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A systematic sum frequency generation vibrational spectroscopy study is conducted on the gas-liquid interface
of room-temperature ionic liquids. The compounds contain ammonium and pyrrolidinium based cations, to
which alkyl substituents of different length and/or functional groups are attached, and they are all combined
with the bis-trifluoromethanesulfonimide anion ([imide]-). The alkyl chain length shows a strong effect on
the ordering of the chains at the topmost layer, reaching the maximum order for (C4H9)N+(CH3)2(C3H7) and
(C6H13)N+C4H8(CH3). There is also evidence of gauche defects for longer alkyl chains, and changes in the
spectral features for the shortest ones. The substitution of a carbon atom in the chain by oxygen, and its
per-deuteration, provides the means to acquire a more complete description of the surface structure, and an
unambiguous assignment of the vibrations detected in the SFG spectra. Finally, a brief comparison between
alkylpyrrolidinium, and previously studied alkylimidazolium, cations is also established.

1. Introduction

Room-temperature ionic liquids (RTILs) are compounds
formed by the combination of an organic cation and a weakly
coordinating anion, organic or inorganic.1-3 They possess unique
physicochemical properties. Their low melting points enable
them to form solventless liquid electrolytes, and in addition,
they possess a relatively high conductivity, high thermal
stability, wide electrochemical windows, and remain liquid for
large temperature ranges.2,4-6

The interface chemistry of RTILs is still a relatively new and
scarcely investigated subject, although some work exists on the
properties of the gas-liquid, solid-liquid, and liquid-liquid
interfaces.7 The study of the gas-liquid interface is important,
since the unique surface properties of room-temperature ionic
liquids make them suitable for operations of flue gas scrubbing
of atmospheric contaminants such as SO2.8,9 They possess
potential for supercritical extraction operations due to the
relatively high solubility of CO2 in those compounds.10,11There
is however a drawback; their relatively high viscosity compared
with the traditional organic solvents limits the number of
industrial applications. Therefore, the attention was focused on
compounds with anions that can form RTILs with lower
viscosity and lower melting points,12 which involved the study
of compounds based on anions such as triflate, bis(trifluo-
romethanesulfonyl)imide([imide]-),anddicyanamide([DCA]-).4,12-16

This is due to the fact that the anion is usually responsible for
dictating several of the physical properties of an ionic liquid.17

However, the cations are also important; thus, the present
investigation focuses on ionic liquids based on the alkylammo-
nium and alkylpyrrolidinium cations combined with [imide]-.

A number of different cations such as alkylimidazolium,
alkylammonium, alkylsulfonium, pyrazinium, pyridinium, and
pyrrolidinium have been paired with the [imide]- ion to form
ionic liquids with different properties.14,15,18-25 In addition, the
weakly coordinating [imide]- causes a substantial depression
in the melting point of the ionic liquids it forms, which is due
in part to the charge delocalization that extends from the central

nitrogen atom to the neighboring sulfur atoms, and less to the
oxygen atoms, causing the charge to be buried inside the
molecule. This, added to the shielding effect of the oxygen atoms
and the terminal-CF3 groups, reduces the Coulombic interac-
tions with the cation, increasing the ion mobility and reducing
the lattice energy.4,26,27

Aside from the amount of attention that imidazolium based
ionic liquids have drawn as novel green solvents for chemistry,3

alkylammonium and alkylpyrrolidinium cations have also been
proposed as alternatives for a number of applications due to
their properties. Alkylammonium cations, for instance, are
sufficiently electrochemically stable to be used as supporting
electrolytes, and their melting points approach room temperature
as the overall size of the ammonium ion becomes large, and
the asymmetry of the molecule increases.25,28 Pyrrolidinium
cations display similar characteristics and, in addition, possess
higher conductivities in most of the cases.29 They lie conceptu-
ally between the fully 3-dimensional quaternary ammonium
cations and the close-to-planar imidazolium ions; some possess
larger electrochemical windows compared with the ammonium
based ones, and they are able to form ionic liquids that show
plastic crystal behavior.26,30,31Finally, both alkylammonium and
alkylpyrrolidinium cations have lower costs compared with
imidazolium ions.32

