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Raman and infrared spectroscopy were used to investigate hydrogen-bonding interactions and cation
coordination effects in solutions of lithium triflate (LiGEO;) dissolved in two primary amines, hexylamine
(HEXA) and N,N-dimethylethylenediamine (DMEDA), and in a secondary amine, dipropylamine (DPA).
Strongintermolecular hydrogen-bonding interactions and weaikeamolecular hydrogen-bonding interactions

that occur only in DMEDA were spectroscopically distinguished in a comparison of pure HEXA, pure DMEDA,
and the dilute solutions of these amines in £The spectroscopic shifts in intensity and frequency in the

NH stretching region of DPA and DPA diluted in CGhere similar to those of HEXA. Dilute electrolyte
solutions in carbon tetrachloride were prepared to analyze specifically the cation coordination effect. In these
solutions, limited intermolecular hydrogen-bonding interactions are present, and the observed spectral shifts
correspond primarily to the cation-induced shifts. The symmetrig S@tching region of the triflate anion

was investigated to probe further the coordination of the cation. The local structures of the triflate ions and
the amine groups in the electrolyte solutions dissolved insG@ similar to the local structures in the
corresponding aminesalt crystals previously reported by us.

1. Introduction vibrations. But by diluting these small molecules in nonpolar
solvents, it is possible to minimize or eliminate intermolecular
ydrogen-bonding interactions and analyze the frequencies of
he “free” NH bands. Similarly, by diluting an electrolyte in a
nonpolar solvent, it is possible to examine the effect of the salt
on the small molecular host in the absence of intermolecular
hydrogen-bonding interactions.

In this study, infrared and Raman spectroscopy are used to
characterize the NH stretching vibrations of three model
compounds and their complexes formed with lithium triflate,
LiCF3SO; (abbreviated LiTf). Hexylamine (HEXA) antl,N-
dimethylethylenediamine (DMEDA) are primary amines, while
dipropylamine (DPA) is a secondary amine. A comparative
study of the infrared and Raman spectra of the pure amines
combined with concentration-dependent measurements of their
carbon tetrachloride solutions and amini@éTf complexes in
carbon tetrachloride solutions allowed an unambiguous separa-
tion of the effects of hydrogen-bonding interactions and lithium
cation coordination.

Studies of the NH stretching vibrations in primary and
secondary amines have been shown to be valuable in developin
an understanding of the amino group hydrogen-bonding interac-
tions. Most of the work has been conducted by analyzing the
frequency shifts observed in the infrared spectra of amines and
amines diluted in various nonpolar solvents, such as hexane,
benzene, and carbon tetrachloridé The Raman intensities of
the NH stretching vibrations are very weak compared to the
infrared intensities, especially when the amine is diluted, and
therefore have not been examined as thoroughly.

In the past few years, a variety of polymers containing amine
groups have been examined for their potential application in
lithium rechargeable batteri€s!2 Electrolytes are prepared from
these materials by dissolving a salt into the polymer. Cation
host and catiofranion interactions play an important role in
controlling the ionic conductivity of these materials. Vibrational
spectroscopy has been widely used to study these interaktidhs.
However, in polymers that contain primary or secondary amine
groups such as branched and linear poly(ethylenimine), the 5 Experimental
presence of ion-coordinating sites that also have the potential
to participate in hydrogen-bonding interactions complicates the
analysis of the spectra. Moreover, in amorphous polymeric
materials, the large distribution of interactions is reflected in

the breath of the bands, which further complicates the spectra. X -
The study of model compounds, i.e. smaﬁ molecules \?vhose at 120°C for 48 h before use. Carbon tetrachloride was obtained

structures mimic local structures found in the higher-molecular- from Fischer Scientifi(_: (99.9%, A.C.S. reagent) a_md distilled
weight systems, has been an efficient strategy to enhance oufefore use. The chemicals were stored and used in a dry argon
knowledge of the polymeric electrolyté%:22 However, even atmosphere glove box (VAG 1 ppm HO) at room temper-

in these small-molecular-weight electrolytes, the simultaneous ature. The amineLiTf c_omplexes were prepa_red by mixing
presence of hydrogen-bonding interactions and the ion- weighed amounts of amines and LiTf; the solutions were stirred

coordinating effect complicates the analysis of NH stretching [0 @ minimum of 24 h before use. The compositions of the
samples are reported as the nitrogen to cation molar ratio (N/

* Corresponding author. Email: rfrech@ou.edu. Telephone: 405-325- Li*)- The amine-CCl, solutions were prepared by mixing
3831. Fax: 405-325-6111. weighed amounts of amines and @dlhe compositions of these

2.1. Sample Preparation.Hexylamine,N,N-dimethylethyl-
enediamine, dipropylamine, and lithium trifluoromethane sul-
fonate, LICRSO; (LiTf), were obtained from Aldrich. All the
amines were used as received. The LiTf was dried under vacuum
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tions than thevs(NH2) mode, as seen by the small differences
in the frequencies between the IR and Raman spectra.

