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Acetonitrile-water mixtures are a unique model system for implementing a new family of coherent two-
dimensional (2D) vibrational spectroscopy-doubly vibrationally enhanced (DOVE) four wave mixing (FWM)
spectroscopy for structure analysis of hydrogen-bonded systems. These mixtures often have a heterogeneous
microstructure that consists of acetonitrile (CH3CN) or water clusters. There are two types of CH3CN
environments in mixtures-free CH3CN species and hydrogen-bonded CH3CN species. To design new DOVE-
FWM experiments and interpret DOVE-FWM spectra, it is crucial to have a complete structure information
regarding this model system. In this work, we have used a highly sensitive spectroscopic method, 2D infrared
(IR) correlation spectroscopy for probing structure information of the mixtures (a 50:50 mol % CH3CN-
H2O solution, a 50:50 mol % CH3CN-D2O solution and a 38:62 mol % CH3CN-D2O solution) under
temperature perturbation. In addition to two cross-peaks at 2253 and 2259 cm-1, corresponding to the CtN
stretch of free acetonitrile molecules and hydrogen-bonded acetonitrile molecules, respectively, the 2D
correlation spectra show a new feature at 2256 cm-1 which has not been observed by conventional IR and
Raman spectra in these mixtures. The second derivatives of the IR spectra also show this new feature whose
intensity increases with temperature, whereas the features at 2253 and 2259 cm-1 become weaker.
Correspondingly, a new feature appears at about 3168 cm-1 for the combination band of the CtN stretch
and the C-C stretch, whereas the combination band of the free CH3CN species is centered at 3164 cm-1, and
3171 cm-1 for the hydrogen-bonded CH3CN species. The new feature may be related to an intermediate
microstructure between clusters of acetonitrile molecules and hydrogen-bonded acetonitrile molecules associated
with clusters of water molecules. The results will provide useful structural and spectral information for the
design of new 2D DOVE-FWM experiments and the molecular structure modeling of the mixtures.

Introduction
A newly developed coherent two-dimensional (2D) vibra-

tional spectroscopy, doubly vibrationally enhanced four wave
mixing (DOVE-FWM) spectroscopy has been recently demon-
strated on a model system containing acetonitrile and water.1

This method has high selectivity for component and structure
determination by using two vibrational resonances.1-6 Theoreti-
cal and experimental work has indicated that cross-peaks can
only be observed if there is coupling between the vibrational
modes.1-8 According to general selection rules for the DOVE-
FWM methods,1-7 to observe the DOVE-Raman-FWM, an
IR combination band of the two coupled modes is required.
This combination band can be examined by measuring a
conventional IR absorption spectrum. The presence of a
combination band indicates a coupling between two fundamental
modes.1-7 Therefore, identification of combination bands in a
model system becomes an interesting topic for the development
of the DOVE-FWM methods.

Acetonitrile CH3CN is a unique model system for the
DOVE-FWM because it contains a highly environment-
sensitive CtN stretch mode (ν2 at 2253 cm-1) and a 3164-
cm-1 combination band (ν2 + ν4) coming from the CtN stretch
and C-C stretch (ν4 at 918 cm-1). When acetonitrile is mixed
with water, many experimental measurements and theoretical
calculations indicate that the solution structure contains

microheterogeneity.9-15 X-ray diffraction shows that microhet-
erogeneity occurs in the mixtures in the ranges of acetonitrile
mole fractions 0.2e xCH3CN < 0.6.13 However, Raman
spectroscopy by Reimers and Hall11 indicates that no distinct
point exists at which the onset of microheterogeneity starts. The
observed onset may correspond simply to the limit of detect-
ability.11 It is generally agreed that in the mixtures, there are
two types of CH3CN molecules, free and hydrogen-bonded CH3-
CN species.9-15 This microstructural picture has guided us to
develop the capabilities of the DOVE-FWM for component
and structure determination by using CH3CN-H2O mixtures
as a model for hydrogen-bonded systems in our preliminary
work.1-6 This general structure picture can be inferred from
Figure 1 where two spectral regions for theν2 andν2 + ν4 modes
are presented. As shown in the region between 2220 and 2320
cm-1 for the ν2 mode, in comparison with the 2253-cm-1

spectral feature of neat CH3CN, the second derivative spectrum
of a 50:50 mol % CH3CN-H2O solution shows an additional
2259-cm-1 feature at the higher energy side of the free CH3CN
species. This additional feature corresponds to the band of the
hydrogen-bonded CH3CN species.9-13 Correspondingly, theν2