The structures of the ionic liquids investigated in this work
are shown in Figure 1. It is clearly seen that the cations possess
relatively low symmetry, and that the substituent alkyl chain
varies from 3 to 10 carbons for both ammonium and pyrroli-
dinium compounds. One of the pyrrolidinium imides has a
methoxy-ethyl chain ([Py1(C2OC1)][imide]), and another one
has a per-deuterated alkyl chain ([Py14D][imide]) as the
substituents. This was performed in order to give unambiguous
assignments of the vibrational modes observed in the sum
frequency spectra. The results suggest that the ordering at the
surface is maximum for the butyl substituted ammonium imide,
and for the hexyl substituted pyrrolidinium imide, decreasing
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for longer chains in every case. There is an increase in surface
disorder proportional to the chain length as well.

Sum Frequency Generation (SFG).SFG is a second order
nonlinear spectroscopy, sensitive to molecules in non-cen-
trosymmetric environments. The SFG experiment consists of
overlapping two high-intensity laser beams of frequenciesω1

andω2, at the surface of a nonlinear medium which generates
a second order nonlinear polarizationP(2)

(ω1+ω2) described by

whereE(ωi) is the electric field of the incoming beam andø(2)

is the second order nonlinear susceptibility. The susceptibility
has a nonresonantøNR and a resonantΣøR

(2) contribution. øNR
(2)

is a background contribution from the interface, andΣøR
(2)

includes contributions from individual resonant modesøR
(2). The

expression forøR
(2) is

whereN is the number of modes contributing to the SFG signal,
Γq is the damping constant for theqth vibrational mode with a
frequencyωq, ωIR is the frequency of the incoming IR beam,
andâ(2) is the molecular hyperpolarizability averaged over all
possible molecular orientations, and contains the Raman po-
larizability and the IR dipole transition moment. The intensity
of the SFG signal is proportional to the square of the absolute
value of the nonlinear polarization. It is thus evident that,
wheneverωq becomes comparable toωIR, the intensity of the
signal is strongly enhanced, resulting in a peak in the
spectrum.33-35

2. Experimental Section

Materials. 1-Iodobutaned9 98% was purchased from Cam-
bridge Isotope Laboratories. 1-Methylipyrrolidine>99+%,
hexane anhydrous 99.8%, activated charcoal 60-100 mesh, and

acetonitrile 99.5+% A.C.S. were purchased from Aldrich and
were used as received. The water is deionized using a Millipore
A10 system and has a resistivity of 18 MΩ‚cm and a TOC index
of <3 ppb.

Samples.The purity of the ionic liquids used in this study
(Figure 1) was tested using1H NMR, UV-vis (to determine
the cutoff), and fluorescence. All the samples but [N10i311]-
[imide] were completely colorless and were used as received,
which involves introducing them in the SFG cell and drying
them in a vacuum line to a pressure of 5× 10-5 Torr. The
aforementioned 10-carbon ammonium sample was yellow and
was diluted in ethanol and treated with activated charcoal for 4
h, filtered, dried in a rotary evaporator, transferred to the SFG
cell, and dried in the vacuum line, which yielded a colorless
liquid.

The deuterated compound was synthesized according to
literature methods.26 Iodobutaned9 was added dropwise to a
solution of methylpyrrolidine in acetonitrile, and the reacting
mixture was refluxed at 70°C overnight. The resulting yellow
solid was washed three times with hexane, dissolved in water,
and reacted with a solution of bis-trifluoromethanesulfonimide
lithium salt. The resultant hydrophobic liquid was then washed
several times with water, dried in a rotary evaporator, redis-
solved in ethanol, and treated with activated charcoal overnight
several times. The solution was then filtered, dried in a rotary
evaporator, filtered through a fine glass frit, transferred to the
SFG cell, and dried in the vacuum line down to a pressure of
5 × 10-5 Torr. Once the desired pressure is reached, the cell is
back-filled with dry argon to a slight overpressure, prior to being
transferred to the SFG setup. [Py14D][imide] was characterized
with 1H NMR and Fourier transform infrared spectroscopy. The
infrared spectrum is shown in Figure 2.

