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Coherent Three-Pulse Spectroscopy of Coupled Vibrations in a Rigid Dipeptide: Density
Functional Theory Simulations
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The full quartic six-mode force field for the NH, CO, and CN stretches of the peptide bonds of a cyclic
dipeptide rigidly held by a bridge (2,5-diazabicyclo[2,2,2]octane-3,6-dione (DABCODO)) is computed at the
ab initio level and used for the simulation of two-dimensional three-pulse femtosecond infrared measurements.
Analysis of the complete set of one- and two-color signals generated at all four possible wavevectors
(ki1 + ko + ks, k1 — ko + k3, kg + ka — ks, kg + ko + k3) shows distinct signatures of anharmonicities,
mode couplings, Fermi resonances, and relative transition dipole orientations.

I. Introduction three-pulse IR analogues of the NMR COSY and NOESY pulse
sequences have been implemerifed.

Peptides usually have a complex energy landscape with many
local minima corresponding to various secondary strucftirés,

a number of which are relevant to the description of folding
dynamics. Multidimensional infrared and Raman techniques
have the potential to probe rapidly changing structural elements
such asx helices angs sheets with subpicosecond resolution.
A key ingredient in the design and interpretation of these
measurements is the ability to predict force fields at the ab initio
level. Force fields employed in standard packages are not
parametrized to calculate anharmonicities and yield conflicting
results for small peptides.

The purpose of this paper is to provide a simple benchmark
for the application of ab initio methodology for predicting
nonlinear-infrared response of peptides. Small peptides usually

0 not have a well-defined structure because their potential
surface possesses many local minithé/e found the dipeptide
2,5-diazabicyclo[2,2,2]octane-3,6-dione (DABCODO), a cyclic

Multidimensional vibrational spectroscopy provides new
insights into structural and dynamical properties of molecules
and chemical reactions with ultrafast time resolufiohCon-
gested ordinary one-dimensional (1D) spectra may be disen-
tangled by spreading the signal into additional dimensions,
allowing the time scales of environmental bath interactions to
be discerned by line shape analysib. techniques are based
on correlation plots displaying the signal with respectnto
variables. These may include time intervals between putges (
carrier frequenciesaf,), or other pulse parameters such as
envelopes, polarizations, durations, and even phfasésewly
appearing cross-peaks in two-dimensional correlation plots
contain direct signatures of intra- or intermolecular interactions
that can be converted into structural and dynamical information.
Intense tunable 50100 fs infrared pulses make it possible to
monitor structural changes and ultrafast processes such a
vibrational energy relaxation and redistribution, charge transfer,
conformational fluctuations, and chemical reactions.

Linear-infrared spectroscopy has been widely used to study
secondary structures of peptides and proteins, because many
vibrational bands of the amide units are sensitive to struc¢tdre.
These include the amide | band, mainly a carbonyl stretching
vibration with contributions from the'€N stretch and CG-N—H
bend; the amide Il mode (166700 cn1?),2 predominantly
the C—N stretch coupled with the-EN—H bend; and the NH

o

stretch, which is split into the amide A and B bands (3100 and

3300 cnt?) due to a Fermi resonance with the first overtone of \
the amide Il modé&.In recent years, experimental multidimen- . C . 0]
sional IR techniques have been applied toward the study of .

peptides and small molecul&s.3* Double resonance pump N “ H
probe methods with frequency selective excitation (pump) and DABCODO

broad band probe pulses have been used in initial studies of

vibrational coupling and energy transfer in small oligopeptifes. diglycine with an ethano bridg®,to be an ideal model system
More recently, guidelines for the mapping of strong field NMR for our simulations. It exists in a single and rather rigid
pulse sequences into weak field optical techniques have beernconformation so that the structure in the gas phase as well as in
establishetP*6 and pure time domain heterodyned two- and solution is unambiguous. Also, the molecule is sufficiently small
to allow high-level ab initio quantum chemical calculations of

*To whom correspondence should be addressed. Electronic address: ; ; ; ;
dreyer@mbi-berlin.de and mukamel@chem rochester.edu. the vibrational eigenstates and anharmonic couplifigs.
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step, internal coordinates (local modes) are chosen to describecontained in the external field profiles.(t), eq 1, and in the
local vibrational motions; bond lengths represent stretching particular choice oks, which selects specifitiouville space
vibrations, bond angles represent in-plane bending modes, andpathways Thus, only at this stage, the different spectroscopic
dihedral angles represent out-of-plane vibrations. Anharmonic techniques may be distinguished. Only four signal wavevectors
force constants and dipole derivatives for selected local modesks are independent and will be denoted= —k; + k, + k3,

are then calculated by numerical differentiation of the energy ky; = +ki — ko + k3, kyy = +ki + ko — k3, andkyy = +k; +

and dipole to fourth and second order, respectively. Diagonal- k; + ks. The remaining four wavevectors are given-bis, It
ization of the resulting effectiveibrational exciton Hamiltonian follows from eq 1 that each choice k§also implies a particular
yields molecular eigenstates, eigenvectors, and transition dipolecombination of field frequencie®s = @1 £ w2 + 3.

moments between all states. Third-order nonlinear response Rl(3| is generally given as a sum of eight four-point correla-
functions are then computed in the time domain using the sum- tion functions of the dipole operator, each representing a distinct
over-states expressidhThis procedure was tested in a recent Ljouville space pathway. Only four out of the eight terms
simulation of the photon echo spectrum of a rhodium(l)  contributing to the response function are independent, the other
dicarbonyl complex using the B3LYP density functional and four are given by their complex conjugates:

the LanLDZ basis set. Qualitative agreement was found with

experiment® and quartic terms in the potential energy were

shown to be critical for reproducing the experimental transition Ri(tatzty) = ( ) Qi (tsttotty), [ (ttty), [ (ty), 1 (0)]11 0
energies and intensities. We present simulations of the signals (3a)
generated at the four possible independent signal wavevectors i\3 4

and analyze the information that may be extracted from the = (—) Z(Ra)ijk|(t3,t2,tl) + cc (3b)
cross-peak pattern for each signal using both one- and two- hl &=

color pulse techniques. .
P q with

Il. Nonlinear Response Functions and Multidimensional (Rj(tatoty) =

Signals Z P(a) [y pdanl da M asttvdtcdtaal ddta) 1an(t) laalty)

