monomér.* Conductivity Igh pressure up to a on the phonon spectra oG

measurements have confirmed that the material is an insuld? order to probe the diversity of the bonding interactions

tor, while the electron paramagnetic resonafiieR) spectra an_d espegially to_i_nvestigate_ the role of the intrgdimer C.'C
consist of only one sharp narrow line, attributed to a IOWbrldge in its stability. The high-pressure behavior of solid

concentration of defect spifi€Electron energy-loss and pho- azafullerene is also compared to that of pristing.C

toemission spectroscopy measurements revealed little mixing Il EXPERIMENTAL DETAILS
between the N and C electronic states with strong localiza- '
tion of the excess electron at the N atdm. The azafullerene sample used in the present study was

The samples under investigation had the form of fine dusprepared from a “holey bucky, as described previousfy,
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and was purified by high pressure liquid chromatography
(HPLC) on a Cosmosil “Bucky prep” column, using toluene
as eluent. The solid ({gN), was obtained from a solution in
o-dichlorobenzendODCB), which was evaporated to dry-
ness in a rotary evaporator. Recrystallization from g &%
lution led to a highly crystalline material, which was subse-
quently degassed under dynamic vacuuml1(Q ° Torr) at
140 °C for 12 h'! Note that if the material is sublimed under
the same dynamic vacuum at 500 °C for 12 h, it adopts a
monaclinic structure again comprised of dimericsg),
units.

High pressure was generated using the diamond anvil cell
(DAC) of Mao-Bell type!? The pressure transmitting media
used in the present study included 4:1 methanol-ethanol mix- 1.3 GPa | I
ture, distilled water, and 4:1:5 methanol-ethanol-glycerol | L N ’\“
mixture. The traditional methanol-ethanol 4:1 mixture exhib- MM . : o
its Raman scattering in the same frequency region as the 200 400 600 8001400 1600 1800
sample and because our sample had the form of fine dust, the , 1

. . g Raman Shift (cm™)

observed scattering volume contained significant amounts of

the mixture, resulting in an interference of the Raman spec- FiG. 1. Raman spectra of ¢N), at room temperature and for
tra. Distilled water is not a very good hydrostatic mediumyarious pressures up to 10 GPa. The vertical lines indicate the ob-
but gave us the possibility to record the Raman spectrum oferved phonon peaks.

the sample without interference from the pressure-

transmitting medium. Finally, the methanol-ethanol-glycerolresults in the softening of th&y(2) mode in G, and its
4:1:5 mixture has better hydrostatic behavior and the resultderivatives. Another interesting observation in the Raman
were in excellent agreement with those obtained with thespectrum is the broa@width ~40 cm ) asymmetric feature
other transmitting media. The ruby fluorescence techniquét 265 cm ™. In photodimerized g, theHy(1) intramolecu-
was used for pressure calibratithRaman spectra were re- lar mode appears to be split into two components with fre-

T ('C5|9ZV)'2 T/ T T

s M [
w ! N

2.9 GPa \ +2

Intensity (arb. units)

corded using a triple monochromat¢DILOR XY-500) Thus we assume that this fea-

equipped with a charge-coupled devi¢€CD) liquid-  ture in the spectrum of azafullerene is originating from the

quencies 258 and 271 cth

nitrogen-cooled detector system. The spectral width of th&ame molecular vibration in both cases. The above observa-

system was-5 cm L. The 514.5-nm line of an Arlaser was
used for excitation, with the laser power kept less than
mW, measured directly before the cell, in order to avoid lase
heating effects analogous to the softening of #hg2)
pentagon-pincliPP mode observed in .14

Ill. RESULTS AND DISCUSSION

The Raman spectra of ¢gN), in the frequency region

tions, namely: (i) the appearance of the(1l) and »(2)

gnodes,(ii) the frequency of theAy(2) mode and(iii) the

pppearance of the broad asymmetric peak atthgl) fre-
quency region, are clear manifestations of the dimeric char-
acter of azafullerene in its Raman spectra.