When HEXA is diluted in carbon tetrachloride, the interac-
tions between the HEXA molecules decrease to a significant
degree. In very dilute solutions, the vibrations of the dirfbup
are expected to behave as “free” molecules. Figure 1 shows a
superposition of the IR and Raman spectra of pure HEXA and
various compositions of HEXA dissolved in CCIn the Raman
spectra, the,d NHy) band shifts from 3376 cnt (pure HEXA)
to about 3390 cmt in the most dilute solution (29:1 Cg&I
HEXA molar ratio). The maximum intensity of thg{NH,) band
shifts slightly from 3324 cm! (pure HEXA) to 3328 cm! in
the most dilute solution. The intensity of the low-frequency tail
in pure HEXA decreases in the 4:1 solution. Upon further
pure dilution (18:1 solution), the intensity of the tail further decreases
so that the shape of the(NH,) band is symmetrical and
centered at 3328 cmh. There are no additional spectral changes
at higher dilutions. The Raman frequency of théNH,) band
of pure HEXA is only 4 cm® lower than that in the dilute
solutions. This is expected because the Raman scattering

Infrared and Raman intensities

3400 3350 3300 3250
Wavenumbers (cm™)

Figure 1. Infrared (top) and Raman (bottom) spectra of the HN
stretching region for pure HEXA and HEXA dissolved in carbon
tetrachloride at different concentrations (reported asBICimolar

ratios). intensity is larger for symmetric modes. Therefore, the Raman
spectrum of pure HEXA selectively samples molecules that are
samples are reported as a G& nitrogen molar ratio (CGI undergoing minimal or no hydrogen-bonding interactions, and

N). Similarly, the amine-LiTf solutions in CCl were prepared  Very little spectral change should occur upon dilutién.
by mixing weighed amounts of the components. The composi- The concentration dependence of HEXA in @& also
tions of these samples are also reported as a @Qiitrogen shown in the infrared spectrum in Figure 1. In pure HEXA, the
molar ratio. broad v{(NH) band occurs at 3293 criy upon dilution, a
2.2. FT-IR and Raman SpectroscopyAll of the infrared ~ Shoulder appears around 3324 ¢ron the high-frequency side
samples were recorded using a sealed liquid cell equipped with©f the band. As the solution becomes more dilute, the shoulder
potassium bromide windows. Infrared data were collected using 970Ws in intensity and the original band progressively decreases.
a Bruker IFS66V FT-IR spectrometer (KBr beam splitter) under When the compos.ltlon reaches 29.:1, the original band at 3293
dry air purge. The data were recorded over a range of-500 cm! has mostly disappeared and is replaced by a new band at
4000 cntt with a spectral resolution of 1 cth The FT-Raman 3326 cm™.
samples were sealed in a thin NMR tube under an argon Incontrast to the symmetric stretch, thgNH,) band seems
atmosphere. The data were recorded at 2’amsolution using to shift progressively to higher frequencies, but in fact, its
a Bruker Equinox 55 equipped with a FRA 106/S system. The behavior is very similar to that of the symmetric stretch. At a
1064 nm line of a Nd:YAG laser was used for excitation. Curve- 4:1 composition, the maximum intensity of the band is at 3388
fitting analysis of the N-H stretching bands was done using cm ! with a shoulder on the low-frequency side. Upon further
commercially available software (Thermo Galactic, Grams/Al dilution, the maximum intensity of the band slightly shifts to
7.00). The spectral bands were fitted using mixed Gaussian/3392 cn1?in the 29:1 sample, and the shoulder disappears. A

Lorentzian product functions and a straight baseline. curve fitting analysis of the 9:1 composition spectrum shows
that the antisymmetric stretch is composed of two peaks at 3391
3. Results and Discussion and 3369 cm?, and the symmetric stretch contains two peaks

at 3325 and 3299 cnt. For both the antisymmetric and the

3.1. Hexylamine: A Simple Primary Amine. The infrared symmetric stretches, the high-frequency band corresponds to a
and Raman spectra of HEXA in the NH stretching region contain population of HEXA molecules that are mostly “free”. The
the antisymmetric stretchyadNHy), the symmetric stretch, frequencies of these bands are similar in the IR and in the Raman
v(NHy), and the first overtone of the NHleformation band spectra within+2 wavenumbers. The lower-frequency bands
(superposed in the two spectra and lower in frequency). observed in the IR spectra correspond to HEXA molecules that
In the infrared spectrumia{NH,) andvs(NH,) have about the  undergo relatively strong hydrogen-bonding interactions.
same intensity and occur at 3371 and 3293 Emespectively. It is important to note the relative intensity changes of the
In the Raman spectrum, the scattering intensityH,) at two NH stretches in the IR spectra as HEXA is diluted with
3324 cnt is large compared to that ok NH,) at 3376 cmt CCls. In pure HEXA, the IR intensities afad NH2) andv{(NH)
(Figure 1). are roughly equivalent. In dilute solutions, hydrogen-bonding