+ν4 region also shows an additional 3171-cm-1 feature due to
the hydrogen-bonded CH3CN species. It is postulated that when
one of the infrared lasers used in the DOVE-FWM is tuned
into 2253 or 2259 cm-1, only one DOVE-FWM peak at 3164
or 3171 cm-1, corresponding to free or hydrogen-bonded CH3-
CN species should be observed. Our preliminary experimental
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result has indicated that only one of the expected DOVE-FWM
peaks is observed when the laser is tuned into either 2253 or
2259 cm-1.1,16The result indicates that the DOVE-FWM may
be a snapshot of the local structure of the acetonitrile-water
solution. Because the development of this unique DOVE-FWM
relies on our knowledge of the model system’s microstructure,
it also becomes important to understand the microstructure of
acetonitrile-water mixtures. In this work, we work on two areas
of interest by using a highly sensitive 2D spectral method-2D
IR correlation spectroscopy. First, we probe new microstructures
in water-acetonitrile mixtures based on the highly environment-
sensitiveν2 mode. Second, we identify correspondingν2 + ν4

combination bands of the probed microstructures. Temperature
is used as a perturbation for constructing 2D IR correlation
spectra.17-25

Experimental Section

Acetonitrile CH3CN (purity 99.9%) and deuterated water D2O
(99.9%) were purchased from Aldrich. The water used for
solution preparation was distilled. Three solutions used in this
work were an acetonitrile (50 mol %)/H2O (50 mol %) solution,
an acetonitrile (50 mol %)/D2O (50 mol %) solution, and an
acetonitrile (38 mol %)/D2O (62 mol %) solution.

A Nicolet Magna-FT-IR 550 spectrometer equipped with a
DTGS-KBr detector, and a KBr beam splitter was used in the
measurements at a resolution of 2 cm-1. An FTIR temperature-
controlled cell of WILMAD with CaF2 windows and Teflon
spacers was used for holding solutions. To optimize the signal-
to-noise ratio, the path length was adjusted for different solutions
and spectral ranges. The path length was 25µm for the
acetonitrile (50 mol %)/H2O (50 mol %) solution, 50µm for

the acetonitrile (50 mol %)/D2O (50 mol %) solution, and 100
µm for the acetonitrile (38 mol %)/D2O (62 mol %) solution.
The IR absorption spectra were collected as a function of
temperature from 20°C to 75°C with 5 °C increments. A total
of 64 scans were co-added for each spectrum. The measurement
was repeated twice for each solution, and the reversibility of
the change of the IR spectra upon temperature was also
examined by cooling the heated solutions back to 25°C, with
5 °C decrements.

2D IR correlation spectra were constructed using the general-
ized 2D correlation method developed by Noda under temper-
ature perturbation.17-19 The Hilbert transformation of the
dynamic spectra was used for calculations.19 An averaged
spectrum was used as a reference for the 2D spectra constructed
from original IR data, whereas no reference was used for the
2D spectra constructed from the second derivative data of the
original IR spectra.25 Microcal Origin, Mathcad and Matlab
software packages were used to calculate and generate the 2D
spectra. The negative cross-peaks in an asynchronous spectrum
were shaded using the standard shading convention.17,18 In a
synchronous spectrum, a positive cross-peak at (ν1, ν2) indicates
that the intensity changes at these two wavelengths are in the
same direction. A positive asynchronous cross-peak at (ν1, ν2)
indicates that the spectral change atν1 occurs earlier and at a
lower temperature compared toν2. A negative asynchronous
cross-peak indicates the opposite.17-25

