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Ceo AGGREGATES IN PYRROLIDINE AND
N-METHYL-2-PYRROLIDINONE EVIDENCED BY
SURFACE-ENHANCED RAMAN SCATERRING
SPECTRA

M. Baibarac, N. Preda, L. Mihut, T. Velula, and I. Baltog*
National Institute for Physics of Materials, Lab. 160, Bucharest,
P.O. Box MG-7, R-76900, Romania

J. Y. Mevellec and S. Lefrant
Institut des Materiaux de Nantes, Lab. de Physique Cristalline,
2 Rue de la Houssiniere, B.P. 32229, 44322 Nanles, France

At room temperature, soluted Cgoin pyrrolidine and N-methyl-2-pyrrolidinone
assoctates slowly in stable aggregates. The process originales in the charge
transfer from the solvent molecules as electron donors towards fullerene. In
the aggregate phase the intermolecular interactions lead to a large reduction
in parent I, Cso Symmetry such that a modified phonon spectrum is observed.
Using the surface-enhanced Raman scattering we demonstrate that the Raman
range below 800 cm ™! is most diagnostic for aggregate assignment. In parti-
cular, the strong decrease of the radial breathing mode and appearance of
new bands at 110 and 93 cm ™! due to the interball interactions must be noticed.

Keywords: aggregates; fullerene; SERS spectra

1. INTRODUCTION

At room temperature, solute Cgp in single solvents like n-pentane, carbon
disulphide, benzene, carbon tetrachloride etc. aggregates slowly in nan-
ometer size clusters [1-6]. Whole process bases on weak intermolecular
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interactions forces which determines the stability and the aggregated size.
In general, these formations are very unstable even to the stirring or mech-
anical shaking of solution [7]. In binary liquid mixtures, consisting by a
strong and a poor fullerene solvent, the aggregates form quickly and they
are much more stable to mechanical disturbances [3]. Modification of the
liquid mixtures and fullerene concentration induce important solvatochro-
mic changes in the solution of Cgg [3,6,8]. Another class of aggregates
originates in the mild electrophylic character of Cgg. In solvents with nucleo-
philic properties are formed, by charge transfer from the solvent molecules
as electron donors towards fullerene, complexes which later on associate in
stable aggregates likened to a crystalline network. A special attention was
paid to the complexes of Cgy with various aliphatic [9] and aromatic amines
[10,11]. In this context, the pyrrolidine (P) and N-methyl-2-pyrrolidinone
(NMP) which act both as solvent and as a reactant are particularly interest-
ing. Due to the unpaired electrons of the nitrogen atom belonging to the
amino and amide group this solvents have an increased chemical reactivity.
Competition between nucleophilic addition and charge transfer favors the
bonding of solvent molecules at the Cgy cage, forming a functionalized full-
erene which on associates in stable aggregates. Oneself arrangement of Cgg
in nanometer size clusters is a result of the environmental interactions
which lead to variations of the phonon spectrum.

This can be investigated by Raman spectroscopy, one of the widest
used techniques for characterizing and understanding of the properties
of the fullerenes. A comparison between the Raman spectra of the aggre-
gates of Cgo in single solvents as toluene, benzene, o-dichlorobenzene
(CegH4Cly) where act weak van der Waals forces and in solvents as P and
NMP where act stronger forces of chemical origin is an inciting research
subject. So far, such Raman studies were not reported. In this achievement
an impediment is the measuring of very weak Raman signals as result of the
fact that one must use samples in form of thin films which preserve better
the aggregates formed in the solutions of Cgq. Difficulty is surpassed in this
paper using the surface-enhanced Raman scattering (SERS) as appropriate
experimental method, which operating with enhanced Raman signals due
to the resonant excitation of surface plasmons (Sps) [12,13] permits the
investigation of a thin films of nanometric thickness.

In this context we note that very few SERS studies of Cgy were reported
and no one devoted to the aggregates of fullerenes [14-17].