The pressure dependence of the observed phonon mode
frequencies is shown in Figs. 2, 3, and 4 for the high, middle
and low frequency regime, respectively. The ogenlid)
symbols denote data taken for increasidgcreasingpres-
sure measurement protocols. The peak positions were deter-

100-1800 Crﬁl_at various pressures and room temperaturenined by least-squares fitting of Gaussian line shapes to the
are illustrated in Fig. 1. At ambient pressure, the Ramarexperimental data. All modes, excepy(3) andHy(4), ex-

spectrum of (GgN), is similar to that of G It contains
eight of the ten principal molecular modes observed g C
i.e., Hg(1), Hg(2), Ag(1), Hy(3), Hy(4), Hy(7), Ay(2),
andHgy(8). In addition, two more modesy(1) andw(2), are
observed with frequencies 344 and 395 ¢nrespectively.
We note that thev(1) and w(2) modes are also observed in

hibit a positive response to pressure, in analogy to pristine

Cso- The shaded areas denote the pressure regions where
changes of the pressure coefficients occur. The phonon fre-
quencies as well as their pressure coefficients, as obtained by
the least-squares fitting procedure, are tabulated in Table |

along with the corresponding data for pristing,& From

crystalline G but for pressures higher than 0.4 GPa, whereFigs. 2, 3, and 4, we deduce thats(8), does not exhibit

the free rotations of the & molecules are frozef. Their
presence in (€N), is consistent with the freezing of free
rotation caused by dimerization.

The frequencies of the observed phonon modes in th
Raman spectra of ((gN), are close to the corresponding
ones for pristine g, **1° The observed differences do not
exceed the spectral resolution of the appar&tu8 cm %),
except for theHy(1), Ay(2), and w(2) modes, where the

pressure induced phase transitions, driven by changes in the
fullerene rotational state, similar to those observed jpat
0.4 and 2.4 GPY This behavior may be understood from
¢he fact that the existence of the intradimer C-C bridge in
azafullerene prevents such molecular reorientations. These
results are consistent with those also found by x-ray diffrac-
tion (XRD) measurement.

The strongest lines of the Raman spectrum oK,

corresponding differences are slightly larger, in the range o€orresponding to thel(7), Ay(2), andH(8) intramolecu-

6—8 cmi L. It is worth pointing out that the frequency of the
Aq4(2) mode at ambient pressure-s1460 cm !, exactly the
same as for photodimerizeds(Zl’ Therefore, dimerization

lar phonon modes, exhibit a monotonic increase with pres-
sure(see Fig. 2 From Table I, we see that fé(t<<6 GPa the
pressure coefficientsi/JP) of these phonons are system-
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FIG. 2. The pressure dependence of tg(7), A4(2), and
H(8) intramolecular Raman modes of {fl),. The open(solid)
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FIG. 4. The pressure dependence of thg1), »(1), »(2), and
Hy(2) intramolecular Raman modes off),. The open(solid)
symbols denote data taken for increasifagcreasing pressure

symbols denote data taken for increasifdgcreasing pressure L ) N
runs. Shaded area neBr=6.0+ 0.5 GPa denotes the change in the Pressure coefficient is reduced by more than 50%. The criti-

slope of the pressure dependence.

residual softening after pressure release. Their pressure codf-

runs. Shaded area at5 GPa denotes the change in the slope of the
pressure dependence fdg(1) mode.

cal pressure regime, 660.5 GPa, is in excellent agreement
with structural results obtained by synchrotron x-ray diffrac-
atically smaller than those of the corresponding modes ofion measurements. These have shown that¢he)(ratio in
Ceo This can be rationalized by taking into account the@zafullerene solid increases monotonicaly with increasing
lower compressibility of (§N), (Refs. 7 and Pcompared ~Pressure until, at-6.5 GPa, it reaches the ideal hep/4)

to that of pristine G, However, when the pressure reachesvalue, ang7then remains unchanged to much higher pressures
the region 6.6 0.5 GPa, a reversible change in their pressurd20 GPa.>" The observed behavior was rationalized by not-
response occurs, without any frequency discontinuity or anyd that at this pressure~6.5 GPa, the interdimer center-

center distance is compressed+8.3-9.4 A, essentially

ficients above that pressure region are drastically reduceédentical to the corresponding intradimer distance. So, the
The effect is most pronounced for th,(7) mode, whose

800

TABLE I. The phonon frequencies, assignment and their pres-
sure coefficients for the ({gN), Raman active modes. The corre-

sponding values for £ are also included.
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FIG. 3. The pressure dependence of thg1), Hy(3), and
Hgy(4) intramolecular Raman modes of {fl),. The open(solid)

symbols denote data taken for increasifdecreasing pressure
runs. Shaded areas-aB8.0 and~6.0 GPa denote the changes in the
slope of the pressure dependenceAg(l) breathing mode.