Results and Discussion

It is observed that the intensities of all IR bands of CH3CN
in the 50:50 mol % CH3CN-H2O solution decrease with the
increase of temperature. Figure 2 shows the temperature-
dependent IR absorption spectra of the solution in the spectral
region between 2220 and 2300 cm-1. Theν2 band is centered
at about 2256 cm-1 and theν3 + ν4 combination is centered at
about 2295 cm-1, where theν3 mode is assigned to the C-H
bend at 1372 cm-1.1-3 No new features can be distinguished
as the temperature increases. The 2D correlation spectra
constructed from the data in Figure 2 are shown in Figure 3. In
the 2D synchronous spectrum (Figure 3A), two autopeaks are
observed at 2257 and 2295 cm-1. For the autopeak at 2257
cm-1, it has an elongated shape that is extended toward 2253
cm-1, indicating that there are cross-peaks formed by the 2253
and 2257 cm-1 bands. A similar elongated positive cross-peak
is observed at 2257/2295 cm-1. The positive sign of the cross-
peak indicates that both bands become weaker with the increase
of the temperature.

The 2D asynchronous spectrum in Figure 3B has revealed
new features. It is observed that around the autopeak at 2257
cm-1, there are three peaks at 2253, 2256, and 2259 cm-1. The
2253- and 2259-cm-1 bands have been assigned to the free and

Figure 1. IR absorption spectra (A-D) and corresponding second
derivative spectra (AA-DD) for neat acetonitrile, a 50:50 mol % CH3-
CN-H2O solution and a 50:50 mol % CH3CN-D2O solution at 25°C.

Figure 2. IR absorption spectra for the 50:50 mol % CH3CN-H2O
solution measured under different temperatures.
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hydrogen-bonded CH3CN species,9-11 as shown in Figure 1BB.
The spectral feature at 2256 cm-1 has not been observed before.
This band forms three positive cross-peaks, 2253/2256, 2259/
2256, and 2295/2256 cm-1, with the 2253-, 2259-, and 2295-
cm-1 bands, respectively. The presence of the new 2256-cm-1

band may indicate that a new microstructure develops when
the solution temperature increases. The evolution of this new
structure can be examined from the cross-peaks around 2253
cm-1. The two positive cross-peaks 2253/2256 and 2259/2256
cm-1 suggest that with the increase of temperature, the 2253-
and 2259-cm-1 bands change prior to the 2256-cm-1 band. The
lack of cross-peak 2253/2259 cm-1 in the 2D asynchronous
correlation spectrum indicates that these two features have
similar temperature dependence, i.e., their intensities all decrease
with the temperature. Thus, we can infer that with the increase
of the temperature, the microstructure related to the 2256-cm-1

feature gains with the cost of the free and hydrogen-bonded
CH3CN species located at 2253 and 2259 cm-1.

To confirm this observation, we have also calculated the
second derivative data based on the temperature-dependent IR
spectra in Figure 2. From the second derivative spectra shown
in Figure 4, we were surprised to find a new feature at 2256
cm-1 which becomes quite clear at about 40°C. This feature
evolves when the temperature increases. Meanwhile, the bands
at 2253 and 2259 cm-1 become weaker.

The agreement between the 2D asynchronous correlation
spectrum and the second derivative spectra leads us to conclude
that there is a new CH3CN species existing in the water-
acetonitrile mixture instead of only the free and the hydrogen-
bonded species previously suggested. As shown in Figure 4,
this new feature can even be observed below 40°C. It may

also exist at room temperature, but is buried in the spectral
overlap of the free and hydorgen-bonded species. It evolves at
higher temperatures where it is easier to observe.

Because there are corresponding combination bands in the
ν2 + ν4 spectral region for free and hydrogen-bonded CH3CN
species, there is a question whether this new species also has a
correspondingν2 + ν4 combination band so that new DOVE-

Figure 3. 2D synchronous (A) and asynchronous (B) correlation
spectra for the 50:50 mol % CH3CN-H2O solution.

Figure 4. Second derivative spectra of the IR absorption spectra of
the 50:50 mol % CH3CN-H2O solution in Figure 2 under different
temperatures. The spectra are plotted on the same scale but shifted with
equal division for clarity.