Third-order nonlinear multidimensional vibrational spec-
troscopy involves the application of three pulses—rs) that

(42)

) (R (tataty) =
f) F

. . . Z P(2) g pKaal anHattbdtedttaal adts) Tan(ta) lan(t)
a,b.cd (4b)

% T T (R (tatpty) =
create and manipulate populations and coherences of vibrational de(a) e kol an™Hattodtecttaal adta) Tacta) tanlts)
state€%5 The total electric field at point is given by ane (4c)
o _ : o i . L (RA)ijkl(tSItzvtl) =
olrn) = 4 [T = 70) explif =it +igy) Z P(@) Oy pKed da Manttodedaal balts) leats) 1aalty)
fd
&(r — 1) expl=ik r + w7 —ig)] (1) e (4d)

with an envelope’y(t — 7,,) centered aty, a carrier frequency and the line shape function

@n, @ phasep,, and a wavevectdt, of thenth pulse. The third- | (1) = 60(t) exp(iQ ,t — T 1) (5)
order polarization vector induced by this field is v v v
® o o w Q,, constitute transition frequencies between two vibrational
POy = [Tdt, [dt, [ dt O (tatyty) x eigenstates andv/, I, is a homogeneous dephasing line width,
2(r Ta=t—t) & (1,1, =t—t,—t,) &(r T, =t—t.—t,—t,) (2 and u,, are the corresponding transition dipole moments
(s ) T2 ) Alrm b (@) describing the coupling between the statt).is the Heavyside
wherei, j, k, | € {x, y, Z} refer to the Cartesian components of function, andP(a) is the thermal population of the initial state

the linearly polarized electric field and polarizatidp.andt, a given as Boltzmann factor
are the delay times between the three pulsestaisthe time /
between the third pulse and the tiehen the signal is finally P(a) = exp(e/ksT) ©)

measured. Controllings requires an additional gating device zaexp(—ea/kBT)

or heterodyne detection. The nonlinear polarization is character-

ized by a response functiol Jk,, a fourth-rank tensor that  More sophisticated simulations of environmental effects affect-
contains the full microscopic information about all third-order ing the signal line shap&swill be incorporated in future work

signals. as the main objective of the current study is to identify the main
Substituting eq 1 into eq 2 shows that a signal can be peaks and analyze the possible global patterns of multidimen-
generated in eight possible wavevector directibgs +k; + sional signals.

ko + ks. Coherent three-pulse spectroscopies may be distin-  If orientational and vibrational dynamics are decoupled, each
guished and systemically classified in terms of the signal of the terms contributing to the response function containes a
wavevectors that represent distinct combinations of Liouville scalar part describing the vibronic dynamics and a fourth rank
space pathways® The details of a particular experiment are tensorial part, the ensemble averdijie [ of the orientational



Spectroscopy of Coupled Vibrations in a Rigid Dipeptide J. Phys. Chem. B, Vol. 107, No. 24, 2008969

Imoo_ T T T TTT1T7T T T I|I|||| T T I|II|I| T T 1T |||L
- 1 8317-8378 N-H(v=2) / C-N
8000 - ]
?___ 1 6895 6899 ———— N-H(v=2,11)
= 1 6895
- ™ -
£ 6000 -
& C 1 5284-5324 gfg(mmz.zn
- 1 5234-5242 =0 / N-
g 1 4964-5000 — C=O(v=2u’ Cc-N
s 1 4879-2910 G-N/N-
& w000 1 4247-4313 C-N (v=3,12,21)
T 1 3535,3538,3557 C=0(v=2,11)
- e 1 3459,3463 —— N-H(as)
L [ 1 3193-3222 ——— C-N/C=0
E S 1 2836, 2859, 2879 C-N(v=2,11)
2000 - T .
n - = = —— 1 1774,1781 C=0 (a,s)
F "4 1420,1442 — C-N({(a,s)
L '__./"'/- ]
C L L ||||||| L L ||||||| 1 L ||||||| L L1l III]—
1e-06 1605 0.0001 0.001 001 [em=-11 0—— 00 00 00>

Intensity (arb. units)

Figure 1. Logarithmic linear IR spectrum of DABCODO and the energy level scheme calculated from eigenstates and transition dipole moments
of the six-mode exciton Hamiltoniad" (= 5 cn!). One exciton states (red) consist of two individual levels, single-mode two-exciton states (blue)

of three levels, mixed two-exciton states (green) of four levels, single-mode three-exciton states (magenta) of three levels, and mixeithree-exci
states (light blue) consist of four levels.

factor of the respons®:#748 This factor, introduced in eq 4  of the wavevectoksin a three-pulse impulsive experiment as
relates the orientation of the electric field of the four pulses in %ijskl(tg,,tz,tl) with S=1, I, I, IV.

the laboratory framei(j, k, | € {x, y, Z}) to the orientation of Various detection modes may be employékhe time-gated
four transition dipole moment vectors involved in each Liouville homodyne detected signal is directly given |Wijskl(t3vt21t1)|2'
space pathwa$f:>*We assume that rotational dynamics is slow The signal can also be displayed in the frequency domain: Using

on the experimental time scale, which is typically justified for & two-dimensional Fourier transformation for the time variables
subpicosecond measurements in polyatomic molecules. Othert,; andts, we obtain the complex signal

wise, the orientational factor will become time dependent as

We".26’45 awS’tZ’a)l) =
A full simulation of the signals should include the response oo o0 s . .
function as well as the pulse shapes. We have made our ffoo dts ffoo dt; P (tatarty) expCiogt; — iwgty) (7)

calculations in thesnapshot limit*> which incorporates the key

pulse characteristics at a greatly reduced computational costsimilarly transformingt, andts yields