A careful comparison of the two spectra taking into account interactions are greatly reduced; as a result, the two hydrogen
the selection rules for IR and Raman has allowed a deeperatoms of the amine group have approximately equivalent
understanding of hydrogen-bonding interactions in HEX&he potential energy environments, and the symmetric and antisym-
long tail on the low-frequency side of thg{NH,) in the Raman metric nature of the vibrational modes is easily observed. In
spectrum indicates the presence of molecules that are morethe most dilute solution, the intensity of{NH>) is markedly
strongly hydrogen bonded than the molecules contributing to greater than that ofs(NH,). By contrast, the Raman intensity
the intensity in the vicinity of the band maximum. This lower- of v(NH,) is greater thana{NH>) in all solutions and pure
frequency tail corresponds with the maximum IR intensity of HEXA because the Raman measurement selects those molecules
this mode. By contrast, the intensity and frequency of the with the least amount of hydrogen-bonding interactions as noted
vadNH2) mode are less sensitive to hydrogen-bonding interac- earlier.
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Figure 2. Raman spectra of HEXALITf 5:1 (N/Li molar ratio) Figure 3. Infrared spectra of HEXA diluted in C@lat a 29:1
superposed with the Raman spectra of HEXATf 5:1 and HEXA— composition superposed with HEXALiTf 20:1 and HEXA—LiTf 5:1
LiTf 20:1 diluted in CC}, at different concentrations (reported as ¢K| diluted in CC} at different concentrations (reported as @RImolar
molar ratios) in the N-H stretching region. ratios) in the N-H stretching region.

When a salt is dissolved in a primary amine, there are two population of HEXA molecules undergoing the lithium ion
effects that change the vibrational modes, particularly théiN  coordination effect is constant. Therefore the intensity increase
stretching vibrations: the breaking of the hydrogen bonds and of the higher-frequency mode with dilution reflects the growing
the cation effect as it coordinates the nitrogen atom. The lithium population of “free” HEXA molecules that have significant
ion is coordinated to the NHgroup through the lone pair of  Raman activity.The strength of the catiemitrogen coordi-
the nitrogen atom, which changes the electronic distribution in native interaction can be measured by the 22 &shift to lower
the NH, group. This interaction weakens the-INl bond by frequencies.
decreasing its electron density and thereby decreases the mode |, ne Raman spectrum of HEXALITf 20:1 in CCly at a
frequency. There is an additional competing effect if the anions 4.1 CCIWN ratio (also shown in Figure 2), the population of
can undergo hydrogen-bonding interactions with the nitrogen ey A molecules experiencing the coordination effect is very
atoms. In that case, coordination of the nitrogen by the cation gma|| hecause of the relatively few lithium cations present. The

can reduce hydrogen bonding, thus increasing the mode cation-shifted band is only seen as a shoulder on the low-
frequency. We have previously attempted to sort these two frequency side of the 3328 crhband.

i i 24
effe.cts.m a several stud|é§.. . The infrared spectra of a series of HEXAITf 5:1 and
Diluting HEXA molecules in a CGlsolution allows a study HEXA—LITf 20:1 compositions diluted in CGlat various

of the primary amine vibrational group when very limited oncentrations (reported as GBI molar ratios) are shown in
intermolecular hydrogen bonding is present. Therefore, adding Figure 3. In both LiTf compositions, the.{NH,) region has
an electrolyte to a dilute solution of HEXA in CE&llows 5 hands at 3391 and 3365 chin the most dilute solutions,
one to study the effect of salt addition on the molecular host in it the intensity of the higher-frequency mode increasing with
the absence of significant intermolecular hydrogen-bonding jijution relative to the lower-frequency mode. In thgNH,)

Interactions. region of HEXA—LITf 20:1, one main band occurs at 3300
Two solutions of different concentrations of HEXA.ITf cm 1 and a weak band starts to grow upon dilution, reaching
electrolyte were dissolved in C£IThe results are very 3326 cntlin the most dilute solution. In contrast, in HEXA
illuminating. Figure 2 shows the Raman spectra of HEXA  |jTf 5:1, only one band is observed at 3301 cmThe NH
LiTf 5:1 (N/Li molar ratio) superposed with the Raman spectra vibrations at 3391 and 3326 cthfrom the vadNH,) and the
of HEXA—LITf 5:1 diluted in CCl, at different concentrations  (NH,) modes, respectively, have been attributed to the “free”
(reported as CGIN molar ratios). NH. groups. This assignment is supported by the IR and Raman
The antisymmetric stretch has a very weak Raman scatteringspectra of the most dilute HEXACCI, solution because the
intensity; therefore only limited information can be obtained frequencies of the two Niktretching modes correspond within
from this mode. The symmetric stretch of the HEXAITf 5:1 +2 cnrl, as shown in Figure 3. In both the antisymmetric and
solution occurs at 3300 crhwith a shoulder around 3325 crh symmetric stretching regions, the increase in intensity of the
Thevs(NH) region of all HEXA—LITf 5:1 complexes dissolved  higher-frequency mode with dilution reflects an increase in the
in CCl, clearly contain two bands; in the most dilute solution population of “free” HEXA molecules relative to the hydrogen-
(CClyN = 30:1), these occur at 3328 and 3306 émThe bonded molecules. This increase was previously noted in the
scattering intensity of the former mode increases with increasing Raman and IR spectra of HEXA diluted in GGind in the
dilution and originates from HEXA molecules not undergoing Raman spectra of HEXALITf 5:1 in CCls. The lower-
hydrogen-bonding interactions or a cation-induced shift, as notedfrequency bands af,{NH,) andv{NH>) (3365 and 3301 cri
in the previous discussion. The band at 3306 twriginates in the most dilute solutions) are assigned to HEXA molecules
in HEXA molecules undergoing a cation-induced shift (cation coordinated by lithium with weak intermolecular hydrogen-
coordination effect) but no hydrogen-bonding interactions. bonding interactions between HEXA molecules. These hydrogen-
Because the nitrogen to lithium ratio is fixed at 5:1, the bonding interactions decrease with dilution until, in the most
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Figure 5. Infrared spectra of DMEDALITf 10:1 (N/Li molar ratio)