Figure 5. IR absorption spectra (A) and their second derivative spectra
(B) for a 50:50 mol % CH3CN-D2O solution under different temper-
atures. The second derivative spectra are plotted on the same scale but
shifted with equal division for clarity. The inset shows an extended
region between 2800 and 4060 cm-1 where theν1 andν5 are the C-H
stretch modes.
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FWM experiments could be conducted for this new species.
With this question in mind, we have examined the spectral
region of theν2 +ν4 combination band for probing the spectral
feature of the new species.

Because the strong absorption band of O-H stretch of H2O
obscures the observation of theν2 + ν4 combination band at
about 3164 cm-1 for water-acetonitrile mixtures,1 deuterated
water D2O is used to replace H2O. The temperature-dependent
IR absorption spectra of a 50:50 mol % CH3CN-D2O solution
are shown in Figure 5A in the range of 3140-3220 cm-1. The
corresponding second derivative spectra are shown in Figure
5B. From the second derivative spectra, we can see that the
feature at about 3171 cm-1 becomes stronger with the increase
of temperature. If there is a feature related to the new species,
then its position should locate at about 3168 cm-1, in the middle
of the 3164- and 3171-cm-1 bands. From Figure 5, it is hard to
tell whether there is such a feature because of spectral
overlapping.

The 2D spectra may provide additional information. For
constructing 2D spectra, directly using the data of the IR spectra
in the range of 3140-3220 cm-1 is unreliable because of the
inconsistent spectral background for theν2 + ν4 combination
which varies with temperature. The inconsistent spectral back-
ground mainly comes from the contribution of the broad 3500-
cm-1 O-H stretch band which shifts toward the blue when the
temperature increases as shown in the inset of Figure 5. The
O-H group comes from the contaminated H2O, which is
introduced after the solution is exposed to the moist air during
the solution preparation and the step of transferring the solution
into the IR cell. The fluctuation in the spectral background may
distort the 2D spectra and should be avoided.22 Because the
background is relatively broad and can be eliminated in the

second derivative spectra, we decide to use the second derivative
data in Figure 5B for constructing 2D spectra by following the
suggestion of Czarnecki.22

Before we construct the 2D spectra in the spectral range of
3140-3220 cm-1 by using the second derivative data in Figure
5B, we have also used the second derivative data in the spectral
range of 2240-2300 cm-1 in Figure 4 to construct the 2D
spectra in order to examine the reliability of using the second
derivative data for 2D spectra. In the 2D synchronous spectrum
(Figure 6A), only meaningful autopeaks are found at around
2254 and 2295 cm-1. They form two positive cross-peaks (2254
vs 2295 cm-1). The rest around the 2254-cm-1 peak is the
satellite peaks which are not related to new spectral features.
Instead, they are due to the side lobes shown in the second
derivative spectra.22

In the asynchronous spectrum (Figure 6B), we can see two
positive cross-peaks 2253/2256 and 2259/2256 cm-1 and two
negative cross-peaks at 2256/2253 and 2256/2259 cm-1 in the
ν2 spectral region. The satellite peaks around these cross-peaks
are also due to the side lobes shown in the second derivative
spectra. In addition, there is a pair of cross-peaks at 2295/2256
and 2256/2295 cm-1. In comparison with the 2D spectra in
Figure 3, the same information can be extracted from the second
derivative-based 2D correlation spectra. So the second deriva-
tive-based 2D spectra may also provide reliable information
regarding the spectral features in the range of 3140-3220 cm-1.

The 2D spectra constructed from the second derivative spectra
in Figure 5B are shown in Figure 6 C and D. In the 2D
synchronous spectrum, an autopeak centered at around 3164
cm-1 is observed with elongated cross-peaks at about 3165-
3172 cm-1. The satellite peaks around this autopeak come from
the side lobes in the second derivative spectra, not indicating

Figure 6. 2D synchronous (A) and asynchronous (B) correlation spectra in theν2 spectral region and 2D synchronous (C) and asynchronous (D)
correlation spectra in theν2 + ν4 spectral region constructed from the second derivative spectra in Figure 4 for the 50:50 mol % CH3CN-H2O
solution and in Figure 5B for the 50:50 mol % CH3CN-D2O solution.
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new features. Positive cross-peaks (3164 vs 3205 cm-1) are also
observed, indicating the intensity of both 3164 and 3205 cm-1

peaks changes in the same direction, i.e., decreases with
temperatures.