In this ideal limit of time-domain impulsive experiments, all

the applied fields are taken to be very short (impulsive) so that Swzwy,t) =

the integrations over time intervals can be eliminated and the o o S ; ;

signal isgdirectly proportional to the nonlinear response function. f o s f —o . P lloly) eXp(ingls —iw5ty) (8)

At the same time a finite (rectangular) pulse bandwidth allows ) ) . . .

a spectral selection of the resonant transitions of interest. These signals will be computed in the coming sections.
When the pulse envelopes are incorporated in the triple

integrals, all signals may be computed using the full response

functions. The time integrations automatically select the domi-

nant terms for each possible technique. Because our simplified The geometry of DABCODO has been optimized using

procedure does not include these integrations;dteging wave density functional theory (B3LYP)~5*with a 6-31G(d,p) basis

approximation(RWA) must be applied manually to select only sef>5° implemented in Gaussian98.The resultingC,-sym-

those terms that are resonant; that is, the material frequencymetric structure was in very good agreement with that reported

Q,, must reside within the field bandwidth aroumg}. All previously*3

nonresonant and highly oscillating terms must be neglected. Anharmonic force constants representing the complete quartic

Eliminating the integrations without invoking the RWA leads force field and first-order dipole derivatives have been calculated

to incorrect results because it implies that the pulses are shortnumerically following the procedure described earffe©nly

compared with the carrier frequency, which is, of course, internal coordinates representing the predominant contributions

impossible. The terms that survive the RWA depend on the to the amide I, Il, A, and B modes were selected (Table 1).

molecular level scheme as well as the dipole couplings. We The amide | and Il modes are described by te@and C-N

shall denote the RWA response function for a specific choice stretches, respectively. Thé-eN—H and G—C'—N bending

I1l. Anharmonic Force Field and the Exciton
Hamiltonian
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Figure 2. k = —ki + kz + kg Feynman diagramsAs = R, + Rs — R}) and energy level schemes (dashed arrows, interaction from the right;
solid arrows, interaction from the left; wavy arrows, signal pulse)dor= @, = @3 = 1770 cm* (v(C=0)). For a pulse width of=100 cn? the
following number of Liouville space pathways result; &d R, 4 each; R, 20.
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Figure 3. ki: 2D spectraZzz for @1 = @2 = @z = 1770 cnm(v(C=0)). Upper panel:it, = 0. Lower panel:t; = 0.

TABLE 1: Selected Internal Coordinates for Each Peptide

Unit with Intrinsic Frequencies é TABLE 2: Eigenstates of Fundamental Transitions of the

Six-Mode Hamiltonian (10 Excitation Quanta)

no. coordinate amide band bond length (pm) @@ energy eigenvectofCN CN CO CO NH NHJ
1 c=0 | 121.9 1786.5
2 N—C 1l 136.8 1468.4 0.0 0.98 1000000

- v{C—N) Qe 14204+ 0.38 100000+ 0.86 [010000)
3 N—H A B 101.0 3644.1 v{C—N) @ 1441.7+ 0.86  |10000@]— 0.38 [01000Q]

aDiagonal element of the quadratric force constant matrix. va{C=0) Q, 1773.6+ 0.65 |00100@]— 0.66 |000100Q]
v(C=0) Q, 1780.8— 0.66 |00100@]1— 0.65 |000100Q]
v{N—H) Q. 3458.9— 0.61  |00001Q1+ 0.73 |[00000T]

modes carry significant amplitudes in the amide | and in vN—H) Oy 3463.6— 071 10000107~ 0.59 |00000T]

particular in the amide Il modes. These coordinates were
neglected, causing small deviations from the vibrational fre- frequency, which misses the contribution from theN bending
guencies calculated in &3— 6 coordinate harmonic normal-  vibration, is underestimated. In addition, solvation increases
mode analysis. Nonetheless, an accurate description of the(decreases) the amide Il (amide A) frequencies, reducing the
spectra is retained as the intensities of these modes are deriveénergy gap between the interfering states and enhancing the

primarily from the G=O and C-N dipole derivatives. Fermi resonance®.Our calculations are performed in vacuo
A Fermi resonance of the amide Il overtone with the and therefore do not account for this effect.

fundamental of the N-H stretch gives rise to the amide A The anharmonic exciton Hamiltonian has been recast in a

(3300 cntt) and amide B43100 cnt?) bands® The former normally ordered second quantized form for the 6 local modes.

carries about 90% of the total intensity and is mostly composed A sum of 10 excitation quanta over all basis states results in a
of a single excitation in the NH stretch®! We did not calculate total number of 2153 basis statésTable 2 summarizes the

a Fermi resonance, because the-H stretch frequency is  eigenvectors of the fundamental (one-exciton) transitions. Ener-
overestimated by DFT and at the same time the amide Il gies and anharmonic shifts are collected in Table 3 for all
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TABLE 3: Local Mode Intrinsic Frequencies @y (Unscaled),
Eigenstate Energies for Fundamental Transitions®;, and
Anharmonic Shifts for Overtone (A;) and Combination

Bands @) (cm™)

parameter energy parameter energy

1 1468.4 Aab 16.9
[0 1468.4 Acd 2.4
@3 1786.5 Aet 34
[N 1786.5 Aea 1.2
Ws 3644.1 Aeb 0.9
We 3644.1 Ata 1.4
Qe 1420.4 At 0.5
Q¢ 1441.7 Aec +0.0
Q, 1773.8 Aed -3.1
Qp 1780.8 Are 0.8
Q. 3458.9 Asd —-5.3
Qq 3463.6 Aac -1.9
Aee 4.7 Aad -1.7
A 4.6 Abc —-2.0
Aaa 12.3 Apd —2.2
Abb 4.6

Acc 229

Add 2.1

fundamental and doubly excited states. The indi@esnd b
denote the antisymmetric and symmetric stretching vibrations band splittings calculated using the anharmonic exciton Hamil-

of the C=0 group (amide )¢ andd denote the antisymmetric
and symmetric stretching vibrations of the-Nl group (amide

A), and e and f denote the symmetric and antisymmetric
stretching vibrations of the €N group (amide Il). The
parametergoy, Q;, A, andA; denote the intrinsic frequencies

of the local modes, the transition energies for the one exciton
states, and the diagonal and off-diagonal anharmonicities of the
two-exciton states, respectively.