Figure 4. Infrared (top) and Raman (bottom) spectra of the superposed with the infrared spectra of DMEDA diluted in Catla
stretching region for pure DMEDA and DMEDA dissolved in carbon 15':31 c%mposition and DMEDAIE)in 10:1 diluted in CC} at different

tetrachloride at different concentrations (reported as4MEl, molar concentrations (reported as GO molar ratios) in the N-H stretching
ratios). region

di!Ut? solutions, intermolecular hydrogen bonding is essentially investigation of ionic association via the triflate bands is
eliminated and the frequencies of these bands are due almos{herefore limited to the:(SOs) region of the Raman spectra.

entirely to the cation coordination effect. . .
For a given nitrogen to lithium ratio, the number of HEXA In the Raman spectra of HEXALIT! 5:1 in CCls, the vs
’ (SOGs) band shifts from 1046 to 1050 crhwith a shoulder

molecules undergoing a coordination effect appears to be o T ,
independent of the degree of dilution in GGVhen the amount around 1060 cm! upon dilution, indicating either a strengthen-
ing of the lithium—triflate interaction or an increase of the degree

of salt in the system increases (i.e., from a 20:1 to a 5:1 N/Li " 2" . . )
ratio), the population of molecules that are coordinated with of ionic association. This trend can be correlated with the NH

lithium increases, as reflected by the relative intensities of the Strétching region, where thg(NH) band originating from the
two vad{NH;) modes in the two different dilution series. At a HEXA molecules interacting with the lithium slightly shifts from
5:1 N/Li ratio, the intensity of the 3365 cré band, which is 3304 cntin the 3:1 solution to 3306 cnd in the 30:1 solution,
due to lithium-coordinated HEXA molecules, is very large indicating that the strength of the lithiurmitrogen interaction
compare to the “free” Nklband at 3391 crri. In contrast, in slightly decreases upon dilution. In other words, the increase
the 20:1 N:Li solution, the bands at 3391 and 3365 timave in ionic association is accompanied by a decrease in the
similar intensities, indicating a substantial amount of HEXA lithium—NH, interaction. It is noteworthy that, as the solution
molecules not affected by the salt. This argument is also becomes more dilute, the frequency of thgSQ;) band
supported by thes(NH>) region, where the presence of a “free” approaches 1053 crh the frequency of{(SQs) observed in a
HEXA population is observed only in the HEXALITf 20:1 crystal of HEXA-LiTf.?* As the effects of intermolecular
dilution series. hydrogen bonding are reduced with dilution, the lithium

The bands that are shifted to lower frequencies around 3365triflate—HEXA interactions become more similar (on a very
and 3301 cm?! have been assigned to the population of amine local scale) to those interactions in the crystalline phase.

groups that are coordinated with lithium. These frequencies 32 N, N-Dimethylethylenediamine: A More Complex
differ from those of the IR of HEXA-LITT (not diluted), where ~ primary Amine Molecule. The vibrations of the primary amine

a mixture of hydro.genjbondlng |nterapt|ons and the coordination group in DMEDA are similar in some ways to those of HEXA.
effect alter the vibrational frequencies of the modes. On the However, the presence of a tertiary amine nitrogen separated
other hand, the frequency of the(NH) band at 3301 cm from the primary amine group by an ethylene structure leads

corresponds to that of the Raman spectrum of HEXAN'f (not to the possibility that one of the NHhydrogen forms an

diluted), where it was shown that the measurement samples the .

intramolecular hydrogen bond. Gas-phase quantum chemical
molecules that are the least hydrogen bonded and therefore MOe.. culations of bure DMEDA show that the conformation
directly show the coordinative effect of lithium. P

