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INFRARED SPECTROSCOPIC STUDIES OF Cgy AND C5,
NANOPARTICLE INTERACTIONS WITH 2-PYRROLIDONE
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ABSTRACT. Fourier transform infrared spectroscopy was used to investigate the interactions between Cg
and Cy, nanoparticles and 2-pyrrolidone (2-pyrrolidinone, y—lactam) in a toluene solvent environment.
Infrared spectra were collected for 2-pyrrolidone in toluene, 2-pyrrolidone in toluene saturated with Cg, and
2-pyrrolidone in toluene saturated with C;9 over a concentration range of 200 to 2 microliters (uL) of 2-
pyrrolidone per mL of toluene or toluene saturated with the nanoparticles. At the higher concentrations of
this range, small broadenings of the 2-pyrrolidone carbonyl stretching absorptions on the lower wavenumber
side were observed when the 2-pyrrolidone was treated with Cg and C5. A significant shift was observed for
the carbonyl absorption of 2-pyrrolidone when the 2-pyrrolidone was treated with Cgo at 5 and 2 uL of 2-
pyrrolidone per mL of toluene saturated with Cgy. These observed shifts suggest a 2-pyrrolidone—Cg
nanoparticle interaction or complex formation. A small broadening of the carbonyl absorption on the low
wavenumber side was observed when the 2-pyrrolidone was treated with Cyq at 5 and 2 uL of 2-pyrrolidone
per mL of toluene saturated with Csg. Spectral subtraction was used to reveal the carbonyl absorption for the
2-pyrrolidone—Cgo complex that exists at the higher concentration range, but is covered up by the intense
absorption of the excess 2-pyrrolidone not interacting with Cgo. The spectrum of 2-pyrrolidone in toluene (100
uL of 2-pyrrolidone per mL of toluene) was subtracted from the spectrum of 2-pyrrolidone in toluene
saturated with Cgo (100 pL of 2-pyrrolidone per mL of toluene saturated with Cgg). The subtraction process
yielded a spectrum containing a spectral absorption very near the shifted absorption for 2-pyrrolidone treated
with Cg at the lower concentrations.

Keywords: Infrared spectroscopy, nanoparticles, Cgo and Cq, fullerenes, fullerene/nanoparticle interactions,
2-pyrrolidone, 2-pyrrolidinone, y-lactam

INTRODUCTION dissolve in aromatic solvents such as toluene to
form colored solutions; Cg, in toluene is blue,
while Cy, in toluene is red (Ruoff et al. 1993).
Infrared spectroscopy was used in this study to
seek shifts in the carbonyl absorption of the 2-
pyrrolidone as an indication of its interactions
with the C¢y and C; nanoparticles in a toluene
solvent environment.

The interest in the interactions of Cgy and Cy
nanoparticles with a variety of molecular systems
has motivated a number of studies using a variety
of analysis methods (Holleman et al. 1999;
Kyzyma et al. 2008; Jurow et al. 2012; King et
al. 2012; Kyrey et al. 2012; Tropin et al. 2013;
Bowles et al. 2014; Kirsch et al. 2015). This paper
reports the results of an infrared spectroscopic EXPERIMENTAL METHODS

study of .the interactions .between.Cﬁo and Cro A Digilab FTS 7000 infrared spectrometer and
nanoparticles and 2-pyrrolidone using toluene as . .
. a circle cell fitted with a ZnSe ATR rod were used
a solvent environment (Aksenova et al. 2013). . .
. . to collect spectra for the investigation by averag-
The compound 2-pyrrolidone is a five-mem- . .
. . . ing 500 scans at a spectral resolution of two
bered, cyclic amide sometimes referred to as .
amma-lactam (y-lactam) or 2-pyrrolidinone wavenumbers. The empty circle cell was used as
& v Py - the background, single-beam spectrum for spec-

There are a number of pharmaceutical and ) . ) .
. . L . tral collection. The spectrometer was purged with
biological applications related to the 2-pyrroli- . . -
dry air for an hour prior to spectral collection to

done cyclic structure (Midgley et al. 1992; Harreus . . . .