2. EXPERIMENTAL

The solvents, toluene (T), o-dichlorobenzene (DCB), pyrrolidine (P) and
N-methyl 2-pyrrolidinone (NMP), and Cgn powder used in this work were
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of Merck quality. One used solutions with the concentration of Cgg in the
range of 0.2-2 mg/ml. SERS spectra were performed at room temperature
in ambient air in a backscattering geometry under excitation wavelengths
at 1064 nm using a FT Raman Bruker RF'S 100 spectrophotometer. Films
of ~100nm thickness were obtained by the solvent evaporation on Au
and Ag supports with a rough microstructure in the range of 10-100 nm.
The preference for 1064 nm as Raman excitation wavelengths and Au as
metallic support was dictated by the fact that the films of Cg, regardless
the aggregation state showed a strong photoluminescence under visible ex-
citation and the gold is more efficient SERS substrate at this excitation
wavelengths.

Special care was paid to identify and separate the modifications of the
SERS spectra due to the roughness and type of the metal substrate [18].

3. RESULTS AND DISCUSSION

It is well known that the SERS originates in two basic enhancement
mechanisms: i) electromagnetic, resulted from the resonant excitation of
the surface plasmons and ii) chemical, mainly due to charge transfer pro-
cesses between the metallic substrate and adsorbed molecules. The inten-
sity of the Raman emission excited by surface plasmons depends on the
dielectric constant of the metal substrate [12,13] and for the visible range
the silver and gold, which possesses the lowest absorption coefficients [19],
are the most effective metallic supports. This fact becomes important in
SERS spectroscopy of fullerenes, which are known as molecules with high
chemical reactivity, readily forming charge-transfer compounds with metals
as donors [20]. In this sense Ag and Au can be such donors, so that the
SERS spectra should reveal significant differences in comparison with reg-
ular Raman spectra of Cgg powder. In these circumstances for the use of
SERS spectroscopy as suitable technique in the study of the Cgq aggregates
is necessary a correct evaluation of the support effect. This could be the
explanation why so far were reported very few data concerning the varia-
tions of the Cgq SERS spectra as function of the type of metal substrate
[14-16,18] and no one relating the Cgo aggregates.

A complete picture of the variation of Cgq SERS spectra with the support
roughness and the type of metal substrate is given in the Figure 1.

The resonant excitation of the Sps is achieved using as optical coupler a
rough metallic substrate with a roughness in the range 10-100 nm. This
process being independent of the chemical reactivity of the two adjacent
media, a Raman spectrum excited by SPs should not differ from a regular
one. In reality, the SERS spectra show frequently significant differences
which are due to charge transfer processes taking place between the
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FIGURE 1 SERS spectra at 4.y, = 1064 nm of Cg( as function of roughness and the
type of metal substrate. In inset is illustrate idealized rough profiles defined by the
thickness of the metallic film (e) and roughness parameter (h/a). All spectra were
recorded on Cgg films of ca. 100 nm thickness deposited by evaporation of the
solvent (toluene).
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metallic substrate and adsorbed molecules. These interface reactions,
forming so called the chemical component in the SERS generation, plays
an important role. Their dependence of the morphology of the metal
substrate relate different adsorption mechanisms.

From the SERS perspective an active rough surface may be likened to a
bird’s-eye view of a multitude of columns of nearly the same diameter. It
can described in terms of two quantities: a and £, the diameter and average
height of these columns, respectively. In a former paper we have shown
that using a diffraction grating as optical coupler the SERS intensity
depends on the ratio between grating groove depth and grating periodicity
[20]. Idealizing this picture, the rough surfaces of Au and Ag used as SERS
supports could be assimilate with two-dimensional diffraction gratings. In
this case, the roughness ratio, 2/a, may be likened to a grating groove
depth/grating periodicity ratio and any change in the h/a value should
be accompanied by a specific variation of the SERS intensity. On the Figure
1, the inset illustrates different roughness obtained changing the evapor-
ation conditions i.e. keeping the atomic beam at a constant grazing inci-
dence to the target surface and changing the amount of evaporated
metal. In this way one prepared four types of rough metallic surfaces whose
parameters 2 and /a were estimated by scanning tunneling microscopy
(STM). A semi-quantitative the comparison of the Raman spectra mea-
sured on supports with different roughness was obtained using a normal-
ized scale and taking as unit the Raman signal of Cgq film deposited on
the smooth substrate of Au and the Raman spectrum of sulfur as standard.