The low-resolution linear IR spectrum calculated using the
eigenstates and transition dipole moments of the six-mode
exciton Hamiltonian in the 106068000 cnt! range is shown
in Figure 1 together with an energy level scheme for all one-
and two-exciton as well as some relevant three-exciton states,
for a total of 139 states. A homogeneous line widtHof 5
cm™! (eq 5) has been assumed.

The fundamental transition frequencies obtained from the
diagonalized exciton Hamiltonian are compared in Table 4 to
the harmonic normal-mode frequencies and with experirfient.
The transition frequencies obtained from the exciton Hamil-
tonian are considerably lower than the corresponding harmonic
values, particularly for the NH and C=0 vibrations, because
higher excitations introduce stabilizing effects. In addition, the
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TABLE 4: Calculated Normal Mode (B3LYP/6-31G(d,p)), compared to the experimental spectrum in DM8Quvertones
SIX-QAOde Exciton H.Iarglltoman and Experimental Amide and combination bands of the-@ stretching vibrations, which
Bands (cnT*, Unscaled) significantly contribute to the amide 1l bands, absorb at 2836,

amide normal  exciton 2859, and 2879 cni. This is about 600 cm lower than the
band eigenstate mode Hamiltonian exp#l  description fundamental N-H frequencies. Thus, a Fermi resonance split-
n Qe 1450 1420 d v{C—N) ting between them is missed, although the modes mutually
I Q 1432 1442 d  va{C—N) contribute to the eigenvectors, but only marginally.
| Q. 183]50 1774 ~1720  v.{C=0)
L g: :_132‘31%’ 137485% ;gég z:(s(CN__O,_?) IV. Survey of Third-Order 2D IR Spectra

A Qq 3644 3463 ~315C  v(N—H) In this section, we present one- and two-color simulations of
a|n DMSO#3 ® §(N—H) vibrations contribute to this normal mode.  all possible three-pulse techniques using the simpizgiz

¢ §(C—H) vibrations contribute to this normal modeNot assigned. polarization. Other polarizations will be discussed in the next
¢Broad band. section.

A. k; = —k; + kz + ks. One-Color SimulationsFigure 2
tonian are larger than those of the normal modes in which the shows all possible Liouville space pathways depicted as double-
symmetric and antisymmetric combinations of the-iNl and sided Feynman diagrams f& within the RWA. The corre-
C=O0 vibrations are nearly degenerate. The experimentaiN sponding energy level schemes are shown to the right of the
stretching band (amide A) in DMSO as well as in KBr is respective diagrams. (A rectangular bandwidth of 200 is
sufficiently broad that two individual bands are not resol¥®d. assumed for each of the three interacting pulses; that is, all
Also, the band maximum is still considerably red-shifted energy levels withinm, £ 200/2 cnt! are considered to be
compared to the exciton Hamiltonian. The agreement of the resonant with the carrier frequenay,). For a one-color
exciton Hamiltonian band positions for the=© vibrations with experiment wheréy; = @, = @3 = 1770 cmt are resonant
experiment is much better, although the splitting is overestimated with the symmetric and antisymmetric=€D stretching modes,
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Figure 9. ky: 2D spectrafzz) for @; = @3z = 1770 cnm? (v(C=0)), @> = 3461 cm* (v(N—H)). Upper panel:t, = 0. Lower panel:t; = 0.

this results in a total number of 4 terms each feraRd R; and

20 terms for R. 2D IR spectra are calculated far= 0 as well
ast, = 0 and displayed in the frequency domain as a function
of —w1 andw3 or w, andws, respectively (Figure 3); logarithmic

transition dipole moments are several orders of magnitude
smaller than those for couplings within the=O manifold.
Thus, this frequency range is excluded from the plots in Figure
3. However, analysis of €0/N—H coupling is readily acces-

magnitude and real and imaginary signals are shown here andsible in two-color experiments, as will be shown below.

in all subsequent spectral figures from left to right.

Along the —w; axis, we see the twe(C=0) resonances of
1773.6 and 1780.8 cmd (Table 3). Resonances corresponding
to the energy difference between the states populateadsby
andas (R, Rs) and@; andas (R)), respectively, appear along
thews axis. For R and R these resonances include the diagonal
peaks Q, Q3 and —Qp, Qp) as well as the cross-peaks of
thev(C=0) modes { Q,, Q) and Qp, Q,) representing their
anharmonic coupling (cf. Table 2 for notation); Eontributes
off-diagonal resonances with thgC=0O) overtones {Qj,,

Qa — Aagd), (—Qa 2Q2p — App — Qa) and (Qp, Qb — App),
(—Qp, 2Q4 — Aaa — Qp), respectively, as well as with the
combination modes<{Qa, Qp — Aap) and Qp, Qa — Aap). In
addition, cross-peaks betweefiC=0) and the fundamental
N—H stretching modes result from;Rathways [ Qa, Q¢ —
Qa), (—Rb, Qc — Qp), and Q4 Q4 — Qa), (—Rp, Qa — Q)]
These would show up between 1678.1 and 1689.8'@n the
w3 axis, but their coupling is very weak and the resulting