. remove potentially interfering atmospheric water
et al. 2011). The Ce and C7p nanoparticles vapor. Since the 2-pyrrolidone interaction with
' Corresponding author: Joe L. Kirsch, 317-940- the nanoparticles is likely an equilibrium process
9400 (phone), 317-940-8430 (fax), jkirsch@butler.  involving both interacting and non-interacting 2-
edu. pyrrolidone, spectral collection was carried out
? Undergraduate Student over a broad concentration range (200 to 2
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Figure 1.—The spectra of 100 puL of 2-pyrrolidone per mL of toluene, per mL of toluene saturated with Cg,
and per mL of toluene saturated with C; are shown. In addition, the spectra of toluene saturated with Cg

and toluene saturated with C;, are included.

microliters (uL) of 2-pyrrolidone per mL of
toluene or toluene saturated with the nanoparti-
cles) to determine the optimal concentrations to
observe infrared spectral changes.

INVESTIGATION RESULTS

Figure 1 contains the spectrum of 100 pL of 2-
pyrrolidone per mL of toluene, the spectrum 100
pL of 2-pyrrolidone per mL of toluene saturated
with Cgo, and the spectrum of 100 pL of 2-
pyrrolidone per mL of toluene saturated with Cy.
In addition, the spectrum of toluene saturated
with Cg and the spectrum of toluene saturated
with C;q are shown. The spectra of toluene and
toluene saturated with nanoparticles do not show
any spectral absorption in the region of the 2-
pyrrolidone carbonyl absorption. The spectra of
the 2-pyrrolidone solutions containing Cg and
C5 at these concentrations show a very small
broadening of the carbonyl absorption on the low
wavenumber side. While these broadenings are
small, the broadenings were consistently observed
in repeated experiments. Spectra collected at
higher concentrations (200 pL of 2-pyrrolidone
per mL of toluene and toluene saturated with Cg
or C) also show consistent, small broadening on
the lower wavenumbers side of the carbonyl
absorption of 2-pyrrolidone resulting from its
nanoparticle treatment.

Complex formation, resulting from the inter-
actions of the nanoparticles with the 2-pyrroli-
done, is likely an equilibrium process involving
both 2-pyrrolidone interacting and not interact-
ing with the nanoparticles. Of course, shifting the

equilibrium toward the 2-pyrrolidone-nanopar-
ticle complex could result from increasing the
concentration of either the nanoparticles or the 2-
pyrrolidone. Changing the concentrations of the
nanoparticles is limited by their low solubility in
the toluene solvent, i.e., 2.8 mg of Cgy per mL of
toluene (Ruoff et al. 1993). Increasing the
concentration of 2-pyrrolidone would shift the
equilibrium toward any 2-pyrrolidone—nanopar-
ticle complex; however, it would also increase the
amount of the 2-pyrrolidone not interacting with
the nanoparticles which also contains the infrared
probe, the carbonyl bond. The higher concentra-
tions of the non-interacting 2-pyrrolidone could
cover up the carbonyl absorption of any 2-
pyrrolidone-nanoparticle complex and interfere
with its observation.

Concentration studies were carried out to find
an optimum concentration level of 2-pyrrolidone
to generate a 2-pyrrolidone-nanoparticle complex
and also allow the observation of the carbonyl
absorption of the complex. Figure 2 shows spectra
collected at 10 pL of 2-pyrrolidone per mL of
toluene and toluene saturated with Cgy or Cy.
The spectra show significant broadening of the
carbonyl absorption of the 2-pyrrolidone treated
with Cgg, but only very slight broadening of the
carbonyl absorption of 2-pyrrolidone treated with

Spectra collected at 5and 2 pL of 2-pyrrolidone
per mL of toluene and toluene saturated with Cg
or Cyy are shown in Fig. 3. Intensities of the
absorptions have been adjusted to help clarify
positioning along the wavenumber axis and do
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Figure 2.—The spectra of 10 pL of 2-pyrrolidone per mL of toluene, per mL of toluene saturated with Cg,
and per mL of toluene saturated with C;y are shown. In addition, the spectra of toluene saturated with Cg

and toluene saturated with C;, are included.