The variation of the SERS spectra as function of the metal substrate and
surface roughness is presented also in Figure 1. SERS spectra recorded on
Au and Ag supports bring to view all Raman active modes in Cg, 1.€. two Ag
and eight Hgy modes [21] and the influence of the metal substrate is noticed
by the different magnitude of the measured Raman signal and the appear-
ance of new bands. One see easily that the gold is a more efficient SERS
substrate at excitation wavelengths of 1064nm. Variation of the Raman
intensity with the support roughness, shown in Figure 1 by the spectra
AUyougn1 — AUrougna, relates the efficiency of surface plasmons excitation
with the increase of the i/a parameter. The chemical mechanism, con-
tributing to the SERS process, relates the different records on Au and Ag
substrate. Figure 1 shows clearly that the gold support is chemical more
reactive and the band peaking at ca. 343 cm ! is revealing.

The different chemical behavior of the Au and Ag supports is due to the
interposition of an intermediate compound layer between the Cgo mole-
cules and metal substrate formed during in air manipulation. Ag has a
strong oxidation tendency to form a stable compound Ag>O, which as a sur-
face layer prevents the direct interaction between Cgq and metal substrate.
In this case the SERS spectrum is similar to the regular Raman spectrum
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recorded on Cgy powder. For the gold, which is the only metal that shows
no direct reaction with oxygen, even at high temperature, the lack of a
covering oxide layer permits a direct interaction, of charge-transfer type,
with adsorbed fullerenes. In this case thinking of a compound as Au,Cgo,
analog with the alkali metal-doped fullerenes like MsCgqy (M =K, RbD,
etc.), one can explain similarly the down shift of the Raman band associa-
ted to the pentagonal pinch mode A4(2). Besides, the experimental data
show that the position and the profile of the A4(2) band depend of the
roughness of the substrate. With the increase of the substrate roughness,
the Ag(2) band get a more asymmetric profile in its lower energy side
formed by the growth of three bands at 1454, 1425 and 1390 cm ™! At
the first sight this kind variation seems normal, a greater roughness
meaning a greater reacting surface, i.e. an increased contribution of the
chemical component in SERS generation. However, using supports of
different roughness, the SERS spectra presented into normalizes scale
are not identical if the enhancement should depend only of the efficiency
of the surface plasmons excitation. Another process can be a charge trans-
fer activated by the incident excitation light. In this case an electron of the
metal, excited by the incident photon, tunneling into excited state of the
adsorbed Cgg induces in this a different equilibrium geometry. The return
of the electron to the metal, leaves fullerene into another vibration excited
state than neutral molecule which will lead to emission of a Raman-shifted
phonon. In this case the different SERS spectrum results from the acti-
vation of forbidden transitions in the high icosahedral (I;,) symmetry of
the isolated Cgp by a lowering-symmetry effect. Thus, the bands at 343
and 1562cm ™' may be attributed to the odd-parity mode H,(1) and
H,(7), respectively.

Aggregation of the fullerenes in single solvents is a typical example of
weak intermolecular interactions. Based on van der Waals forces this pro-
perty relates the polarizability of the interacting particles and its magnitude
determines the stability and the size of aggregates. An example is the
aggregation of Cgg in a polar solvent as o-dichlorobenzene achieved if the
solution is left standing a long period of time, Figure 2. It exhibit the mod-
ifications of the SERS spectra of Cgy due both to the interactions of fuller-
enes with the gold substrate and its aggregation. As above, the substrate
effect consisting in the presence of a band at 342cm ™! and in the shift
of the Ag(2) band at about 1458 cm ! was observed mainly on films
prepared from the fresh solutions.

The most indicative for the fullerenes aggregation there is in the spectral
range below 800 cm ! and as general feature one can mention the strong
decrease of the Raman bands associated to the radial vibration modes.

Aggregation leads to a distortion of the molecule and a large reduction in
symmetry such that many previously forbidden line appear in the IR and
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FIGURE 2 Aggregates of Cgg in o-dichlorobenzene evidenced by the SERS spec-
troscopy at Zexe = 1064 nm on films of ca. 100 nm thickness deposited on Au sup-
port . Spectra a and b were recorded on films prepared from fresh solution and
left standing in the dark at ambient temperature for 12 days, respectively.

Raman spectra of the agregate. The reduction in symmetry leads also to a
multiple splitting of some allowed Raman and IR modes of Cgy and new
bands appear while the intensity of many original bands decreases. In this
sense we notice the weak band at ~255cm ™! which seems appearing as
one component resulted from the splitting of the Hg(1) band of the I,Cg
into three components at 275, ~254 and ~242cm ! in the Cg, dimer
[22]. Asymmetrization towards low energy side of the A4(2) band and
replacing of the Hg(8) line with a wide band at ~ 1562 cm ! is also a conse-
quence of the lowering symmetry effect, typical when Cg, associates
through polymerization [23], coalescence under light irradiation [17] or
pressure-polymerization [24].

