An Origin of Complicated Infrared Spectra of Perfluoroalkyl Compounds Involving a Normal
Alkyl Group
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Perfluoroalkyl (Rf) compounds involving a normal alkyl
group often yield highly complicated infrared (IR) spectra
especially in the C—F stretching vibration ﬁVC_F) region. To
reveal the reason, the IR p-polarized multiple-angle incidence
resolution spectrometry (pMAIRS) is employed to measure a
monolayer of CF3(CF,)q(CH,);COOH deposited on a silicon
substrate. The compound is known to spontaneously
aggregate to form a molecular assembly with a closest
packing, in which the molecules are oriented perpendicularly
to the substrate. The IR pMAIRS spectra apparently prove
that the complexity of the vC-F region is due to the normal
alkyl part directly connected to the Rf group because the
carbons in the Rf group are vibrated as a coupled oscillator,
and the oscillation of the alkyl part propagates to the Rf part
along the molecular axis.

A perfluoroalkyl (Rf) group is a fluorine-substituted
alkyl group on all hydrogen atoms. When the whole or a
portion of an alkyl group is replaced by an Rf group, the
compound often exhibits an Rf-specific bulk character
represented by the water/oil repellency, a low electric
permittivity, and high melting point, which depends on the Rf
length.” To make a chemically functionalized material, Rf
compounds have long been used in various chemical products,
and understanding of the relationship between the primary
chemical structure and the bulk property is necessary.

Since an Rf group has a similar chemical structure to a
normal alkyl group except the Rf group-specific molecular
twist (Figure 1), the structure analysis of Rf compounds is
performed by using an infrared (IR) spectroscopic technique,
in which the trifluoromethyl (-CF5) and difluoromethylene (-
CF,-) groups are expected to exhibit similar IR bands to those
of the normal methyl and methylene groups, respectively.*

In a recent study,® however, it is first pointed out that the
CF, stretching vibration bands cannot be used for discussing
the molecular orientation of the Rf group, since an Rf group is
twisted with a pitch depending on the phase diagram.>® When
an Rf group has a tilted stance to the substrate surface, one of
the CF, groups could be parallel to the surface; whereas the
rest CF, groups should obliquely be aligned with different tilt
angles because of the twisted molecular structure.® Since a
normal alkyl group has a planar zigzag structure in a
crystalline, the situation of an Rf group is significantly
different from that of the normal alkyl group. As shown
straightforwardly by this example, the spectroscopic
discussion of an Rf group and normal alkyl one should be
discriminated from each other.

Another notable point to discuss IR spectra of Rf
compounds is that the mass of fluorine is larger than that of

Figure 1 A schematic of the compound of n = 9 with
r = 3.0. The Rf part is twisted about the molecular
axis. The gray, orange, blue and red circles denote
C, F, H and O atoms, respectively.

carbon, which is totally opposite to the C—H bond: hydrogen
is much lighter than carbon. As a result, on a molecular
vibration, the fluorine atoms stay with nearly no motion;
whereas the skeletal carbon chain vibrates as a coupled
oscillator. In other words, a normal mode is not highly
localized on a chemical group,” but it is readily influenced by
the connected groups in the direction of the molecular axis.

To systematically discuss IR spectra of Rf compounds in
terms of the coupled oscillator, a series of di-block carboxylic
acids consisted of the Rf and the normal alkyl parts are
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Figure 2 TO energy-loss function spectra of
perfluoroalkyl-containing compounds with different
length ratio, r, of the Rf group to the normal alkyl
group.



prepared, which is denoted as: CF3(CF;),—(CH,),—COOH
(Figure 1). The total length is fixed at a constant (n+m=12),
so that the length ratio defined asr =n/m is introduced as a
single parameter. The carboxylic group is introduced to make
the melting point appropriate for the experiments in an
ambgent condition; otherwise the melting point becomes too
low.

Figure 2 presents IR spectra of the bulk (unoriented)
samples as a function of r, which are obtained by using the
attenuated total-reflection (ATR) technique.” The spectral
region is mainly of the C-F stretching vibration (vC-F)
modes. As for the sample of r =, polytetrafluoroethylene
(PTFE) is employed. Since the band positions are discussed
later by comparing to the IP spectrum (Figure 3) that is driven
by the transverse-optic (TO; Im(&)) energy-loss function,’
the ATR spectra are all converted to the TO function via the
Kramers-Kronig transformation®**** using a refractive index
of n=1.35." Here, ¢ is the complex electric permittivity of
the sample.

When we consider that most bands are of the vC-F
modes, Figure 2 has unusually too many bands especially for
a low r. On closer inspection, however, the spectral shape
apparently depends on the parameter, r: when r is large, the
spectral shape becomes close to the simple spectrum of PTFE.
Since a large r means that the normal alkyl part is ignorable,
the complex pattern should be induced by the normal alkyl
part.