This simulation corresponds to a two-pulse photon echo
experiment, where the first pulse creates a coherence, and after
the delayts, a pulse pair interrupts the coherence evolution and
generates a set of Bohr frequencies from the transferred
coherence. This scheme is analogous to the NMR 2D COSY
pulse sequence. t} is finite, coherence and population transfer
occurs duringt,. This three-pulse stimulated photon echo
experiment corresponds to the NMR 2D NOESY or stimu-
lated spir-echo methods. Both IR techniques, named-IR
COSY and three infrared pulse stimulated echo spectroscopy

(THIRSTY), have already been applied in studies of small
peptidesl.3'22’23'25’2831’32'53

Setting t1 0 corresponds to a transient grating pulse
configuration, where a pulse paitk; + k, creates a grating
from which the third pulse is scattered after a detayThe
calculated spectra show identical resonances imgexis, but
now correlated to peaks appearing on theaxis (Figure 3,
lower panel). After the action of the pulse pair (duriagthe
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Figure 11. ky:

system is either in a populatiom4 = 0) or a coherence between
the symmetric and antisymmetni¢C=0) stretching vibrations
(w2 = £(Qa — Q) for R, and R pathways. For Rthe

2D spectra®zzy for @, = w3z = 1431 cm* (W(C—N)), @2 = 3461 cm* (v(N—H)). Upper panel:t, = 0. Lower panel:t; = 0

color 2D IR photon echo spectra for= 0 (upper panel) and
t1 = 0 (lower panel). In-w; only C=0 one-exciton resonances
appear just as in the one-color experimentwi R, pathways

system is back in the vibrational ground state. Thus, resonancesontribute 10 two-exciton €0 and N—H one-exciton reso-

in w, appear either at 0 cm or at positive and negative energy
level splittings between the=€0 modes. Inws, peaks appear
at (0,9Q,), (0, Qp), (L — Qa Qa), and Qa — Qp, Q) for Ry
pathways and at (@25) and (0,Qy) for R; pathways. For R
energy splittings between the<D overtones or N-H stretching
bands, respectively, and the=© fundamental transitions
appear.

Two-Color Simulations=eynman diagrams and energy level
schemes are shown in Figure 4 for a two-cdipexperiment
with @1 = @3 = 1770 cnt! tuned to thev(C=0O) resonances
and@, = 3461 cnt! tuned to the N-H stretching bands. For
R, and R the first two pulses excite €0 fundamental and
N—H fundamental or €0 two-exciton states, respectively. The
third pulse leads either to deexcitation of the one exciterOC
states (R) or excitation of G=0 three-exciton and €0/N—H
two-exciton states (B. Rs pathways are forbidden within the

nances. The Rdiagram leads to 80 terms showing the splitting
between the €0 three-exciton or EO/N—H two-exciton
states, respectively, and=€0 fundamental bands. Cross-peaks
showing the coupling between the=© and the N-H modes
are thus observed atQf, Q¢), (RQa Rd), (R, Rc), and
(Qa Q4). The w, axis shows splittings between the=O
two-exciton or N-H one-exciton states and the=© funda-
mentals. This corresponds to a two-color transient grating
experiment.

B. ky = +k; — ku + ks. One-Color SimulationsFeynman
diagrams fork; together with energy level schemes for =
@2 = @3 = 1770 cn1! are shown in Figure 6. An assumed
pulse bandwidth of100 cnt! selects 4 terms for Rand R,
and to 20 for B. Simulated 2D IR spectra are displayed in
Figure 7.

Fort; = 0, thek, andk; techniques are identical and are

RWA as the second pulse is nonresonant. Figure 5 displays two-known as transient grating. F& = 0 the order of the pulse
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Figure 13. ku: 2D spectra£zz} for @, = @, = w3 = 1770 cm* (v(C=0)). Upper panel:t, = 0. Lower panel:t; = 0.

pair (k; — kz) and the single pulse are reversed defining a the N—H one-exciton frequencies (amides A and B). The

reversed transient grating experiment. corresponding Feynman diagram is shown in Figure 10. Only
Two-Color SimulationsA two-color experiment is simulated R} Liouville space pathways survive, whereas &d R,

for @1 = @3 = 1770 cm and@, = 3461 cm™. The R diagram  diagrams are forbidden within the RWA. 2D IR spectra for this

contributes 20 terms, Rs RWA forbidden and the Rdiagram two-colork;; technique are shown in Figure 11.

gives 50 terms (Figure 8). The R Feynman diagram (Figure 10) shows that durigg
2D spectra are shown in Figure 9. On thgaxis the splitting  the system evolves with frequencies corresponding to the energy

between the N-H fundamental or €O two-exciton states,  splittings between the NH fundamental (amides A and B) or

respectively, and the €0 one-exciton states is seen. During C=0O (amide I) two-exciton states, respectively, and theNC

t3 Ry generates either a population state of thre@Cfundamental ~ (amide Il) overtones and combination bands, which thus appear

or a coherence between them, and thus, resonances enthe as resonances on thews axis. The 2D spectra plotted versus

axis appear at 0 cnt or (Qa — Qp). R; leads to populations or  w; show the coupling with €N fundamental excitation (Figure

coherences of the-NH fundamental and the=€0 two-exciton 11, upper panel), whereas those plotted versus, show

states so that the; axis displays the respective splittings. resonances for the-\NH one-exciton and €0 two-exciton state
We next propose a two-color experiment designed to probe energy splittings with the €N fundamental energy levels

a potential Fermi resonance between the overtones of the amidd€Figure 11, lower panel). With exception of the coupling

Il modes. This is approximately described by the-IT two- between the €0 two-exciton combination band and the-

exciton states, and the-NH fundamental transitions. At the  two-exciton states, all other couplings are large enough to be

same time, the coupling between overtones of the amide | mode,seen in the spectra. Thus, resonances along #heaxis should

the C=0 two-exciton states, and theNH one-exciton states  directly monitor Fermi resonance couplings.