Another class of aggregates are those formed in liquids with nucleophilic
properties as pyrrolidine (P) and N-methyl-2-pyrrolidinone (NMP) which
act both as solvent and as a reactant. In this case the aggregation of Cgg
is driven by stronger intermolecular interactions forces. By charge transfer
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from the solvent molecules as electron donors towards fullerene are formed
complexes, which later on associate in stable aggregates likened to a crys-
talline network.

Figures 3a and 3b show the SERS spectra of films prepared from solu-
tions of Cgg in pyrrolidine. It is striking the difference between the two
figures which correspond to the films prepared from: i) fresh solutions,
i.e. just after the dissolving of fullerene, and ii) the solutions left standing
for 34 days. Figure 3a shows that in the initial state the SERS spectra exhi-
bit remarkable similarities. This indicates a strong interaction with the
molecules of pyrrolidine and the formation of molecular complexes whose
physical and chemical properties are different in comparison with parent
fullerene. Due to the lowering of the high icosahedral (I,) symmetry of
Cgo, resulted from the bonding of pyrrolidine molecule on the Cgy cage
are activated both the silent and high order vibrations modes which
become observable both in the IR absorption spectra and Raman spectra.
In this sense it is relevant the appearance in the Figure 3a of the band at
1500 cm ™~ close of that observed at 1497 cm ™! in the IR absorption spectra
of the C60'4CGH6a C60'XCCI4, 060'1.5082, CGO'CzHClg clathrates [25]
Besides, the lines at 134 and 257 cm ™! and the enhancement of the bands
group ranging 650750 cm ™!, all reported as due to the coupling between
two balls [23,26], indicate a strong process of association of the molecular
complexes CgoP, which takes place very in the begining; after the dissolving
of fullerenes. This explains also the absence of the band at 342cm ™!,
evidence of the isolated Cgoy which can interacts with the gold substrate.

By aggregation of Cgg the SERS spectra change continously and stabilize
after different storing time of the preparing solutions. As function of fuller-
enes concentration the SERS spectra no more vary after few days and few
weeks for the concentration of 0.2% wt and 0.05% wt, respectively. All
spectra show new bands in the ranges of 1200-1350 and 2500-—
3500 cm L. Spectrum 1 in Figure 3b is fully relevant, it is almost identical
with the SERS spectrum of the amorphous carbon. On the other hand,
spectra 2 and 3 from Figure 3b, exhibit two bands at ~1585 and
~1300cm ™! as a rule omnipresent in the graphitic materials; the former
is attributed to the tangential stretching modes and the latter is known
as D band relating of disorder state and defect [21].

The appearance of SERS spectrum similar to the amorphous carbon may
result from the destroying of the fullerene by the successive reactions with
pyrolidine molecules. If such a process really occurs then it must be more
efficient in the less concentrated solutions, i.e. when the number of solvent
molecules allocated to the one molecule of Cg is greater. Nevertheless, the
spectra from Figure 3b show a variation contrary to expectation, the mark
of the amorphous carbon is rather found on sample prepared from the more
concentrated solution. Another explanation makes reference to the
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FIGURE 3 Aggregates of Cg in pyrrolidine evidenced by the SERS spectroscopy at
Aexe = 1064 nm on films of ca. 100 nm thickness deposited on Au support . Spectra
1, 2 and 3 were recorded on films prepared from solution of concentration 0.2, 0.1
and 0.05%wt, respectively. Figure a corresponds to the initial state, i.e. when one
used films prepared from fresh solution and b to the aggregated phase formed in the
solution left standing in the dark at ambiental temperature for 34 days.
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aggregation of the functionalized fullerenes in three dimensional struc-
tures. The analogy with a crystallization process taking place into saturated
solutions explains the dependence of concentration solutions; the higher
concentration advantages a rapid crystallization and the formation of
disordered aggregates while in the solution of lower concentration the aggre-
gation proceeds slowly leading to three-dimensional structures resembling
to a crystalline lattice. With this scenario, the presence of the Raman bands
at 1585, 1450 and 1300 cm ~ !, the last appearing as D band, have a specific
meaning. The D band occurs normally in powdered and randomly oriented
crystalline graphite, glassy carbon, highly ordered pyrolitic graphite, car-
bon nanotubes and amorphous carbon [21]. It is activated in the first order
scattering process of sp® carbons by the presence of different defects (in-
plan substitutional hetero-atoms, vacancies, grain boundaries) and by finite
size effects, all these lowering the symmetry of the quasi-infinite graphite
lattice. On the basis of size effect [27], the intensity of the D band becomes
measuring for the inverse of the aggregate characteristic size.

