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Abstract: A new form of vibrational spectroscopy has recently been demonstrated using three coherent sources
to generate nonlinear four wave mixing (FWM). It is an optical analogue of 2D NMR. The four transitions
that occur in FWM include combinations of infrared absorption and Raman transitions and result in doubly
vibrationally enhanced (DOVE) four wave mixing (FWM). In this paper, we use acetonitrile in different mixtures

as a model system to demonstrate the spectral selectivity that allows DOVE methods to remove the spectral
congestion from vibrational spectra of complex mixtures and to discriminate against a strong water background.
The selectivity results from two multiplicative vibrational enhancements and the intra- and intermolecular
interactions that cause mode coupling. Since DOVE features cannot occur in the absence of mode coupling,
these methods isolate the spectral features that are associated with interactions. This method promises to have
important applications for probing complex biological, chemical, and environmental samples.

Introduction enhanced four wave mixing (DOVE-FWM) uses two vibrational
resonances where cross-peaks can only be observed if there is
coupling between the vibrational moded! The absence of
uncoupled features eliminates the need to detect changes so the
cross-peaks can be directly measured in 2D spectra without the
need for further data treatment. The cross-peak intensities reflect
similar information to the combination and overtone bands that
are usually hidden by the stronger fundamental modes in one-
ddimensional spectra. DOVE methods are the nonlinear vibra-
éional analogue to 2D NMR and should possess complementary

Vibrational infrared (IR) and Raman spectroscopies are
powerful tools for studying molecular structures and interactions.
However, for complex systems their use is often hindered by
spectral congestion and solvent background. Naagroved
the spectral selectivity by developing 2D infrared correlation
spectroscopy to extract structural information on polymers and
proteinst—2 This method is based on correlation analysis of the
changes that occur in conventional infrared spectra obtaine
under external perturbations. Cross-peaks appear in 2D spectr ilitiest-712-19
for coupled vibrational modes that reflect the correlated spectral Capabilities.™"

changes and identify the features associated with the interactions. '™ thiS paper, we demonstrate the selective enhancements of
The method is limited by the need to detect changes in the coupled modes where the intensity of the enhancements reflects

absorption spectrum and the loss of selectivity that occurs whenthe strength of the interactions that are responsible for the

multiple modes are perturbed. Hochstrasser and co-workersViPrational mode coupling. Since interactions are often the focus
developed a nonlinear optical analogue of these correlation ©f many chemical investigations, spectroscopic measurements
methods where a laser pump caused spectral perturbations of that can isolate the features that are associated with interactions
particular vibrational modé5 The vibrational perturbation ~ &re particularly valuable. Since many applications of traditional
changes a subsequent absorption spectrum probe for the modelfrared spectroscopy are compromised by the strong absorption
that were coupled to the pumped mode. This type of pamp rom water, it is also important to determine the ability of DOVE

prObe spectros_co_py PrOYides selectivity in the modes that are (7) Zhao, W.; Wright, J. CPhys. Re. Lett. Submitted for publication.
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d -kg wherew; and T are the frequency difference and dephasing
3| 4 rates for statesandj, wy is the frequency of lasar, andA is
3|4 o a proportionality constard® The labeling refers to Figure 1B.
R4 The six terms correspond to different four wave mixing
+,- processes and each has three resonances with either electronic
c Vv 4y c ~ k or vibrational state¥? However, many resonances are not
. v 2 4 important, particularly those associated with distant electronic
b1 25 V21 2 b states. Therefore, this equation shows only the vibrational
a : o a resonances explicitly and the electronic resonances are combined
with the constants in the numerator. The FWM output signal
DOVE-IR DOVE-Raman intensity atws = w1 — w, + w3 is proportional to|P|2 and