will be included. We propose to tune tlag and @3 pulses to C. kyy = +k1 + kz — ks. One-Color SimulationOnly two

the C—N fundamental transition (amide Il) and to adjastto Feynman diagrams contribute kg, (Figure 12). Setting, = 0



5976 J. Phys. Chem. B, Vol. 107, No. 24, 2003 Dreyer et al.

5. Ra . Rs

C
A ‘-LLL - C ‘L'—LCC ..... I_{E_
C
C

S U Y A S
ts\ o bc [
.tz . ....'.ﬁj;i- [P o e S “_ﬁi |
5 ool c=os)
“ hmy’ < t;"ao T+ C=0(as)
0 IR asahasas ; Gy.ouol ----- :
o
i I

Figure 14. ky = +ki + ko — ks Feynman diagramsAs = Rs — R}) and energy level schemes f@r = @, = 1770 cn* (v(C=0)), @3 = 3461
cm! (v(N—H)). R3: 20 pathways. Pulse widtk +100 cnr?.

10g|S((01J2:030)3)| 9‘i{S((Dl:uIZ :0,(1)3)} S{S(ml'JIZ :0,0)3)}
100 — 100 100
F TS o= 138 -0.1 -01
ol /// f;;& J%[E — 80 80 —
— /;\\7@ ' 60 60
AN 40 40
= 20 - 20i—
Ve (e = 0 o 0= G
I 7/"7/7{#\\\/’? Z I-2.1 . . I 00, . \ / Io.1
‘F?Sﬂ 1770 1780 1790 ‘?760 1770 1780 1790 ‘?760 1770 1780 1790
o [em™!] o1 [em™!] o [em™!]
llEIO«‘_-:”S("‘:I = 01(‘)210)3” SR{S(":l = 010)210)3)} S{S(I] = 01 0)210)3)}
e 1 -12.0 80 -04 801 -0.3
60+ 601 |
40 40 |I

1 = N 201 e -
0 . e\ 0 $ )
4 '—-q;/_— 4 N = " =4

IN N\A -20 ‘ _20] ;

a0 \.}'hl 3 \\ ' I-1.5 ) Io.z -4 l 0.2
:? 3480 3520 3560 4:?440 3480 3520 3560 3440 3480 3520 3560

w; [em™!] o, [em™!] @, [em™!]

Figure 15. ky: 2D spectraZzz} for @1 = @, = 1770 cn? (v(C=0)), @3 = 3461 cn* (v(N—H)). Upper panel:t; = 0. Lower panel:t; = 0.

defines a reversed transient grating experiment (Figure 13, upperenergy levels appear. The splittings between those levels are
panel), where a single pulsie;f comes first followed by a pulse  seen on thevs axis.

pair ko — kg). For t; = 0 a reversed photon echo pulse D. kiy = +kji + k2 + ks. One-Color SimulationsThis sum
configuration results (Figure 13, lower panel). Eor= @, = frequency generation technique, which has not been reported
@3 = 1770 cnt! the first two pulsesKy + k) generate a yet using ultrafast infrared pulses, is particularly interesting
coherence of the vibrational ground state and th&0vertone ~ because it is the only one that carries information on triply
and combination bands or the-¥H stretching bands. Thus, the — excited states. The signal, however, is expected to be much
corresponding energy levels appearasesonances. lws the weaker than for the other techniqpes as a 'Fransition dipole
two C=0 resonances appear fos R0 terms totally), whereas ~ moment for a three-quantum transition, which is usually rather
R; pathways (20 totally) lead to resonances corresponding to small, is mvol_ved. Omy a single Feynman d_|agram contrlbut_es
the splitting between the=€0 overtones or N-H fundamentals, to.k'V’ as all 'nte,rac_tloﬁ s Ecgur_als absorpn(l)n on the Ket side
respectively, and the €0 fundamental bands. Again, reso- (Figure 16). Fory = @, = &g = 1770 e three-exciton

nances involving the NH bands are rather weak and not states (€=0, v =3, 21, 12) as well as €O/N—H two-exciton
shown 9 bands are reached after the third pulse. These cannot be observed

with any other one-color technique. The calculation involves a
Two-Color Simulationsin a kj two-color experiment with  total number of 80 terms. 2D IR spectra with=O two-exciton

@1 = @2 = 1770 cnt (»(C=0)) and w3 = 3461 cnrt states and N‘H fundamental bands as resonancessinand

(v(N—H)) the diagram Ris forbidden within the RWA and all  resonances from the=€D three-exciton and the=€0/N—H

20 terms originate from R(Figure 14). The corresponding 2D  combination bands iw3 are shown in Figure 17.

spectra are shown in Figure 15. On tle axis resonances Two-Color SimulationsThe k;y two-color experiment with

corresponding to the NH fundamental and two-exciton=€0 two C=0 and one N-H excitation reaches higher excited states
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in the frequency range between 6895 and 7106 c(Rigure signals in different wavevector directions {k;,) shows that
18). These correspond to thefl two-exciton states, combined  a system can evolve with the same frequencies in certain time

C=0 three-exciton and NH states, and €0 four-exciton intervals. Thus, they can share some of the resonances that are
states. They appear as resonances along4his in 2D spectra  observed in frequency domain spectra. The peak intensities,
plotted as a function ab; or wz, respectively, anas (Figure however, may deviate, because of different Liouville space
19). The resonances along tthe axis originate from the NH pathway couplings. Nevertheless, this suggests that linear
fundamentals and the=€0 two-exciton states. combinations of heterodyne signals observed at different direc-

) ) o tions can eliminate or enhance certain peaks so that the spectra
V. Improving Resolution by Coherent Selectivity may be simplified or tuned to satisfy a specific g&ai® For