Spectroscopy System.The SFG spectrometer was described
elsewhere.36 It consists of an EKSPLA PL2143A/20 picosecond
pulsed Nd:YAG laser with a 25 ps pulse and a 20 Hz repetition
rate, whose 1064 nm output pumps an Optical Parametric
Generation/Amplification system (Laser Vision, OPG/OPA).
The fixed visible and the tunable infrared beams are collimated
and overlap at the surface of the liquid following a copropa-
gating geometry, with angles (with respect to the surface normal)
of 50° for the visible and 60° for the IR. The SFG signal is
finally sent to a gated integrator and collected in a computer
program.

Data Collection and Analysis.The frequency of the IR laser
beam is scanned at a rate of 1 cm-1/s. Each data point
corresponds to 20 averaged laser shots. Five spectra per

Figure 1. Structures of the ionic liquids investigated. The alkylpyr-
rolidinium cations are named as 1-methyl-1-alkylpyrrolidinium, and
the alkylammonium compounds are named as dimethyl-isopropyl
alkylammonium, for alkyl) propyl, butyl, pentyl, hexyl, and decyl.
[Py1(C2OC1)] is 1-methyl-1-methoxyethyl pyrrolidinium.

P(2) ) ø(2):E(ωvis)E(ωIR) (1)

øR
(2) ) ( N〈â(2)〉

ωIR - ωq + iΓq
) (2)

Figure 2. Infrared spectrum of [Py14D][imide].
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polarization combination are obtained, and the average is plotted
along with error bars. The data are corrected for fluctuations in
the infrared beam by dividing the averaged spectrum by data
collected using gold as a substrate. The spectra are then fitted
using eq 2 and Origin 6.0 software, utilizing a nonlinear fitting
subroutine. The fitting is carried out using instrumental setting,
which in addition to the error in the fit takes into consideration
the error due to the scattering of the experimental points.

3. Results

The region pertaining to C-H vibrations is scanned in an
interval ranging from 2750 to 3100 cm-1. The vibration
assignments are summarized in Table 1.

Ammonium Imides. Spectra for the alkylammonium imides
are shown in Figure 3 for alkyl chain lengths corresponding to
propyl, butyl, hexyl, and decyl. The spectra for a same
polarization combination are shown, offset, in the same plot.

In ssp polarization, all of the compounds show vibrations
corresponding to d+, d+

FR, r+, and r+FR, with the latter two being
the most intense. Only [N311i3][imide] shows an additional
feature corresponding to r+

NMe at 2952 cm-1 with an amplitude
similar to the r- peak, and which disappears completely for the
other compounds. In addition, the d+ vibration, though very
weak for shorter chains, increases in amplitude as the chain
length increases, surpassing the r+ peak for [N10i311][imide].

In ppp polarization, the dominating peak corresponds to the
asymmetric methyl stretch (r-). Only [N311i3][imide], besides
showing a slight shift to higher frequency, evidences the r+

NMe

vibration at approximately 2959 cm-1, appearing as a shoulder
to the r- peak. The r+NMe peak disappears completely as soon
as one additional CH2 unit is added to the chain. Similarly, the
vibration corresponding to d-, whose amplitude is very small
for the shorter chains, increases appreciably as the alkyl chain
becomes longer. Results for polarizations sps and pss also show

Figure 3. Sum frequency spectra of alkylammonium imides at polarization combinations ssp (a), ppp (b), sps (c), and pss (d). The offsets are 0.3,
0.4, 0.15, and 0.15 au, respectively.