Figure 1. (A) Absorption spectra of acetonitrile including expanded since the expression fay®|? contains cross-terms, there are
regions in the spectral range used for this work. (B) Evolution of changes in the spectral line shape that are caused by the
coherence for DOVE-IR and DOVE-Raman. The arrows show the interference between the polarization waves of the different
transitions that cause the evolution of the DOVE-IR and DOVE-Raman processes.
coherences. The numbers label the input frequencies described inthe Each of the terms in eq 2 has a characteristic frequency
text and the Iette_rs indicate the states described in eq 2. S_olid a”owsdependence. For the experiments in this paper, we scanithe
show ket evolution and dotted arrows show bra evolution for a g0 ency for constant values ob. The first two terms in the
coherence that is a linear combination of statsdj. The bold arrow - - ; . :
denotes the output coherence. (C) Phase matching diagram for pove-equation describe sm_gly V|brat|0nally enhanc;gd (SIVE) pro-
FWM. cesses caused by the infrared absorption transitien at w,.2°
Term 1 produces peaks when matches infrared absorption
transitions but the peaks have no dependenceyprerm 2
methods to probe aqueous solutions. We show that the DOVE produces a background that maximizes whepn matches
methods strongly discriminate against the water absorption andinfrared absorption transitions, independently of thevalue.
narrow the broadened line caused by water. We also use theTerm 3 describes the DOVE-IR-FWM process (see Figure 1B)
DOVE-FWM methods for a mixture of seven components and that produces peaks when matches absorption transitions and
demonstrate that DOVE-FWM can isolate a coupled mode, eventhe peaks maximize when, match other absorption transitions.
though the spectra are congested in both conventional infraredTerm 4 describes the doubly vibrationally enhanced Raman-
and Raman spectra. Our results demonstrate the feasibility andike (DOVE-Raman-FWM) process (see Figure 1B) that pro-
features required to make DOVE methods practical for a wide duces peaks whem; — w, match vibrational frequencies and
range of scientific applications where identification of intra- and the peaks maximize whew, match an infrared absorption

intermolecular interactions is important. transition. Term 5 describes ordinary Raman processes that
produce peaks whew; — w, match vibrational frequencies
Theory independently of the absolute; or w, values. The last term

describes nonresonant processes, which produce a background
Vibrational spectroscopy is based on the resonances inthat is independent af; andw,. It is this term that determines

generating a polarizatiof, from the oscillating electric fields,  the detection limits of nonlinear methods. TAgcontain four
E, of exciting electromagnetic radiation. Nonlinearities develop transition moments that control the intensity of each process.
in generating the polarization response when the electric fields Normally, vibrational transition moments vanish if more than
within a sample become large so the oscillating polarization one vibrational quantum changes in the transition. Since a cross-
acquires distortions at new frequencies. Four wave mixing peak between two modes from a DOVE term requires at least
spectroscopy is based on the distortions that depend on the cubene transition with multiple quantum state changes, there must
of the electric field*? be at least one transition moment that involves anharmonicities

or nonlinear polarizabilities that couple modes so transitions

P=,9E 1) with multiple vibrational quanta changes_océl]i=.l _
The DOVE processes can be described as two infrared

where 7@ is the third-order susceptibility. The frequency transitions and a Raman transition that occur simultaneously

dependence of® is described by: (20) Labuda, M. J.; Wright, J. @hys. Re. Lett.1997, 79, 2446-2450.