There are numerous possibilities for enhancing the selectivity €xample, cross-peaks may be better resolved if the diagonal
and resolution ofnD techniques that can be based on, for peaks are minimized. In NMR, there is no directional selectivity
example, pulse shapes and phases. In this section, we presertecause the radiowave wavelength is larger than the sample,
two examples. kj = 0, and all the terms that satisfy the RWA contribute in all

A. Linear Combinations of the Basic Signals.Inspection directions. They can be distinguished, however, by their
of the combination of Feynman diagrams that give rise to the variations with the phase of the fields (each directional signal
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Figure 19. kyv: 2D spectra£zzy for @1 = @, = 1770 cm?! (v(C=0)), @3 = 3461 cm* (¥(N—H)). Upper panel:t, = 0. Lower panel:t; = 0.

has a characteristic phase signature). This is then used in phase B. Polarization Configuration of Pulses.We now turn to
cycling techniques to generate the combination of interest. In discussing the role of specific polarization configurations in 2D
optical techniques the various heterodyne signals are separatedpectraZ®2647The orientational part of the response function,
spatially and may be combined to give the same information eq 3b, is a fourth-rank tensor composed of 81 elements. For
as in NMR phase cycling. isotropic materials such as solutions of randomly oriented
Thek,, ky, andk; spectra all show four peaks corresponding molecules, however, only four types of elements are nonzero,
to the two diagonal peak€¥, Q andQp, Q) and the two three of which are independéhbecause they are related by
off-diagonal peaks representing the coupling between th®@C
groups Qa Qb and Q,, Q2). The peak intensities depend on  [2,2,2,72,[F[2,2,y,y, [H (2 y,7y, [H (1YY, 7,
the wavevector directions. THg, andk;, spectra exhibit 20 9)
identical resonances and intensities for the couplings to the two-
exciton CG=0 and the one-exciton-H states. Fok, however, wherey and z refer to polarizations of the four pulses in the
two pathways add up to give the same resonance resulting inlaboratory frame, ands, vy, va, v4 are the four transition
only 10 unique peaks. Thus, a linear combination—kj dipole moment vectors contributing to each Liouville space
(Figure 20) eliminates all peaks resulting from the Feynman pathway. Expressions for three tensor elements were given in
diagramsR; (ki) and R; (ki) and the remaining diagonal ref 26.
peaks and cross-peaks change their relative intensities (Figure Angles between dipole derivatives calculated in the local
21). internal coordinates basis with respect to each other and with
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TABLE 5: Angles (deg) between Dipole Derivatives (Local Basis) and between Dipole Derivatives and Chemical Bonds

dipole derivative dipole derivative angle dipole derivative dipole derivative angle dipole derivative dipole derivative angle

C—N(1) C—N(2) 147.0 C-N(2) C=0(1) 46.8 C=0(1) N—H(1) 100.3
C—N(1) C=0(1) 155.7 C-N(2) C=0(2) 155.7 G0(1) N—H(2) 100.8
C—N(1) C=0(2) 46.8 C-N(2) N—H(1) 60.5 G=0(2) N—H(1) 100.8
C—N(1) N—H(1) 103.4 C-N(2) N—H(2) 103.4 C=0(2) N—H(2) 100.3
C—N(1) N—H(1) 60.5 CG=0(1) C=0(2) 133.1 N-H(1) N—H(2) 125.3
dipole derivative bond angle dipole derivative bond angle dipole derivative bond angle
C—N C—N 154.4 G=0 C=0 175.7 N-H N—H 9.2
C—N c=0 28.6 G=0 C—N 49.6 N—H C—N 129.0

respect to the corresponding chemical bonds are given in Table Normalized spectra for the four nonzero tensor elements for
5. The C-N and C=0 dipole derivatives point toward the the techniqué, are shown in Figure 22 fdgp = 0 and in Figure
carbon atoms of the respective bonds, and theHNdipole 23 fort; = 0. Inspection of the corresponding Liouville space
derivative points to the hydrogen atom of the-N bond. The pathways reveals that diagonal peak intensities are identical for
C—N dipole derivatives reside nearly in the<@—N—H plane thezzyy zyzy andzyyztensor elements, whereas the cross-peak
(0.8), whereas the NH (9.6°) and C=0 (19.2) dipole intensities are only identical fazyyand zyzy Overtone and
derivative deviate appreciably from the peptide bond plane. combinations band peak intensities fayyandzyzyare similar,
Table 6 compiles angles between transition dipole moments inthough not identical. Thezzztensor element differs from the
the eigenstate basis that are involved in the calculatiok, of  other three components. Thus, the combinatiayzy-zyyz
one-color ¢(C=0)) spectra. The left four columns contain the which can be obtained in a single measurement with the
four four states (ad) that contribute to a single Liouville space following choice of pulse polarizations (@/2, —x/4, x/4), and
pathway. The corresponding four transition dipole moments are zzyy-zyyz (0, —x/4, 7/2, 1/4) are expected to eliminate the
different for R2, R3, and R1* Feynman diagrams. intense diagonal peaks, leaving only the important cross-
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TABLE 6: Angles (deg) between Transition Dipole Moments (Eigenstate Basis) Involved in the Calculation of One-Color
(v(C=0)) k, Spectra for R2, R3, and R1* Feynman Diagrams