TABLE 1: Vibrational Assignments for All Modes

vibration wavenumber (cm-1)

r+: symmetric methyl stretch 2870-288037-43

r-: asymmetric methyl stretch 2960-297037,38,40,42,43

r+
FR: methyl Fermi resonance 2931-294237,39,41-43

d+: symmetric methylene stretch 2845-285837,39,41-46

d-: asymmetric methylene stretch ∼291041,44-48

d+
FR: methylene Fermi resonance ∼292037,40,41,44,46

r+
OMe: symmetric methyl stretch in O-CH3 ∼282843,49

r+
FR_OMe: symmetric methyl in O-CH3 Fermi resonance ∼293043,49

r+
NMe: symmetric methyl stretch in N-CH3 ∼295250

r-
NMe: asymmetric methyl stretch in N-CH3 ∼303550

r+
D: methyl symmetric stretch C-D ∼205943,51

r+
DFR: methyl symmetric stretch Fermi resonance C-D ∼211343,51

r-
D: methyl asymmetric stretch C-D ∼220951
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the r- peak as the most intense one, and a small contribution
from d-, although inside the noise level. A peak corresponding
to r+NMe appears only for [N311i3][imide]. The results for ssp
and ppp polarization combinations are summarized in Table 2.

Pyrrolidinium Imides. The spectra of alkylpyrrolidinium
imides, with chains consisting of propyl, butyl, pentyl, hexyl,
and decyl, are shown in Figure 4. The spectra in ssp polarization
show the vibrations d+, r+, d-, and r+FR, while [Py13][imide]
also contains a vibration corresponding to r+

NMe at 2952 cm-1.
Similarly to the alkyl ammonium case, the amplitude of the
peak corresponding to the d+ vibration increases with the alkyl
chain size, surpassing the r+ peak for the 10-carbon alkyl chain.
The d- peak also increases, although to a much lesser extent as
compared with d+. Spectra in ppp polarizations show features
similar to those displayed by the alkylammonium imides.
Polarizations sps and pss also show resemblance, except for
the peak corresponding to d-, whose amplitude increases to a
greater extent.

Two additional pyrrolidinium compounds were investigated.
The first one ([Py1(C2OC1)][imide]) contains a methoxy-

terminated group. This is intended to eliminate the contribution
from methylene and methyl groups from the alkyl chain through
the influence of the oxygen atom, strategically located in the
chain. The ssp spectrum (Figure 5) shows bands that correspond
to r+OMe, its Fermi resonance, and d-. The plot in ppp
polarization (weak signal) shows peaks corresponding to d+ and
r-

NMe. It was not possible to detect any features for sps and
pss. It is evident that the vibrations corresponding to normal
methyl and methylene stretches were eliminated.

The last compound contains a butyld9 chain ([Py14][imide]),
in order to completely eliminate any C-H contribution from
it. The SFG spectra (Figure 6) were acquired in two different
regions: 2000-2300 cm-1 for the C-D stretch and 2750-
3100 cm-1 for the C-H stretch. The amount of SFG signal
generated in this system is very low, for which reason the spectra
were averaged over 20 scans. The spectra in the C-D region
show vibrations corresponding to the r+

D, r-
D, and r+DFR modes

in ssp and only r-D in ppp. The C-H region contains peaks
corresponding to d- and r+NMe (ssp) and d- and r-NMe (ppp).
Again, it is evident that methyl and methylene contributions

Figure 4. Sum frequency spectra of alkylpyrrolidinium imides at polarization combinations ssp (a), ppp (b), sps (c), and pss (d). The offsets are
0.27, 0.3, 0.15, and 0.15 au, respectively.

TABLE 2: Summary of the Spectroscopy Results for the Ammonium Imides at ssp and ppp Polarization Combinations (The
Abbreviations Describe the Strength of the Band: n/d) Nondetectable, n/l) Noise Level, w) Weak, m ) Medium Strength,
s ) Strong)

ssp ppp

N311i3 N411i3 N611i3 N10i311 N311i3 N411i3 N611i3 N10i311

d+ n/d w s s n/d n/d n/d n/d
r+ s s s s nl nl nl w
d- w w w w n/d n/d nl w
d+

FR w m n/d n/d n/d n/d n/d n/d
r+

FR s s s s w w w n/d
r+

NMe s n/d n/d n/d m n/d n/d n/d
r- n/d n/d n/d n/d s s s s

SFG Studies of RTILs J. Phys. Chem. B, Vol. 112, No. 6, 20081679



from the alkyl chain were eliminated. The results for ssp and
ppp polarizations are summarized in Table 3.