. S o favorable for intramolecular hydrogen bonding is energetically
_To furth_er the Investigation of the am_|ﬁd=_|Tf complexes__ stable?® The possibility of intramolecular hydrogen-bonding
dissolved in CCJ, spectral regions containing bands sensitive ; o . h .
L s . - complicates the vibrational analysis of the primary amine group.
to ionic association are examined. The symmetric3 SO | ite of this. th | picture developed in the HEXA stud
stretcA72526and the symmetric GFdeformatioR®28 bands of n spite ot this, the general picture developed in the study

the triflate molecule are particularly sensitive to cati@mion is still valid.

interactions in an electrolyte. The vibrational frequencies of these  Infrared and Raman spectra of DMEDA diluted in carbon
modes increase as the triflate anion becomes more highlytetrachloride resemble those of HEXA. However, there are
associated. Unfortunately, CChands interfere with the GF noticeable differences that point toward different types of
deformation region in the IR and Raman spectra. The SO hydrogen-bonding interactions occurring in DMEDA. In the IR
stretching region is free of CCmodes, but in the IR spectra, spectrum of the pure compounehdNH,) and v¢NHy) occur
this region contains HEXA, DMEDA, or DPA modes. The at 3366 and 3288 cm, respectively. When DMEDA is
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TABLE 1: IR Frequencies for the vo(NH;) and the vs(NH,)
Modes of DMEDA Diluted in CCl 42

Rocher and Frech

TABLE 2: IR Frequencies for the v,(NH;) and the v{(NH)
Modes of DMEDA—LITf 10:1 Diluted in CCI 42

vadNH>) vs(NHy) vadNH>) v§(NH2)
CCIy/N “free” H-bonded “free” H-bonded CCIl/N “free” H-bonded complex “free” H-bonded complex
15:1 3395 3379 3320 3295 30:1 3394 3380 3363 3319 3285 3306
. . 10:1 3395 3381 3364 3319 3289 3306
aThe 15:1 CC/N molar ratio is equivalent to a 30:1 C{NIH, molar 41 not converged not converged

ratio.

dissolved in CCj (Figure 4), thevadNH,) andvs{(NH,) bands
shift to higher frequencies, as was seen in L£&dlutions of
HEXA.

However in the DMEDA-CCl, solutions, both bands also
exhibit low-frequency shoulders. At a 30:1 GIBIH, molar ratio
(or 15:1 CCW/N molar ratio), band deconvolution shows that
vadNH>) has bands at 3395 and 3379 ¢ihywhile v4(NH,) has
bands at 3320 and 3295 cf The presence of two distinct

a2The ratios are CGIN molar ratios.

due to differences in the cation coordination strength, as well
as differences in the types of hydrogen bonds present. In
DMEDA, lithium coordinates two nitrogens from the same
molecule, whereas in HEXA, only one nitrogen atom is
available. In both electrolyte solutions, the coordination of
lithium is satisfied via the triflate anion oxygen atoms.

In contrast to the Raman spectra, the IR spectra of DMEDA

bands for each of the symmetric and antisymmetric modes canLiTf 10:1 dissolved in CG shows marked changes upon

be interpreted as originating in two different potential energy
environments of the DMEDA molecules. In the more dilute
solution,vadNH,) at 3395 cmi! andvy(NH,) at 3320 cm* result
from the “free” amine groups and thg{NH;) at 3379 cnit
andvs(NHy) at 3295 cm? result from amine groups in a more
hydrogen-bonded environment: possibigramolecularlyhy-

dilution. The data are shown in Figure 5, along with the IR
spectrum of DMEDA diluted in CGlat a 15:1 molar ratio.
Curve fitting of the three different C¢ldilutions of 10:1
DMEDA—LITf shows that the original bands found in diluted
DMEDA are still present when salt is added. A summary of
the band deconvolution results is given in Tables 1 and 2 as an

drogen-bonded molecules. This type of hydrogen bond is weakeraid for the following discussion.
in DMEDA than intermolecular hydrogen bonds because the The two bands present in the DMEBACCI, solutions for
H---N bond distance is limited by the conformation of the each of the symmetric and antisymmetric stretches are also
N—C—C—N backbone. Consequently, the frequencies corre- present in the DMEDA-LiTf —CCl, solutions, which indicate
sponding to intramolecular hydrogen-bonded molecules are that the added salt does not affect the entire DMEDA population.
higher than in pure DMEDA, where a combination of inter- As the concentration of DMEDALITf complex increases, the
and intramolecular hydrogen bonds are present. intensities of the “free” and hydrogen-bonded DMEDA bands
The Raman spectrum of pure DMEDA is also shown in decrease and the intensities of the bands that correspond to the
Figure 4 along with the spectrum of the most dilute solution. DMEDA—LiTf complex increase. For the 30:1 and 10:1
In the pure molecule, the band maximumigfNH,) at 3311 dilutions in CC}, the curve fitting analysis resulted in converged
cm~1is lower than that in HEXA, reflecting a more strongly  solutions from which several conclusions may be drawn. The
hydrogen-bonded environment. A tail on the low-frequency side DMEDA—LITf complex in CCL has a symmetric Niistretch-
of the band is attributed to a distribution of populations that ing vibration around 3306 cnt and an antisymmetric stretching
are more strongly hydrogen bonded than the molecules,vibration around 3364 cmt. As the concentration of the
contributing to the intensity in the band center. In the 30:1,CCI DMEDA—LIiTf complex increases to a 4:1 composition (@0l
solution, the band shifts to 3324 ciand the intensity of the ~ molar ratio), the appearance and frequencies ofifiéH,) and
low-frequency wing decreases to leave a more symmetrical v{(NH2) become more similar to that of the undiluted complex,
band. In the Raman spectrum, there is no clear evidence of twowhere a greater degree of inhomogeneity is reflected by the
different types of populations. Strong Raman intensities result breath of the bands. At this solution composition, the population
primarily from symmetrical vibrational modes. The presence of free primary amine groups is small and the sample is mainly
of intramolecular hydrogen-bonding interactions alters the composed of hydrogen-bonded amines and amines coordinated
symmetric nature of the mode, and the Raman intensity with lithium ions. The curve fitting analysis did not converge,
decreases in consequence. apparently because of the large number of broad, overlapping
When salt is added to DMEDA, the changes observed in the bands in this region.
Raman spectrum are not as dramatic as in the HEXA system The N—-H stretching frequencies of the DMEDA.ITf
and do not provide significant new information. In brief, complex in CC} (Table 2) are very close to those of HEXA