not reflect relative concentrations of 2-pyrroli-
done. Figure 3 shows spectra of 2-pyrrolidone
with a significant shift of the whole carbonyl
absorption from about 1700 cm™' to about 1687
cm™! resulting from its treatment with Cgg at 5 and
2 uL of 2-pyrrolidone per mL of toluene saturated
with Cgo. The significant shift of the 2-pyrroli-
done, carbonyl absorption clearly supports a
complex formation or interaction between the 2-
pyrrolidone and Cgo nanoparticles. The spectrum
of 2-pyrrolidone treated with C;, shows only a
very slight broadening of the carbonyl absorption
on the low wavenumber side at 5 pl of 2-
pyrrolidone per mL of toluene saturated with C-.

0.12= Pyr5 C70-Water Vapor

o011
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Figure 4 shows four spectra collected over the
concentration range of 10to 5 uL of 2-pyrrolidone
per mL of toluene saturated with Cg. The spectra
show a clear transition of the absorption position
of 2-pyrrolidone treated with the Cqo at 10 pL per
mL (located near 1700 cm™") to its absorption at 5
uL per mL (located near 1687 cm'). Again,
intensities of absorptions are adjusted to aid in
seeing spectral absorption shifts along the wave-
number axis. The spectra suggests an absorption
near 1700 cm™' for 2-pyrrolidone not interacting
with Cgo and an absorption for 2-pyrrolidone
interacting with Cgo near 1687 cm ™' (Fig. 4).

The infrared absorption observed near 1687
cm ™' for the complex formed between 2-pyrroli-
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Figure 3.—The spectra of 5 and 2 pL of 2-pyrrolidone per mL of toluene, per mL of toluene saturated with
Ceo, and per mL of toluene saturated with C;( are shown. In addition, the spectra of toluene saturated with

Cgo and toluene saturated with C;, are shown.
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Figure 4—The spectra of 10.0 pL, 7.5 uL, 7.0 pL, & 5.0 pL of 2-pyrrolidone per mL of toluene saturated
with Cgo are shown to clarify the carbonyl shift from near 1698 cm™! to near 1687 cm™.

done and the Cgy nanoparticles at the lower
concentrations (5 and 2 pL per mL) very likely
exists at the higher concentrations of 2-pyrroli-
done (200 and 100 pL per mL); however, this
infrared absorption may be buried under the
intense carbonyl absorption of the excess, non-
interacting 2-pyrrolidone.

Spectral subtraction has been shown to be a
useful tool in the separation of overlapping
spectral absorptions resulting from a mixture
of absorbing species (Gillette & Koenig 1984;
Honigs et al. 1985; Charles 1994; Siyuan et al.
2010). Figure 5 contains again the spectrum of
100 and 5 pL of 2-pyrrolidone per ml of

0855 Pyr5 C60
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2-pyrrolidone with C60 (100 uL perml)
085 minus
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0.50;
subtractfactor 0.95
0.45
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1700.050 0.135

toluene and toluene saturated with Cgo. The
spectrum that results from subtracting the
spectrum of 100 pL of 2-pyrrolidone per mL
of toluene times 0.95 (subtraction factor) from
the spectrum of 100 pL of 2-pyrrolidone per
mL of toluene saturated with Cgq is also given
in Fig. 5. The goal of the subtraction process is
to remove the intense carbonyl absorption
caused by the high concentration of the non-
interacting 2-pyrrolidone at this high concen-
tration level and thus to reveal the underlying
carbonyl absorption of the relatively low
concentration 2-pyrrolidone-Cg, complex.
The result of the subtraction process yields a