(CSQN)Z CGOa
U)i (9(1)|/(7P a)i r?a),/(?P

Mode cm~ cm YGPa cm!  cm YGPa

P<5GPa P>5GPa P<2.4 GPa
Ho(1) 265 33 1.0 272 3.2

P<6 GPa P>6 GPa
(1) 344 1.9 1.9 345 2.9
w(2) 395 0.9 0.9 389 -0.2
Hg(2) 432 1.0 1.0 435 2.4
Hg(3) 707 -0.6 -0.6 710 -0.8
Hg(4) 771 -0.8 -0.8 772 -2.7
Hg(7) 1424 7.6 3.4 1422 9.8
Ag(Z) 1460 5.2 3.5 1467 55
Hy(8) 1567 4.2 2.7 1570 4.8

P<3 3<P<6 P>6

GPa GPa GPa
Ag(l) 491 15 8.8 -0.1 495 4.2

&Data from Ref. 15.
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Raman data are also sensitive to these structural “modificacoefficient change @®~5 GPa with smaller slope values at

tions” of (CsgN), in the same pressure region. higher pressureéTable |).
The Ay(1) breathing mode, which is expected to be the
most sensitive to the formation of the intramolecular C-C IV. CONCLUSION

bridge, exhibits two reversible changes with pressure, one at In conclusion. b -
) , by comparing the pressure dependence of
~3.0 and one at-6.0 GPaFig. 3). A change at-3 GPa has the modes observed in £gN), to that of the corresponding

been also observed in the XRD measurements for thel)L01 modes in G, we find that both materials show the same
reflection’ This behavior was interpreted as reflecting thesigns in their frequency shiftsdf/dP). This indicates that
significant difference between the compressibility of the mo-the structure of the material does not play a significant role in
lecular units and that of the bulk solid. The pressure deperthe pressure response of the intramolecular modes with its
dence of theA;(1) mode supports this interpretation. For role limited to modifying the magnitude o/ 3P). Dimer-
pressureP <3 GPa, the breathing mode hardens at a sloweization mainly leads to two effects observed in the Raman
rate than that of g (Table ), as the decrease in volume is spectra. First, it induces a red shift to the frequencies of
mainly absorbed by the weak van der Waals forces betweegertain modes and second, it separates the modes into two
the dimeric units and has little effect on the intradimer C-ccategories: those that exhibit pressure coefficient changes,
bridge. For 3<P<6 GPa, theAy(1) mode hardens faster, and those that do not. We suggest that the modes showing
while for P>6 GPa, its frequency remains practically un- Pressure coefficient changes are those inducing larger vol-
changed. For pressures above 3 GPa, the change of the 4"€ changes, e.gMq(1), Ag(2), Hg(1), He(7), and
tradimer bridge becomes more pronounced leading to thE'g(8). Wenote that theH, modes are quadrupolar which
faster hardening oA,(1) mode in this pressure region. In rétain an axis of fivefold symmetry and thg(1) andAq(2)
the end, for pressures higher than 6 GPa, where the structufaodes are the breathing and the pentagon-pinch modes. This
of the material approaches the ideal hcp one, its lower com'S In @ccordance with the fact that pentagons are more sen-
pressibility results in the frequency invariance of this mode Sitive 1o volume changes because they contain the weaker
The Hy(3) and Hy(4) intramolecular modes of (QN), single bonds.
(Fig. 3) soften with increasing pressure almost linearly in the

whole pressure region investigated, as in the case;pb@

with smaller pressure coefficienfs particular, theHy(4) This work was partially supported by NATO Grants Nos.
modg. The w(1), »(2), andHy(2) modes have pressure de- CRG 972317 and CRG 960556, the Russian Foundation for
pendence similar to those oggand do not show any change Basic Research Grant No. 96-02-17489, and the MRL pro-
in their pressure coefficientd=ig. 4). Finally, the pressure gram of the NSF under Grant No. DMR-9123048. K. Pras-
dependence oHy(1) mode exhibits a reversible pressure sides thanks the Leverhulme Trust for financial support.
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