DMEDA—LITf 10:1 and DMEDA-LITf 4:1 compositions were
dissolved in various amounts of Ckpectra not shown). The
v«(NHy) band shifts to 3322 cnt in all the dilute solutions,
and the intensity of the low-frequency wing progressively
decreases as the DMEDBA.iTf complex becomes more diluted
in CCly, but the wing never completely disappears. Unlike the
HEXA—LITf system, no large shift to lower frequency is

LiTf in CCly4. The frequency of thes{NH,) vibration occurs
around 3364 cmt for both complexes in CGl In contrast, the
frequency of thev(NH,) vibration is about 5 cm! higher in

the DMEDA complex (3306 vs 3301 crhin HEXA—LIiTf 5:1

in CCly 30:1). This 5 cm? difference is due to the higher
sensitivity of the symmetric N stretching mode to the
hydrogen-bonding environment of the amine group compared

observed. This behavior is in accordance with the Raman spectrao the antisymmetric stretching mode. This also explains the

measured for the concentration dependence of DMEDAT
with no addition of CCJ. It appears that a rough balance

difference between theyNH,) frequency of the hydrogen-
bonded population in the DMEDALITf in CCl,4 (3285-3289

between the breaking of hydrogen bonds and the coordinationcm™) and DMEDA in CC}, (3295 cm?).

effect of lithium prevents any large frequency shifts from

In the most concentrated DMEDACCI, solution, the triflate

occurring®® The small changes in the Raman spectra of the ionv{SQs) band occurs at 1040 crhand has a shoulder around
dilute solutions do not permit a detailed analysis. The different 1033 cnt®. Upon increasing dilution, the band shifts to 1042
spectral behavior in the HEXA and DMEDA systems may be cm™! and the shoulder disappears. In the 3:1 DMERATf
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Figure 6. Infrared (top) and Raman (bottom) spectra of the HN
stretching region for pure DPA and DPA dissolved in carbon
tetrachloride at different concentrations (reported as.BICimolar
ratios).

solution (not diluted), the presence of thre€S0s) bands at
1033, 1042, and 1051 crh indicates that there are three
different ionic species present. In the DMEBAITTf crystal,
only one band occurs at 1063 chand is assigned to the [Li
Tf]™ species based on the crystal strucfifr&he similar
frequencies (1033 and 1042 cHin the diluted samples and
the nondiluted sample indicate that similar ionic species are

present in the different samples. In the diluted samples, the ionic

association seems to increase as more;@Gldded. However,
the very complex interactions that occur in this system do not
allow for a clear correlation between the triflate bands and the
NH stretching bands. As in the HEXA system, it is probable
that, upon dilution, the lithiumtriflate interactions increase to
the detriment of the lithiumNH, interactions.

3.3. Dipropylamine: A Simple Secondary Amine.The NH

J. Phys. Chem. A, Vol. 111, No. 14, 200667

diminishes, as seen by the decrease in the signal-to-noise ratio.
The second band at 3315 chslowly disappears upon dilution.

Wolff and Gamer studied hydrogen-bonding interactions in
dimethylamine, a molecule very similar to DPA3? In that
work, when dimethylamine was dissolved in GGlvo bands
were observed in the IR spectra. One band around 3356 cm
increased with dilution and temperature and was attributed to
free NH groups. The other band, whose intensity decreased with
dilution and temperature, was attributed to hydrogen-bonded
NH groups. They found two different populations of hydrogen-
bonded groups: one at 3302 chwhen diluted in CC, and
the other one at 3294 crhin pure dimethylamine. Unfortu-
nately, no Raman spectra were reported.