Looking the aggregates as crystalline particles of different size and
shape one expects specific effects in the radiation-matter interaction. In
this sense, one of the most unusual properties of graphite is the activation
of the second-order Raman spectrum whose intensity varies with the sizes
of the crystalline domains [27-29]. Second-order Raman line, called over-
tone, originates in combined density of states of two phonons of equal
and opposite nonzero wave vector, is located at approximately twice the
frequency of the one-phonon density of states spectrum.

Such spectra are presented in the Figure 3b where one observes that the
same as for others particles of graphite the main second-order Raman line
concern the first order in the interval of 1000-1600 cm ™!, We consider this
as a clear evidence for the formation of Cg( aggregates likewise with crys-
talline lattice. Because the intensity of the second-order Raman spectrum
relates the aggregates size, on the basis of spectra 2 and 3 from Figure 3,
one infers that in the diluted solutions were formed aggregates of greater
size.

Disparity between the strength of the intermolecular and intramolecular
bonds divides the phonon spectrum of the aggregate into intermolecular
and intramolecular vibrations. For the graphite particles the intermolecular
vibrations are observed in the low-frequency of the Raman spectrum
[23,26]. Based on this reasoning the band at about 110cm ™' may be
attributed to an interball vibration mode in analogy with the Raman lines
associated to the covalent bonds between adjacent Cgo in dimers [30-32].

Summarizing the data presented in Figure 3a and Figure 3b one infers
two stages in the aggregation of Cg in pyrrolidine. In the beginning, as
result of the fact that Cgg is a good electron acceptor while P is a good elec-
tron donor, are formed CgoP charge transfer complexes. This interaction
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explains the down-shift of the Az(2) band and the weakening of the Hg(1)
radial band. In addition, the new bands at 134 and 257 cm ™! suggest that
the interaction between Cgy and P lead also at Cgg dimer. In the second
stage, these molecular complexes associate slowly forming aggregates of
different size resembling a crystalline network. The signature for this stage
is done by the appearance of the band at ~106-116 cm !, associated to
the interball stretching and of second order Raman spectrum.

This process can be illustrated by the scheme 1.

If the reasoning is correct then the use of another nucleophile solvent
must lead to similar results. An example is the aggregation of Cgy in
N-methyl-2-pyrrolidinone, Figure 4.

The same as above, the aggregated phase has been obtained leaving the
solution of Cgq to stand in the dark a long period of time. the modifications of
the SERS spectra displayed in Figure 4 are the result of the interactions of
Cgp with the metallic substrate, with molecules of solvent and with neighbor

o=

SCHEME 1
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FIGURE 4 Aggregates of Cgo in N-methyl-2-pyrrolidinone evidenced by the SERS
spectroscopy at Aexe = 1064 nm on films of ca. 100 nm thickness deposited on Au
support. Spectrum a corresponds to the initial state, i.e. when one used film pre-
pared from fresh solution and b, ¢ d, e and f on films prepared from solution left
standing in the dark at ambient temperature for 1, 3, 6, 18 and 34 days, respectively.
The concentration of Cgy was of 0.04% wt.
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molecules which form the aggregates. They are closer of them relating the
aggregation of Cgp in DCB. An indicative is the progressive decreases of the
band at ~342 cm ™! which signals the interaction of Cg, with the metal sub-
strate. In comparison with the aggregation of Cgo in DCB we signal a greater
decreasing of the measured Raman signal and the appearance of new bands
peaking around of 1496, 250 and 94 cm ™~ !. As above, the charge transfer
between the solvent molecule towards fullerene leads to the formation of
stable complexes, which relate specific variations of the SERS spectra.
the band at about ~255cm ™! is the most relevant for the aggregation of
Cgo in NMP. It appears from the beginning as shoulder of the characteristic
Raman band attributed to the Hg(1) vibration mode of Cg in the icosahedral
(I;) symmetry. During the aggregation it grows and broadens tending to a
Gaussian profile shifted at about 246 cm ™! becoming one of the most impor-
tant Raman band. This modification of position fits very well with the theor-
etical predictions regarding the splitting of the Hg(1) band of the I,Cg
into three components at 275, ~254 and ~242cm ™! in the Cg dimer
[22]. In this case the new band at ~246 cm ™! could relate many cage of
Ceo associate in chain or network.