2-pyrrolidone 100 uL { mL Toluene

1735 1730 1725 1720 1715 1710 1705 1700 1695 1690 1685 1680 1675 1670 1665

Wavenumber
Figure 5.—The spectra of 100 pL of 2-pyrrolidone per mL of toluene, 100 pL of 2-pyrrolidone per mL of
toluene saturated with Cgy, 5 pL of 2-pyrrolidone per mL of toluene, and 5 pL of 2-pyrrolidone per mL of
toluene saturated with Cgo are shown. Also shown is the spectrum that result from subtracting the spectrum of
100 pL of 2-pyrrolidone per mL of toluene from the spectrum of 100 pL of 2-pyrrolidone per mL of toluene
saturated with Cgq (subtraction factor of 0.95).
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Figure 6.—A resonance structure model suggesting oxygen, lone pair donation to the nanoparticles (Cgp)
that shifts stability toward the resonance structure with the single bonded carbonyl and supports a shift of the

carbonyl absorption to lower wavenumbers.

spectrum with a spectral absorption at 1690
cm ' which is in good agreement with the 1687
cm ' location of the absorption for the 2-
pyrrolidone-Cgy complex observed in the
spectrum at the lower concentration levels.
Again, intensities of the absorptions have been
adjusted to clarify positioning along the
wavenumber axis.

DISCUSSION AND CONCLUSIONS

The carbonyl infrared absorption in amide
functionality is characterized by an absorption
peak below 1700 cm™' compared to “normal”
carbonyl absorption peaks observed above 1700
cm . The traditional explanation for the carbon-
yl-absorptions of amides being below 1700 cm ™" is
that the lone-pair electrons on the nitrogen are
delocalized into the amide carbon—nitrogen
chemical bond generating a minor resonance
structure with a carbon—oxygen single bond. This
minor resonance structure adds single bond
character to the carbonyl bond and contributes
to the lower wavenumbers observed for the
carbonyl infrared absorption in amide function-
ality (Avram & Mateescu 1970).

The observed shifts to lower wavenumbers
of the carbonyl absorption in 2-pyrrolidone
resulting from its interactions with Cgo could

suggest that its interaction with the Cgy occurs
through the lone-pair electrons of the oxygen
part of its amide structure. A number of
studies indicate that Cg, are good electron
acceptors for molecular systems (Charvet et al.
2012; Schubert et al. 2013; Stranius et al.
2014). A recent study of the interactions of
formamide with C¢y and C;, showed a shift of
the carbonyl absorption to higher wavenum-
bers suggesting an interaction through the
nitrogen lone-pair electrons of the amide
structure (Kirsch et al. 2015). The ring
structure of the 2-pyrrolidone could make the
nitrogen lone-pair electrons less accessible. If
the lone pair electrons of the oxygen on the 2-
pyrrolidone are donated into the antibonding
molecular orbitals of the Cqy (Feng et al.
2008), the resonance structure containing the
single bonded CO is stabilized yielding a lower
wavenumber infrared absorption of the car-
bonyl group. Figure 6 shows this oxygen lone-
pair donation process, and describes its impact
on the carbonyl absorption.

In summary, the infrared spectra collected in
this study suggest that interactions occur between
2-pyrrolidone and Cg, resulting from possible
donation of the electron pairs from the oxygen
part of its amide functionality into the antibond-
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ing MO’s of the Cg. At lower concentrations of 2-
pyrrolidone (5 and 2 pL of 2-pyrrolidone per mL
of toluene and toluene saturated with Cg), a
significant shift of its amide carbonyl absorption
(~1700 cm™' to ~1687 cm™") is observed sup-
porting this kind of interaction. A very slight
broadening of the carbonyl absorption of 2-
pyrrolidone when treated with C;q in toluene
suggests possible interactions, but further studies
are needed to clarify. Spectral subtraction of 2-
pyrrolidone from 2-pyrrolidone treated with Cg
at higher concentration levels of 2-pyrrolidone
reveals an absorption in good agreement (1690
em ' vs 1687 cm ') with that observed in the
spectrum of the 2-pyrrolidone treated with Cg at
lower concentration and also supports complex
formation with Cg.
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