10996 J. Am. Chem. Soc., Vol. 121, No. 47, 1999 Zhao and Wright

during the presence of the excitation beams. In the DOVE-IR o
process, two infrared absorption transitions occur to different  -° o 31509200 3250 2250 2300, 2400
X X . absorption IR absorption
vibrational states and the Raman transition occurs between the 2 4: T40f —C |
two states. Mode coupling is manifested through combination E |
or overtone transitions in the infrared absorption transitions and/ & *-__ / \/\ 120 AB\/ \f E £
or the Raman transition. In the DOVE-Raman process, an ﬁ o | 0?)/ NN |
infrared absorption and an infrared emission transition occur 5 31003150 3200 3250 2250 2300 2400
to different vibrational states and the Raman transition occurs = 5 0 1000 83;’0) =2‘2’2°cm.1 930 1000
between the two states. Here also, mode coupling is manifested 1200 1807 .
through combination band or overtone transitions in the infrared 08l 12t i
absorption transitions and/or the Raman transition. In all cases, 04l ey 11l i
e : o AE RIS
the combination or overtone bands require anharmoncities or 00 oL et ¥ |
nonlinear polarizabilities that reflect the intra- or intermolecular 3 3100 $150 3200 3250 3100 3150 3200 3250
interactions that couple modes. S g0 980 1000 850 900 950 1000
. ) ) = B) ©,= 2246 cnt 1.5 B)0,=2270 o ]
In this paper, we explore how the relative importance of the 2 | : (*i
different terms and processes described by eq 2 affects the £ ,| J1or [‘ i 1
selectivity of DOVE-FWM methods for spectral simplification s kﬁ\% 05 | ,\ _
. . 1Y
of complex mixtures. In a mixture, each component ha&a gl ™ oo S S
given by eq 2 and the overall nonlinearity is the sum of all the § 3100 3150 3200 3250 3100 3150 3200 8250
contributions. Acetonitrile has been observed to have a DOVE & 200 950 1000 880 __900__ 950 1000
; . ) o,= 2253 cm SFF) 6,=2407 cm
peak that is enhanced by double resonance with two modes that 200 .
are coupled by intramolecular interaction, and the selectivity 1or 7
that characterizes the DOVE peak depends on its importance or \ Jost y L .
. : | ‘
relative to the other processeéWe create a mixture where 0 B AP, lool 7 U L\ ]
other components can have SIVE resonances in botlwthe 3100 3150 3200 3250 3250 3300 313'50 3400
andw; frequency ranges as well as electronic contributions to o, (em™) ©, {em’)

the background. Each vibrational state in each component canFigure 2. The top two spectra show the absorption bands in the region
potentially contribute both when it is resonant with one or more of the w: andw, values used for the DOVE-FWM experiments. The
frequencies and when it is nonresonant since eq 2 shows thelower spectra show FWM spectra wheseis scanned while; is set
nonlinearity depends on a sum over all states. Experimentally, _at the |nd|cate_d positions. The posmons_ are a_Iso |n_d|cated by Ietters_
the central question that must be answered to define then the absorption spectrum to show their relationship to the absorption

o : - spectrum for the different scans. The FWM spectra have two abscissa
selec_tlvny of D.OVE methods_ is the extent to which the DOVE showingw; (bottom axis) and; — w; (top axis) so Raman and infrared
contributions in eq 2 dominate over the other competing

I X i resonances can be identified more easily. The sample is a 97%
contributions from all the states and components in the mixture. gcetonitrile, 3% deuteriobenzene mixture.

Experimental Section corresponding toug + v4), (v2 + v4), and @3 + 2v4), respectively?2.23
Our experiments fixv, at different positions near the=N stretch

This work involved the use of three samples: an acetonitrile (97 and scanw; across the 29063300 ¢’ region.

mol %)/deuteriobenzene (3 mol %) solution, an acetonitrile (40 mol
%)/water (60 mol %) solution, and a seven-component mixture
composed of acetonitrile (JEN), deuterated acetonitrile (GDN), Results
deuterated chloroform (CDg)| tetrahydrofuran (THF, &4sO), deu- PR : ;
terated GDsO (THF-ck) éeutgrlate q beﬁzene dFOIs)(an q dgﬁle)d water Acetonl_tnl_e is an appropriate model system for explonng_ the
(H:0) Allgcompongn’ts have a volume ratifn of one relative to characteristics of DOVE-FWM because there is a well-defined
acetonitrile except s and water. @s has a volume ratio 0.15 and Y2 T V4 combination band associated with mode coupling
water has a value of 0.25, respectively. All chemicals are from Aldrich Deétweenv, andv,. The mode coupling occurs because vibra-
with purity >99%. tional excitation of the &N bond modulates the electron density

The FWM experiments use an injection seeded Nd:YAG laser associated with the-€C bond. DOVE-IR-FWM can then probe
(Coherent, Inc.) to pump two optical parametric oscillators/amplifiers the coupling by using the 6~ v, and v, + v4 absorption
(OPO/OPA) (LaserVision, WA) that generate two tunable IR laser transitions and the, + v4 — v, Raman transition for the FWM
beams atv; andw, and frequencies that are tunable from the near-IR process. All the transitions involve single vibrational quantum
to ~2150 cn* with bandwidths of~3—5 cni*. The 532 nm Nd:  changes except for the € v, + v4 two quanta transition of