In the DPA-CCl,4 solution, the IR band at higher frequency
(3346 cnT?) probably originates in the “free” NH groups, i.e.,
the groups not involved in hydrogen bonding. The band at 3328
cm~! appears to come from the vibrations of a hydrogen-bonded
population of molecules that are diluted in GCThe intensity
of the 3346 cm! band increases with CgHilution until, at
the 40:1 dilution, it is the dominant feature in this region, with
the 3328 cm?! band appearing as a clearly discernible low
frequency shoulder. The close overlap of these two broad
features makes a spectral deconvolution very problematic.
However, the qualitative trend in the relative intensities suggests
a set of coupled equilibrium between species with different
degrees of hydrogen bonding. It is clear that, with progressive
dilution, the IR intensities of the “free” DPA band at 3346 ¢m
increases at the expense of the weakly hydrogen-bonded DPA
band at 3328 crt.

These results are similar to conclusions obtained from studies
of hydrogen-bonding interactions in solvated alcohols, which
have been the subject of numerous investigat®dng. The
general infrared characteristics of the OH stretching region are
now well-known. In methanol, for example, the molecules form
a highly hydrogen-bonded network. At various stages of dilution,
many bands appear in the spectra and are assigned to the various
species present: monomers (i.e., free molecules), dimers, and
polymeric species. Analogously in DPA and its dilute solutions,

stretching vibrations of a simple secondary amine are also the various bands may be assigned to different types of

studied in CCJ. Figure 6 shows the IR and Raman spectra in
the »(NH) region for pure DPA and DPA dissolved in GGt
various molar ratios.

associated molecules such as dimeric and higher-order structures.
These assignments are outside the scope of this paper.

The effect of adding salt to DPA is illustrated in Figure 7,

The IR spectrum of DPA consists of one broad band centered which shows the IR spectra of DPA, DPAITf 5:1, and DPA-

around 3289 cmt, whereas the Raman spectrum has two weak
overlapping bands centered at 3327 and 3315'cithese data

LiTf 5:1 diluted in CCl at various concentrations.
At all salt concentrations, the IR spectra have a band at 3302

are consistent with the model used to explain the spectra of o1 with a shoulder around 3346 cth As discussed previ-
HEXA and DMEDA, where the IR spectrum samples molecules oysly, the band around 3346 cirepresents a population of
that are in a more hydrogen-bonded environment as reflectedppA molecules undergoing limited or no hydrogen-bonding

by a lower NH stretching frequency and the Raman spectrum

interactions and accordingly increases with dilution. As the

samples molecules that are less hydrogen bonded. The presencgs|ution becomes more concentrated in electrolyte, the band at

of two different peaks in the Raman spectrum indicates two
distinctly different types of weakly hydrogen-bonded NH groups
in pure DPA.

As DPA is dissolved in CGJ two broad bands around 3328
and 3346 cm! appear in the IR spectra. The growth of these

3302 cnrtincreases in intensity relative to the 3346 ¢rhand.
This band is attributed to DPA molecules coordinated with the
lithium cation.

In a previous study of the DPA-LITf system, the crystal
structure of DPA-LIiTf, along with spectroscopic data of the

bands with increasing dilution is accompanied by a decreasing crystal and DPA-LiTf solutions, were reportegf: Upon addition

intensity of the original 3289 cmt band. At a 9:1 CGINH

molar ratio, the two new bands have about the same intensity,

and at very high dilution, the band at 3346 chinas the highest
intensity, while the 3328 cm band appears as a shoulder. The
original band at 3289 cm almost completely vanishes between

of LiTf to DPA, no major shift in the band at 3289 cthwas
observed, but the band became sharper until it split into two
components at 3302 and 3288 chin the 5:1 composition
(Figure 7); this splitting persisted in the crystalline stt€hese
two components were attributed to the two different environ-

the 20:1 and 40:1 compositions. In the Raman spectra, thements for the hydrogen atom of the NH group that are found in

frequency of the band at 3327 cidoes not shift when the
concentration in DPA decreases, but its intensity rapidly

the crystal structure: the latter band corresponds to the hydrogen
atom that is weakly hydrogen bonded to a triflate oxygen, while
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A number of authors have pointed out that, in the presence
of strong intermolecular coupling, often arising from transition
dipole interactions, the maximum of the infrared absorption of
a particular normal mode does not necessarily occur at the same
frequency as the maximum of the Raman scattering band from
the same mod&° This phenomenon has been termed the
“noncoincidence effect”, although the same term has been
applied to the case where the polarized Raman band maximum
and the depolarized band maximum of a mode do not coincide
due to strong intermolecular coupling. This effect may play a
small role in the frequency shifts reported in this study.
However, the changes in the hydrogen-bonding interactions are
the dominant cause of the frequency shifts and intensity changes
J N DPA LiTf 5:1 in the solutions studied here.