In the 2D asynchronous spectrum in Figure 6D, only two
cross-peaks (3164 vs 3168 cm-1) are observed, with four side
lobes-related satellite peaks. The 3164-cm-1 band is assigned
to the free CH3CN species, whereas the 3168-cm-1 peak is a
new feature revealed in the asynchronous spectrum because it
is located at expected position for the new species. It may be
the spectral feature that we are looking for. The sign of the
cross-peaks indicates that the 3164-cm-1 band changes before
the 3168-cm-1 band, which is consistent with the spectral change
sequence in theν2 spectral region where the intensity of the
free CH3CN species changes before that of the new species.

To further reveal the phase relationship for these CH3CN
species between theν2 spectral region and theν2 + ν4 spectral
region, 2D correlation heterospectra are constructed as shown
in Figure 7. The out-of-phase correlation can be clearly seen
from the asynchronous spectrum. Three cross-peaks are observed
at 2253/3168 (positive), 2256/3164 (negative), and 2259/3168
cm-1 (positive), with three satellite peaks formed from the side
lobes. There is also a cross-peak at 2295/3168 cm-1. These
cross-peaks confirm that the 3168-cm-1 feature is not in-phase
with the 2253- and 2259-cm-1 features. They may come from
different CH3CN species. In addition, For the 2253- and 3164-
cm-1 bands, they belong to the free CH3CN species, so no cross-
peak between them is observed. No cross-peak at 2256/3168
cm-1 also suggests that the 3168-cm-1 band has a similar

temperature dependence to the 2256-cm-1 band which comes
from the new species. Therefore, 3168-cm-1 band is the feature
that we are looking for in theν2 +ν4 spectral region for the
new species.

Because in theν2 spectral region, we observe the cross-peaks
for the 2259-cm-1 band of hydrogen-bonded species, we should
also have observed the cross-peaks for the 3171-cm-1 band of
hydrogen-bonded species in theν2 + ν4 spectral region. As we
further examine the cross-peaks in theν2 + ν4 combination
band-related 2D asynchronous spectra (Figure 6D and Figure
7B), those cross-peaks are not presented, which should have
given cross-peaks at 3168/3171 and 3171/3168 cm-1 in Figure
6D, and 2256/3171 cm-1 in Figure 7B for hydrogen-bonded
species-related modes. The unresolvable of these cross-peaks
may be due to the two possible spectral causes related to the
3171-cm-1 feature: (i) the relatively low intensity as shown in
Figure 1DD as compared with the intensity of the 2259-cm-1

band in Figure 1BB, and (ii) the relatively broad bandwidth of
the ν2 + ν4 combination band as shown in Figure 1CC as
compared with the bandwidth of theν2 band in Figure 1AA.
These two causes may make these cross-peaks not easy to
observe.

To confirm whether these two causes play a role in the result,
we have prepared a 38:62 mol % CH3CN-D2O solution. The
solution has a similar second derivative line shape (Figure 8B)
of theν2 + ν4 combination band at 25°C to that of theν2 band
of the 50:50 mol % CH3CN-H2O solution (Figure 1BB). From
the temperature-dependent IR spectra of the 38:62 mol % CH3-
CN-D2O solution (Figure 8A), we can see that the intensity of
the bands decreases with temperature. In the second derivative
spectra (Figure 8B), two bands with almost equal intensity are
identified at 3164 and 3173 cm-1 at 25 °C. The 3164 cm-1

band assigned to free CH3CN species seems not to change its
position with the concentration of water. The 3173-cm-1 band
is assigned to hydrogen-bonded CH3CN species whose position
shifts to blue when the water content increases. At higher
temperatures, both bands become weaker and a new band
emerges at about 3169 cm-1. This new band can be easier to
see from a 2D asynchronous spectrum in Figure 9.