YAG output provides thess beam and the output beama@s = w; — the combination band that provides the connection between the
w» + w3 is monitored with filters and a photomultiplier. All the beams v, andvs modes

are linearly polarized in identical directions. The andws beams are . .

collinear and thew, beam crosses them at an angle between 10 and Figure 2 _ShOWS the FWM S_pectra of GEN with 3 _moI _%

20° to provide phase matching (Figure 1C). The sample holder is a CeDs @S w1 is scanned and; is set at the frequencies listed

borosilicate rectangular capillary with a path length of 100. above et'_iCh spectrum. The figure also shows th? absorption
The deuteriobenzene in the samples provides a convenient internalSPectra in the region of the: and w. frequencies. The

standard because the — w, = 944 cnT! Raman ring breathing mode ~ absorption spectra have thg + v4 andvs + 2v4 combination

has a well-known value for the third-order susceptibiljf). Figure bands atw; = 3164 and 3200 cnt, respectively, thev,

2A shows the acetonitrile absorption spectrétithe important Ch- fundamental atv, = 2253 cnt?, and thevs + v4 combination

CN modes for this work are the strong=Cl stretch absorption at 2253  pand atw, = 2293 cntl. The FWM spectra contain a line at

cm* (v2), the C-H bend at 1372 cnt (vs), a C-C stretch Raman  , _ (,, — 944 cnr from the deuteriobenzene internal standard
band at 918 cm* (v4), C—H stretch absorptions at 2944 and 3003 €m

(v1 andws), and three combination bands at 2293, 3164, and 3200 cm (22) Deak, J. C.; lwaki, L. K.; Dlott, D. DJ. Phys. Chem. A998 102,
8193-8201.
(21) Bertie, J. E.; Lan, ZJ. Phys. Chem. B997 101, 4111-4119. (23) Venkateswarlu, Rl. Chem. Phys1951 19, 293-298.
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that serves as an intensity reference since its contribution always y T y T

reflects the samg® value, independent of the, value. When
wy is detuned from the 2253 crhv, mode, two lines appear
in the spectrum from the; — w, = 918 and 944 cm! Raman

lines of acetonitrile and deuteriobenzene, respectively. These

lines are clearly seen in the spectra for = 2238, 2270, and
2407 cnTl. The letters in the absorption spectrum show the
positions ofw, relative to the strong absorption peaks. Note
that the 2407 cm! spectrum is obtained at an, value that is
far from any significant absorption feature so the spectrum
reflects the relative intensity ratio expected for the two Raman
peaks. Since the lines in the, = 2238 and 2270 crt have
the same intensity ratio as the spectrum with= 2407 cnt?,
there is no significant contribution from DOVE processes at
these frequencies. However, whes is tuned to 2246 crm,
there is appreciable absorption from themode and a large
peak appears ai; = 3164 cnTl. The deuteriobenzene Raman
line atwi — wy = 944 cnt! has become insignificant relative
to this line because of the large enhancement. dhisequency
matches the, + v4 absorption band so there are strong DOVE
enhancements from both the DOVE-Raman process where
is resonant with the 6> v, + v, transition whilew, is resonant
with thev, + v4— v, transition and the DOVE-IR process where
w1 is resonant with the 8> v, + v4 transition whilew, is near
resonance with the ©> v, transition. The peak becomes even
larger in the spectrum witty, = 2253 cnT! because the DOVE-
IR process is fully resonant. Her@; matches the 6> v, + vy
transition andw, matches the G— v, transition. The peak
diminishes whenw, = 2262 cn1! as the excitation frequency
is now above the 0— v, transition and the acetonitrile and
deuteriobenzene Raman lines appear agaimat w, = 918
and 944 cm®. The peak cannot be seen at all when= 2270
cm~! and only the two Raman lines are seen.