4. Discussion

Peak Assignments for the Pyrrolidinium Imides.A major
goal of this project is to understand the arrangement of ions at
the surface of the ionic liquid. This involves locating how the
charge center and the alkyl chains are oriented at the interface.
For the alkylpyrrolidiniums, this entails the N-CH3 moiety, and
the ring methylene modes, which are good reporters of this,
since they are rigidly attached to the positive charge on the
nitrogen atom, and the terminal methyl group from the aliphatic
substituents.

In order to discriminate between the vibrations coming from
the pyrrolidinium ring and those originating at the alkyl chain,

sum frequency spectra corresponding to [Py1(C2OC1)][imide]
and [Py14D][imide] were obtained. As a first observation, the
low signal-to-noise ratio and the weakness of the SFG signal

Figure 5. Sum frequency spectra of [Py1(C2OC1)][imide] at ssp and ppp polarization combinations.

Figure 6. Sum frequency spectra of [Py14D][imide] at ssp and ppp polarization combinations, and two different regions (C-D and C-H stretch).

TABLE 3: Summary of the Spectroscopy Results for the
Pyrrolidinium Imides at ssp and ppp Polarization
Combinations (The Abbreviations Describe the Strength of
the Band: n/d ) Nondetectable, n/l) Noise Level, w)
Weak, m ) Medium Strength, s ) Strong)

ssp ppp

Py13 Py14 Py15 Py16 Py110 Py13 Py14 Py15 Py16 Py110

d+ n/d w m s s n/d n/d n/d n/d n/d
r+ s s s s s n/d n/d n/d n/d m
d- w w w w m n/l n/l n/l n/l m
r+

FR s s s s s n/d n/l n/l n/d n/d
r+

NMe s n/d n/d n/d n/d m n/d n/d n/d n/d
r- n/d n/d n/d n/d n/d s s s s s
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that characterize the spectra for the above-mentioned molecules
are an indication that the main contribution comes from the alkyl
chains, since [Py14][imide] generates a strong signal, with higher
signal-to-noise ratio.

The spectra of [Py1(C2OC1)][imide] in Figure 5 show that
the introduction of an oxygen atom in the butyl chain eliminates
completely the vibrations corresponding to r+, r+

FR, r-, d+, d+
FR,

and d-from the alkyl chain, leaving only those corresponding
to the methoxy group, and the methylene groups from the ring.
The ssp spectrum contains peaks corresponding to r+

OMe, d-,
and r+FR_OMe. And the ppp spectrum contains contributions from
d+ and r+NMe. This seemingly beneficial introduction of an
oxygen atom in the aliphatic chain may nevertheless introduce
some additional interactions caused by the presence of the
heteroatom, such as hydrogen bonding, ion-dipole, and dipole-
dipole, which could induce changes in the molecular structure
at the surface.52,53

The experiment with the deuterated compound aims at
eliminating this ambiguity by removing any possibility of
additional interactions by using a fully deuterated version of
the alkyl chain, due to the chemical similarity between the
hydrogen and deuterium atoms. The results in Figure 6 (for a
four carbon chain) show that the only contributions in ssp
polarization belong to the asymmetric methylene stretch from
the ring (d-) and r+NMe, which suggests that, for [Py1(C2OC1)]-
[imide], the methoxy group vibrations may have been masking
the weak signal originating from N-CH3 which is shown in
Figure 4a. The ppp polarization differs from the preceding case
by the absence of a peak corresponding to d+, which was evident
for [Py(C2OC1)][imide]. This suggests that the addition of an
oxygen atom in the aliphatic chain changes the molecular
structure at the interface.

It is suggested therefore that the presence of a peak pertaining
to d- in the pyrrolidinium compound spectra includes a
contribution from the ring methylene vibrations, since it remains,
after the elimination of all methylene contributions from the
alkyl chain by the selective deuteration.

Orientation Calculations and Structure at the Interface.
The orientation of the cation is derived from the polarization
dependence of the sum frequency spectra, as described by Hirose
et al.54-56 and Wang et al.57,58 who used the bond additivity
model as an approximation. The terminal methyl groups of the
alkyl chains are assignedC3V symmetry and possess free rotation
around theC3 symmetry axis, therefore having an orientation
described by the tilt angleθ (see Figure 7).