The same as in Figure 3 we disclose two steps in the aggregation of the
Cgo in NMP. In the beginning, just after the dissolving of fullerene, the
molecules of solvent bonding on Cgy form molecular complexes similar to
functionalized fullerenes which by the successive associations form
three-dimensional aggregates resembling with a crystalline network. The
slower stage, which lasts longer time, is featured by a shift of these bands
until 246 and 1446 cm ™', respectively and the enhancement of another one
around 94 cm L.

Whole process ends by the modification of the phonon spectrum con-
cerning both the intramolecular and intermolecular vibrations. The former
relates the decreasing of the high icosahedral (I,) symmetry of Cgy and the
latter interball interactions. In this frame one explains the appearance of
the band at 1496 cm ! as due to the combination modes Fi1g2)@F1,(1)
[25] activate Cgo of lowered symmetry and at ~94cm ™! associated to
the interball stretching mode in analogy with the Raman lines associated
with the covalent bonds between adjacent Cgp in dimers [30-32]. This
process can be illustrated by the scheme 2 which goes on in two steps.

4. CONCLUSIONS

This paper reports new results obtained by SERS spectroscopy concerning
the aggregation of Cgq in o-dichlorobenzene (DCB), pyrrolidine (P) and
N-methyl-2-pyrrolidinone (NMP). For a correct evaluation of the variations
SERS spectra due to the aggregation of Cgy in different solvent, the
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SCHEME 2

dependece of Cgy SERS spectrum of type of metal substrate and surface
roughness are also investigated.
The results can be summarized as follows:

i) The SERS spectra of the Cgq film deposited on Ag and Au substrate with
the same roughness are different. This is due to the interposition of an
intermediate compound layer between Cgo and metal substrate. Ag in air
forms Ag,0, as stable surface layer, which prevents the direct interac-
tion between Cgo and metal substrate. For the gold, the lack of a cover-
ing oxide layer permits a direct interaction, of charge-transfer type, with
adsorbed fullerenes. The main evidence of the interaction between Cg
and gold substrate is done by a new band at ~342 cm ™. It is explained
in terms of a charge-transfer activated by the incident excitation light.
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ii) The interface reactions, form so called the chemical component in SERS
generation, depends also of the morphology of the metal substrate. We
have demonstrated this using metallic supports of different roughness
defined by the ratio &/a which, may be likened to a grating groove
depth/grating periodicity ratio.

iii) Aggregation of Cgo in DCB involves weak intermolecular interactions on
the type van der Waals forces. The main SERS signature is done by: a)
the weakening of the bands associated to radial vibration modes and b)
down-shift and a strong asymmetry in the low energy side of the pentag-
onal pinch mode A4(2).

iv) Aggregation of Cgg in pyrrolidine and N-methyl-2-pyrrolidinone is differ-
ent as result of the fact that they act both as a reactant and as a solvent.
In this case the aggregation process is driven by stronger forces orig-
inate in the charge transfer from the solvent molecules as electron
donors towards fullerene. The aggregation develops in two stages: in
the beginning are formed quickly by the charge-transfer molecular com-
plexes as dimer of Cgo which on associate slowly in stable aggregates.
The Raman range below 800cm ™' is most diagnostic for aggregate
assignment. In particular, the main indicative is the decreasing or even
disappearance of the Raman bands associated to the radial vibration
modes. We conclude that in NMP are obtained linear chains of Cgo which
in the SERS spectra are evidenced by the active Raman interball mode
at 92 cm ! while in P are formed aggregates highly organized likewise
crystalline network. These are signed in the SERS spectra by the
Raman-active interball modes of Cgy polymer chain two-dimensional
tetragonal at 110-118cm ™' and the appearance of a second order
Raman spectrum.
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