In Figure 9, we can observe two positive cross-peaks 3164/
3169 and 3173/3169 cm-1 in the ν2 + ν4 spectral region. The
3173-cm-1 band of hydrogen-bonded CH3CN species appears,
together with the 3169-cm-1 band of the new species. So this

Figure 7. 2D synchronous (A) and asynchronous (B) correlation
heterospectra constructed from the second derivative data in Figure 4
and Figure 5B.

Figure 8. IR absorption spectra (A) and their second derivative spectra
(B) for a 38:62 mol % CH3CN-D2O solution under different temper-
atures. The second derivative spectra are plotted on the same scale but
shifted with equal division for clarity.
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result further confirms that the new species has a corresponding
ν2 + ν4 combination band as observed in Figure 6D and Figure
7B. It also verifies the two spectral causes which are responsible
for the unresolvable of the 3171-cm-1 band of hydrogen-bonded
species in the 2D spectra of the 50:50 mol % CH3CN-D2O
solution.

The detailed microstructure of the observed new CH3CN
species is not quite clear. Because this new species gains with
the consumption of free CH3CN species and hydrogen-bonded
CH3CN species when the temperature increases, it could be an
intermediate hydrogen-bonded CH3CN species between free
CH3CN species and hydrogen-bonded CH3CN species associated
with water clusters. This intermediate species should have less
water clusters interacted, in comparison with the hydrogen-
bonded CH3CN species. For the water clusters associated with
the hydrogen-bonded species, Bertie and Lan9 and Jamroz et
al.10 have suggested that they could be linear chains of water
molecules rather than spherical clusters. Bertie and Lan9 and
Reimers and Hall11 have used a 1:1 molar ratio of CH3CN to
H2O in the bound region to interpret their IR9 and Raman11

spectra of the mixtures. To explain the concentration-dependent
blue-shift of the boundν2 band, Reimers and Hall11 have
postulated that CH3CN may form up to two hydrogen bonds to
water with a corresponding increase in water’s donation to CH3-
CN. If the 2259-cm-1 band is assigned to the hydrogen-bonded
CH3CN species with a 1:2 molar ratio of CH3CN to H2O, then
the 2256-cm-1 band could be due to the hydrogen-bonded CH3-
CN species with a 1:1 molar ratio of CH3CN to H2O. Further
molecular structure modeling may provide useful information
about the microstructure of this new species observed here.

More importantly, the identification of the new species and
its corresponding fundamental and combination bands in this
work allows us to design new 2D DOVE-FWM experiments
for the snapshot of the local structure of the observed new
species in acetonitrile-water mixtures by probing the cross-
peak at about 2256/3168 cm-1. The presence of the cross-peak
in the DOVE-Raman-FWM spectra will confirm the results
observed in this work. The exact band positions can also be
determined from the cross-peaks in the DOVE-FWM spectra,
which could address the concern regarding the interpretation
of the band positions in an asynchronous spectrum.26 The
DOVE-FWM spectra will provide complementary results
regarding the band positions to other methods including the

Fourier self-deconvolution and the second derivatives.27-30

Moreover, the knowledge gained from this work will help us
to theoretically model the DOVE-FWM spectra by using the
improved microstructure picture of the mixtures.

Conclusions

Understanding the microstructure of the model system
acetonitrile-water mixtures is important for the development
of the DOVE-FWM spectroscopic methods for the structure
analysis and component determination of hydrogen-bonded
systems. By using the sensitive 2D IR correlation spectroscopy,
we have revealed a new CH3CN species with a CtN stretch
band position at 2256 cm-1 and aν2 + ν4 combination band
position at about 3168 cm-1. This observation suggests that the
general microstructure picture of the mixtures with two types
of CH3CN species should be improved by involving more than
two species. It will provide useful information for the design
of new 2D DOVE-FWM experiments and theoretical modeling
of the 2D DOVE-FWM experimental data for the mixtures in
order to understand the power of this unique coherent 2D
vibrational spectroscopy.
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