The polarization dependence compares the ratio of peak
intensities of different vibrational modes with theoretical curves
of peak intensity ratio versus orientational angle. Simulation
curves of peak intensity ratios versus orientational angleθ as a
function of the orientational distribution widthσ were con-
structed and plotted simultaneously with the experimental peak
ratios obtained from the fits of the spectra. A Gaussian
expressionf(θ) around a central orientation angleθm was
adopted for the distribution.59,60

From such analysis, a range of possible tilt angles for the
symmetry axis of the chemical group under analysis with respect
to the surface normal was obtained. In order to make use of the
theoretical curves, the amplitude of the peak (A) is divided by
its width (Γ), and the ratio is squared (A/Γ)2. The orientation
curves for the ammonium based and pyrrolidinium based ionic

liquids are presented in Figure 8, where the orientational angle
is plotted versus the chain length.

The first observation regarding the interfacial structure comes
from the difference in the spectra of [Py13][imide] and [N311i3]-
[imide] compared to the rest of the compounds with longer alkyl

f(θ) ) 1

xπ/2σ
e-(θ-θm)2/2σ2

sin(θ) (3)

Figure 7. Representation of the tilt angle of an alkyl chain.

Figure 8. Molecular orientation dependence on the alkyl chain length
for the ammonium and pyrrolidinium based ionic liquids. The angles
are plotted along with the distribution.
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chains. The peak corresponding to r+
NMe in ssp and r-NMe in

ppp for pyrrolidinium and ammonium imides is present only
for the propyl case, which is clearly visible in the ssp spectra
in Figures 3a and 4a. This suggests a poor molecular packing
of the propyl chains at the surface, making the contribution of
the N-CH3 vibrations visible. For longer chains, lyophobic
interactions apparently create a better packing, causing the
vibrations from N-CH3 to be no longer visible, as pointed by
the fact that the N-CH3 peaks disappear completely after a
single additional CH2 unit is added to the chain.

Plots of tilt angle versus the carbon chain length for each
compound are shown in Figures 8 and 9. The asymmetric error
bars correspond to the distribution in the tilt angleθ, calculated
using eq 3, and originate from the calculation procedure: Even
though the error bars for the peak amplitude ratios are
symmetrical, once they are converted into tilt, the multiple
curves associated with the distribution create the asymmetry.
For the ammonium imides, [N311i3]+ shows a very large
distribution interval, which is likely due to the peak correspond-
ing to r+NMe, being adjacent to the r+

FR, which interferes with
the analysis procedure. The minimum tilt angle corresponds to
[N411i3]+.

For the pyrrolidinium imides, a similar case of interference
on the peak fitting is present for [Py13]+, resulting in a high
tilt angle, and a very large distribution interval. The features
corresponding to the N-CH3 vibrations disappear completely
starting from [Py14][imide], and the tilt angle reaches a
minimum for [Py16][imide], before increasing further for the
10-carbon chain substituent. These results, along with the
existence of narrower distributions for the alkylpyrrolidinium
imides, suggest that there is a higher ordering at the surface for
the aforementioned salts. There is nevertheless some ambiguity
regarding the alkylammonium imides, since there are no means
to determine which methyl group the r+ peak is coming from.

In general, the orientation calculations reveal that the alkyl
chain orientation spans an interval from approximately 50 to
70° of tilt from the surface normal, as a function of the alkyl
chain length, which is similar to reported values in the literature
for imidazolium based ionic liquids.7,50,61-63 In addition, for the
pyrrolidinium case, the very weak d- vibrations arising from
the ring in ssp, along with the absence of any d+ contribution
in sps and pss, suggest that it assumes a position parallel to the
surface of the liquid.