Tttt T The overall picture of the hydrogen-bonding interactions
developed in HEXA was shown to be applicable to the case of
y i i i . a simple secondary amine. In DPA, the spectrum might be
3400 3350 3300 3250 3200 expected to be relatively simple because there is only onel N
Wavenumbers (cm™) . . .
) ) ) ) vibration for each amine group. However, the occurrence of
Figure 7. Infrared spectra of DPALITf 5:1 (N/Li molar ratio) two different bands in the Raman spectrum of pure DPA, as

superposed with the infrared spectra of DPA diluted in CEla 20:1 . . . .
composition and DPALITE 5:1 diluted in CCl, at different concentra- well as three different bands in the infrared spectra of the dilute

tions (reported as C@N molar ratios) in the N-H stretching region. ~ DPA solutions in CGJ, suggested that there are two spectro-
. scopically distinct classes of NH groups in weak hydrogen-
the other band corresponds to a “free” hydrogen atom. The bonded environments, as well as DPA molecules in a more
correspondence between the band at 3302'dmthe crystal strongly hydrogen-bonded environment

and in the dilute CGlsolution shows that when DPA and LiTf When the amineLiTf electrolytes were dissolved in carbon

in a 5:1 molar ratio are diluted in Cglthe local NHB tetrachloride. the inf d and R : ‘ |
environment present in the crystal is preserved to some exten i€trachioride, the infrared and Raman spectra were extremely

in the solution informative. In all of the systems studied, diluting the electro-
The triflate .region strongly supports this argument. In the lytes in CC}, allowed for unambiguous identification of the shifts

Raman spectra of the DPALITf 5:1 dilute CCl, solutions, the due to the cation co_ordination. In the Raman spectrum of
v(SQs) band occurs at 1062 crh and does not shift upon HhE.:t(f‘_lL'Tf _]E:CI“’ this Eff?Ctﬂ\]Nagl\Tégitr_?_?_bg Call 22It]m
changing the electrolyte concentration. In the DRATf 5:1 shitt to lower frequencies. In the L 4 SOIU-
sample (not diluted), the(S0s) band also occurs at 1062 chn tions, the more complex hydrogen-bonding interactions com-
In the previous study, a careful comparison of the solution plicated the analysis of the spectra, but the presence of three

spectra with the crystal spectra determined that the nature Ofdlfferent populations was clear. Curve-fitting analysis of the

cation—anion interactions present in the solution phases (with spectra showed a direct correlation between two of the bands

N/Li ratio = 5:1) is very similar to that of the crystal, i.e., these "‘n th? DMEDA and the HEXA systems correspond[ng to the
interactions lead to the formation of the speciesTE2". The free” molecules and molecules affected by the lithium coor-

NH stretching region of the spectra also showed strong dination. The band unique to the DMEDA system was again

similarities between the concentrated solution phases and theattributed to molecules that experience intramolecular hydrogen

crystalline phase. It appears that, in the DHATf—CCly bonding. _ ) o i
system, the local environment of the amine group and the triflate _The study of two different nitrogen/lithium molar ratios
ions is not affected by dilution in C&IWhen the electrolyte s~ diluted to d_lffere_nt_concentratlons in _C@i/as'extremely _useful.
dissolved in CCj, there are local regions composed of the ASthe N/Li* ratio increased, the cation-shifted band increased

“undisturbed” electrolyte and local regions composed of DPA in intensity accordingly, and as the solutions became more dilute

DPA LiTf 5:1in CCly

DPA iy CCl4 20:1

Absorbance (arbitrary units)

molecules that do not interact with lithium. in CCly, the “free” band increased in intensity, allowing an
unambiguous assignment of these features. The study of the
4. Conclusions symmetric SQ@ stretching mode brought little information in

The dissolution of the different amines in carbon tetrachloride the DMEDA—LITf —CCls system. On the other hand, in HEXA
at high dilution has been shown to effectively eliminate Ccomparisons between the symmetric;3@etching mode and
intermolecular hydrogen-bonding interactions between the the NH stretching mode showed that, upon dilution, the lithium
molecules. By Comparing the Raman Spectra (Wh|Ch Se|ective|y triflate interaction increases while the lithisramine interaction
samples the least hydrogen-bonded molecules) with the infrareddecreases. At high dilutions, where very limited-N--*N
spectra (which are sensitive to the more hydrogen-bonded hydrogen bonds remained, the lithiurtriflate—amine interac-
population), it was possible to recognize the different types of tions became more comparable (on a local basis) to those
species present in solution. In HEXA dissolved in ¢@Wwo interactions in the crystalline phases. The specstaucture
different types of molecules were identified from the NH correlation was particularly interesting in the DPAITf system,
stretching region: “free” molecules vibrating at high frequencies Where both the NH stretching and the S§ymmetric stretching
and hydrogen-bonded molecules vibrating at lower frequencies.regions indicated strong similarities between the crystalline
In DMEDA, the same two populations were observed withH\ phase and the solution phase in carbon tetrachloride.
stretching frequencies very close to those of HEXA. Moreover,
the presence of another type of interaction not presentin HEXA  Acknowledgment. N. M. Rocher thanks the Department of
was identified spectroscopically and attributed to DMEDA Chemistry and Biochemistry, University of Oklahoma, for
molecules forming intramolecular hydrogen bonds. financial support.
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