Since the influence of the normal alkyl group on the
coupled oscillation of the Rf carbons should propagate in the
molecular axis direction, the influence is expected to be
separated from the perpendicular components to the axis such
as the anti-symmetric and symmetric CF, stretching vibration
(vaCF, and vsCF,, respectively) modes, if the molecules are
highly oriented on a substrate.

Fortunately, in our previous study,? the compound of n =
9 was found to be aggregated to generate a two-dimensional
molecular assembly, in which the molecules are standing
perpendicularly at the air-water interface thanks to the
carboxylic group. In the present study, the n = 9 (r = 3.0)
compound is thus employed to prepare a monolayer on water,
and it was transferred onto a silicon substrate, which is a
single-monolayer Langmuir-Blodgett (LB) film."**

To separate the surface-parallel and -perpendicular
molecular vibrations, the IR p-polarized multiple-angle
incidence resolution spectrometry (pMAIRS) technique™™ is
employed. IR pMAIRS generates a set of two absorption
spectra of a thin film on a solid substrate. The two spectra are
the in-plane (IP) and out-of-plane (OP) spectra, which
correspond to the surface-parallel and surface-normal
components of a transition moment, respectively. In other
words, both spectral pattern of the transmission and
reflection-absorption (RA) spectra®® are simultaneously
obtained from an identical sample. When the molecules are
perpendicularly oriented on the substrate, the IP and OP
spectra correspond to the perpendicular and parallel directions
to the “molecular axis,” respectively.

The IR pMAIRS spectra of the LB film are presented in
Figure 3. The IP spectrum (Figure 3a) is largely simplified
from the corresponding bulk spectrum of r = 3.0 in Figure 2d.
For example, the doubly split bands at the apparent positions
of 1208 and 1222 cm™ in Figure 2d are simplified to be a
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Figure 3 IR pMAIRS spectra of an LB monolayer of
the compound of n = 9 deposited on a silicon
substrate.

single band at 1208 cm™ in Figure 3a. The removed band is
attributed to the band at 1219 cm™ in the OP spectrum (Figure
3b). This highly shifted band should be assigned to the
longitudinal-optic (LO) mode of the v,CF, band.*

The asymmetric broadening of the doublet band in
Figure 2d is also attributed to the broad band in the OP
spectrum at about 1240 cm™, whose vibrational character is
highly complicated.*” In a similar manner, the many minute
bands involving the symmetric CF; stretching vibration
(vsCF5) band® at 1344 cm™ are removed from the spectrum in
Figure 2d, and instead they appear in the OP spectrum in
Figure 3b.

The complicated spectrum in Figure 2d thus proved to be
induced by the molecular vibrations in the direction of the
molecular axis (OP). In fact, the band positions (1208 and
1152 cm™) are retained as appeared in the spectrum in Figure
2d thanks to the TO energy-loss function conversion. This
supports that the normal alkyl part is the reason why the
complicated spectral pattern is generated.

After the removal of the OP contribution, the IP
spectrum is remained as fairly similar to the PTFE spectrum
in Figure 2e in shape, in which no minute bands appear. PTFE
consists of many CF, groups, in which the terminal CF;
groups can be ignored. No CF; peak is thus found in the
spectrum in Figure 2e. In this manner, as a conclusion, the
bands at 1208 and 1152 cm™ in the IP spectrum are roughly
assigned to the v,CF, and v,CF, bands, respectively."*’

Here, we have to pay attention, however, that these
bands do not correspond to pure group vibrations,” as opposed
to the v,CH, and v,CH, bands of a normal alkyl group. The
transition moments of the v,CF, and v,CF, bands are not
involved in the surface-parallel plane perfectly, although the
molecules are oriented highly perpendicularly,>* which results
in minor bands in the OP spectrum (Figure 3b). This is



another reason why the v,CF, and v,CF, bands are not
suitable for analysis of molecular orientation of an Rf group.

On the other hand, the band at 1344 ¢cm™* assigned to the
vsCF; mode is highly useful for the molecular orientation
analysis. In the case of a normal alkyl group, the transition
moment of the terminal CH; mode is a little tilted from the
molecular axis. In an Rf group, however, the transition
moment of the v.CF; mode is directed highly parallel to the
molecular axis: the mode is not localized at the CF; group
only, but it is spread over the Rf group especially for a long
Rf group’ due to the coupled oscillation along the Rf group. In
this manner, the appearance of the v;CF; band in the “OP
spectrum only” strongly implies that the Rf group stands
perpendicularly to the monolayer surface, which is consistent
with discussion above and other reports.**
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