Another observation in the sum frequency spectra is the
increase in the amplitude of the peaks corresponding to the
methylene vibrations as the chain gets longer. The ammonium
imides feature an increase in the amplitude of d+, and d+FR in
ssp, and d- in the other polarizations. For the pyrrolidinium
imides, the growth corresponds to d+, and d- in ssp, and d- in
the remaining polarizations. Plots of the amplitude of the
methylene symmetric stretch peak (d+) with the carbon chain
length are shown in Figure 9. It is known that the presence of
such vibrational modes is an indication of disorder in the alkyl
chains due to the presence of kinks, which cause a break in the
centrosymmetry within the linear carbon chain which otherwise
would lead to the cancellation of the methylene contribu-
tions.40,64This effect was observed by Iimori et al. for 1-alkyl-
3-methylimidazolium tetrafluoroborate ionic liquids.65 In that
work, although the peak amplitude of the symmetric methylene
vibration increases with the number of carbons, it is suggested
that the probability of a gauche defect per CH2-CH2 bond
decreases as the alkyl chain length increases, due to an
enhancement of the interaction between chains. This was
however not observed in the present work, as shown in Figure
10, where the probability increases with the chain length and
then decreases for longer chains. Previous observations of this
effect were reported for the structure of surfactant monolayers
in aqueous solutions in the work of Knock et al.,66 and Goates
et al.,67 where the enhancement in the strength of the d+

vibration is attributed to an increase in the conformational
disorder, which does not affect the overall orientation of the
terminal methyl group. The work of Bell et al.68 also reports
this phenomenon as a function of the surfactant’s head group.
It is reported that the ratio of strengths of r+ over d+ modes
(Sr+/Sd+) is inversely proportional to the degree of packing,
which is dependent on the chemical nature of the head group,
being highest for dodecanol and lowest for C12-betaine. A similar
dependence was found in this investigation, and is plotted in
Figure 11 for both ammonium and pyrrolidinium imides. An

Figure 9. Peak amplitudes for the methyl symmetric stretch vibration
of ammonium and pyrrolidinium imides.

Figure 10. Ratio of d+ peak amplitude over number of CH2-CH2
bonds in the alkyl chain as a function of the number of carbon atoms
for the ammonium (O) and pyrrolidinium imides (2).
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inverse proportionality of (Sr+/Sd+) to the degree of packing is
observed assuming that the packing of the alkyl chains is
proportional to the chain length.

Finally, a comparison may be established between alkylimi-
dazolium and pyrrolidinum based ionic liquids. Even though
both groups are chemically different, their overall shape is
somewhat similar, since they are characterized by the presence
of a ring, and an aliphatic chain substituent. SFG experiments
on the gas-liquid interface of alkylimidazolium ionic liquids
combined with a variety of anions,61,69 as well as molecular
dynamics simulations,62,70,71agree on the fact that the ring lies
horizontal to the surface of the liquid, and that the alkyl chain
is aligned with the surface normal. Similar remarks were found
in the current investigation through the selective deuteration of
the butyl chain. In addition, it is observed that the surface
structure is dominated by the alkyl chain, once it reaches four
carbon units long.

6. Conclusion

The gas-liquid interface of ammonium and pyrrolidinium
ionic liquids with varying alkyl chain lengths was studied using
sum frequency generation spectroscopy. Unambiguous assign-
ments of the vibrational modes were determined by using
compounds with methoxy-terminated and fully deuterated
chains, and a more accurate structure of the surface was
obtained. In all cases, the longest alkyl chain seems to be
pointing upward, and in the case of the pyrrolidinium imides,
the ring appears to be lying parallel to the surface of the liquid,
in accordance with similar studies of imidazolium based
compounds.

The chain length dependence studies suggest that the con-
tribution of the N-CH3 vibration is masked by the chain for
lengths of four carbons and more. The ordering at the surface,
as pictured by the tilt of the terminal methyl’sC3 symmetry
axis, seems to be maximum for the butyl substituted ammonium
imide, and for the hexyl substituted pyrrolidinium imide,
decreasing for longer chains in every case. Finally, there is an
increase in surface disorder proportional to the chain length, as
revealed by an enhancement of the methylene peak vibrations,
in agreement with previous studies on other ionic liquids.
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Figure 11. Ratio of strength vibration of r+ over d+ versus number of
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