It should be noted that many lines in the FWM spectra do
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Figure 3. (a) The IR absorption spectrum and an expanded view (the
inset) for a 40:60 mol % C§CN—H,O solution.(b) Spectral scan of
w1 with w, at the 2253 cm! C=N resonance. The inset shows the line
narrowing of DOVE-FWM in comparison with the line width of the
IR band. The upper solid line is the IR absorption spectrum obtained
from a 40:60 mol % CHCN—-D,O solution. Dashed lines are
decomposed from the solid line by using least-squares fitting.vEhe

+ v, combination band of CCN is broadened to 14 crh (fwhh)

with a frequency shift to 3167 cr.

not have symmetrical line shapes. Dispersive shapes can occur

when there are two contributions to the outpi#. Each

contribution adds additional terms to eq 2 and consequently there  TO test the sensitivity of DOVE methods to background water

are more cross-terms |R|2. The cross-terms represent interfer-

absorption, we applied DOVE methods to an aqueous acetoni-

ence effects that change the line shapes. In the spectra, thdrile sample. Figure 3 shows the spectrum of the 40:60 mol ratio

interference occurs between the peak and the background.
We have also taken spectra in the 293120 cnt? region
with w, = 2253 cnT?! to observe DOVE processes involving

CH3CN—H,0 sample withw, = 2253 cntt in comparison with
the absorption spectra. The absorption spectrum shows that the
H,O obscures the CY¥CN combination band at 3164 cth

the G-H stretch modes. We did not observe any measurable Although the absorbance in the sample exceeds 5, the DOVE-

DOVE peaks from the’; or vs modes in this region, despite
the strength of the €H absorption lines. The absence of the

FWM spectrum contains only a single line with the same line
shape as the pure material. The presence of the water does lower

C—H DOVE cross-peaks reflects the absence of interactions the absolute intensity at the peak substantially because the strong

associated with anharmonic or nonlinear polarizabilities that
could lead to coupling betweery and eitherv, or vs and it
illustrates the strong selectivity of DOVE methods for modes
that are associated with interactions. Excitation of teeNbond

absorption limits the path length over which the FWM can occur
but we still do not observe any FWM contribution from the

much stronger water absorption. We attribute the weak water
nonlinearity to the low Raman scattering cross-section and the

does not cause appreciable modulation of the electron density!@r9€ detuning of the electronic resonances from the high-energy
in the G—H bond. The absence of coupling between these modesélectronic states. The strong discrimination against the water

is also in agreement with the results of Deak et2al.

Infrared absorption spectroscopy is often compromised by

strong absorption from the solvent, particularly in biological

systems where water provides strong absorption. It is common . ; . .
nDeak is appreciably narrower than the corresponding absorption

to use very thin sample path lengths and background subtractio

techniques to extract the features that reflect molecular structure

in 2D IR correlation spectroscogyBaseline fluctuations and
random noise must be eliminated to avoid introducing artificial
features in the 2D spectruthlf DOVE methods are to be used
in biological samples, it is important to discriminate against
background absorption without requiring data treatment.

(24) Czarnecki, M. AAppl. Spectrosc1998 52, 1583-1590.

contribution suggests that DOVE methods can be used for the
aqueous environments required for biological and environmental
applications.

We also observe that the 3164 chCH;CN DOVE-IR-FWM

peak. Water broadens thg C=N stretch band and shifts its
frequency to the blue, but the 3164 thhcombination band
cannot be distinguished from the strong-B stretch absorption

of water. To observe water's perturbation of the 3164 tm
combination band, the infrared spectrum of an acetonitrile/
deuterated water (JEN/D,O) sample was measured and is
shown in the upper part of the inset in Figure 3b. The lower
curve in the inset shows a comparison between the DOVE-IR



10998 J. Am. Chem. Soc., Vol. 121, No. 47, 1999 Zhao and Wright

3.0 IR absorption band. This selectivity and line narrowing capabil-
< oasl g IR | ity is particularly useful for distinguishing different sites,
S g components, and conformers in complex samples.

i’ 201 g T To further test the capabilites of DOVE methods for
S 45l 2 i removing spectral congestion, a seven-componerOBIHCDs-

8 CN/CDCL/THF/THF-dg/CsDe/H2O mixture was examined to

= 1.0} . ;

s explore the effect of other absorption and Raman features on
g o5l J the CH,CN DOVE line. Figures 4a and 4b show the infrared

and Raman spectra for the mixture. The infrared spectrum near
thew, values in Figure 4a contains lines from the CBCHD
stretch band at 2253 cri the THF€g band at 2240 cmt, and

the 2262 cm! CDsCN C=N stretch that all overlap with the
351 b) Raman | CH3CN 2253 cnl line (see the inset of Figure 4a). The infrared
spectrum near the; values of the CRCN 3164 cni! band is

0.0E . I ) . . ) N
2000 2250 2500 2750 3000 3250 3500 3750
m

40 : : o : :

E‘ 3or 1 nearly buried by the background from the broae i stretch
2 25f . band of HO, the 3092 cm! v, + v4 combination band of Cp
g ool | CN, and the G-H stretch bands of THF and GBN around
e 3000 cn1?. Figure 4b shows the Raman spectrum where THF
1.5t . has a ring mode Raman band at 914-érthat overlaps with
10 . . ‘ A . the C-C stretch 918 cm! Raman band of CECN. The Raman
' 800 850 900, 950 1000 ring mode band of THFg occurs at 840 cmt while the CLy-
wlfgj (cm™) CN C—C stretch Raman band occurs at 832 énfinally, the
1o, 800 850 900 950 1000 1050 Ce¢Ds Raman line occurs at 944 crh
To explore the effect of the additional absorption and Raman
= 10} C) DOVE-FWM transitions on the selectivity of DOVE-FWM, the, laser is
o 8t i set at the 2253 cm v, CN stretch of CHCN and thew, laser
= is scanned across the 3164 ¢, + v4 combination band of
g e | CHsCN. As we can see from Figure 4c, only the single feature
E 4l | ] W _ at 3164 cm! appears in the spectrum. The features of other
WWWW\ | components are not observed though they appear in the ordinary
2r W i spontaneous Raman spectrum and the IR absorption spectrum.
This spectrum confirms the selectivity of DOVE-FWM methods,

3050 3100 3150 3200 3250 3300

P their ability to simplify vibrational spectra, and the importance

of mode coupling in creating measurable peaks.

Figure 4. (a) The infrared absorption spectrum of a {LHI/CD;CN/

CDCIly/THF/THF-dg/CsDe/H-O mixture. The inset shows the spectral  conclusions

overlap near 2253 cm. (b) Spontaneous Raman spectrum of the

mixture under Af laser 514.5 nm excitation. (c) FWM spectrum of This paper has demonstrated the unique selective capabilities
the mixture wherev, is scanned while; is set at the 2253 cm C=N of DOVE methods. In particular, the mode selectivity provides
resonance of C{CN. The bottom axis shows, and the top axis shows  the apjlity to eliminate much of the spectral congestion in
w1 W2 complex samples and isolates the features that are coupled by

feature and the two absorption lines in the {OMI/D,O. The interactions. These capabilities should be particularly important
water broadens and blue-shifts the+ v, combination band.  for environmental and biochemical systems where the identi-
Previous work attributes the broadening and shifting to the fication of interacting moieties plays a fundamental role in

presence of both hydrogen-bonded and free@¥specied!25 understanding structure/function relationships. For example, it
The free CHCN Species has the same= stretch frequency will be particularly interesting to use DOVE methods for the
as the neat solvent but the H-bonding blue-shifts 4§ C=0 and N-H stretch modes in proteins because H-bonding

cm125-27 Whenw, is set to 2253 cmt, the frequency of the  interactions will lead to mode coupling that might allow one to
free CHCN species, there may be a selective enhancement ofidentify the interacting moietie¥3**much as 2D NMR does.
the free CHCN species’ combination band @i = 3164 cnr? The line-narrowing capabilities can also reduce much of the
and discrimination against the H-bonded {CH species’ broadening caused by H-bonding interactions while the com-
combination band at higher frequencies. The discrimination Ponent selectivity should allow one to isolate particular con-
results in a narrower line for the DOVE-IR-FWM line than the ~ formers.
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