R2 and R3
states angle between transition dipole moments
a b c d (a—b)(a—c) (a—b)(b—a) (a—b)(c—a) (a—c)(b—a) (a—c)l(c—a) (b—a)(c—a)
|00 C=O(as) CG=O(s) |00 89.8 0.0 89.8 89.8 0.0 89.8
|00 C=O(s) C=O(as) |00 89.8 0.0 89.8 89.8 0.0 89.8
R1*

angle between transition dipole moments
(@a—b)/((a—c) (@a—b)/(c—d) (@a—b)/(d—b) (a—c)(c—d) (a—c)/(d—b) (c—d)/(d—b)

|00 C=0(as) G=0O(as) N-H(a) 0.0 112.4 112.4 112.4 112.4 89.5
|00 C=0(as) C=0(as) N-H(s) 0.0 225 22,5 22,5 22.5 76.8
|00 C=0(as) C=0O(as) C=0O(v=2,as) 0.0 176.7 176.7 176.7 176.7 0.0
|00 C=0(as) G=O(as) G=O(v=11) 0.0 104.3 104.3 104.3 104.3 0.0
|00 C=0(as) G=O(as) G=0O(v=2,s) 0.0 175.9 175.9 175.9 175.9 0.0
|00 C=0(as) G=0(s) N-—H(a) 89.8 143.8 112.4 82.9 115.6 89.7
|00 C=0(as) G=0O(s) N—H(s) 89.8 131.3 22.5 77.4 92.8 92.8
|00 C=0(as) G=0O(s) GC=0O(v=2,as) 89.8 108.5 176.7 159.8 92.2 69.5
|00 C=0(as) G=0O(s) GC=0O(v=11) 89.8 3.7 104.3 91.1 16.0 105.7
|00 C=0(as) G=0O(s) GC=0(v=2,s) 89.8 90.0 175.9 6.0 90.3 90.1
|00 C=0(s) C=0O(as) N-H(a) 89.8 115.6 82.9 112.4 143.8 89.7
|00 C=0(s) GC=0O(as) N-H(s) 89.8 92.8 77.4 225 131.3 92.8
|00 C=0(s) GC=0O(as) G=0O(v=2,as) 89.8 92.2 159.8 176.7 108.5 69.5
|00 C=0(s) GC=0O(as) G=O(v=11) 89.8 16.0 91.1 104.3 3.7 105.7
|00 C=0(s) GC=0O(as) G=0(v=2,s) 89.8 90.3 6.0 175.9 90.0 90.1
|00 C=0(s) C=0(s) N-—H(a) 0.0 82.9 82.9 82.9 82.9 88.5
|00 C=0(s) G=0(s) N-—H(s) 0.0 77.4 77.4 77.4 77.4 89.4
|00 C=0(s) G=0(s) G=0(v=2,as) 0.0 159.8 159.8 159.8 159.8 10.6
|00 C=0(s) GC=0(s) G=0(v=11) 0.0 91.1 91.1 91.1 91.1 0.0
|00 C=0(s) GC=0(s) G=0(v=2,s) 0.0 6.0 6.0 6.0 6.0 0.0
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Figure 22. k spectra with normalized intensities for tensor elememztzz zzyy zyzy and zyyz(top to bottom).; = @, = @z = 1777 cn?
(»(C=0)), t, = 0.

peaks. The former polarization condition has already been tions in the (., w3) spectra (lower panels), but the relative

reported experimentalR? Figures 24 and 25 show the respective intensities do change compared to the single tensor element

2D spectra. The w1, ws) plots (upper panels) are very spectra.

similar: The diagonal peaks are eliminated entirely, whereas

the desired cross-peaks survive with equal intensities for both v/ piscussion

polarization conditions. Overtone and combination band peak

patterns are also very similar, but not fully identical for both ~ We presented an ab initio procedure for simulating coherent

cases. three-pulse vibrational spectroscopies. Our calculations dem-
The two polarization conditions differ considerably for the onstrate how these experiments may be designed and analyzed

(w2, w3) correlation plot (lower panels). For the combination using 2D correlation plots. Cross-peaks reveal the coupling

zyzy-zyyz(0, n/2, —nl4, 7/4) all resonances with frequencies between vibrational modes that may be used to gain structural

w2 = 0 cancel and only the peaks with, = +(Qq — Qp) information on molecules or chemical reactions with femtosec-

remain. For the combinatiareyy-zyyz however, only the two  ond time resolution. This information is not available from 1D

peaks atQ, — Qp, Qp) and @, — Qq, Q) cancel, whereas all  spectra.

other peaks show up. Density functional theory at the B3LYP functional level is
2D zzyy-zyzy(0, —xl4, /4, n/2) spectra are displayed in  well-known to yield very good agreement of calculated har-

Figure 26. Diagonal peaks as well as cross-peaks cancel entirelymonic and experimental frequendi&s© as well as reasonable

in the (w1, ws) spectra (upper panels), leaving only the agreement with respect to intensity pattefhs? We have

overtone and combination band peaks. There are no cancellatherefore adopted this level of theory to calculate a complete
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Figure 23. k spectra with normalized intensities for tensor elemenatsz zzyy zyzy and zyyz(top to bottom).w; = @, = @3 = 1777 cn?
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quartic anharmonic force field for the six coupled stretching one-color experiments reveal information on the coupling of
vibrations (N—H, C=0, C—N) involved in the peptide bonds amide | modes, which can be used to monitor the secondary
of a rigid bicyclic model dipeptide. The force field is expanded structure of peptides and proteins and follow its fluctuations
in internal coordinates to obtain an inherently local, and on ultrafast time scales. The two-color experiments yield the
hopefully transferable, description of the vibrational modes. We coupling of peptide &0 and N—H bonds, which provides
compute eigenstate energies and eigenvectors from an effectiveadditional insight into structural and dynamical properties. We
anharmonic exciton Hamiltonian generated by distributing 10 further show that the Fermi resonance coupling observed in
excitation quanta among the six basis local modes. This resultspeptides between the amide Il overtones and thétretching

in 2153 states, 139 of which lie below 8000 Thwhich is the bands (amides A and B) can be directly monitored by a two-
frequency range covered by the spectroscopic techniquescolor experiment measured in thg direction with the pulses
presented here. tuned to the respective bands.

The different coherent four-wave mixing techniques are 2D spectra of multilevel vibrational systems contain a large
classified by constructing all possible wavevector combinations number of peaks that are likely to overlap. In particular, the
of the three incoming pulses, which leads to four distinct signal usually intense diagonal peaks often obscure the desired cross-
directions that can be measured independently. We simulatedpeaks, which carry more detailed structural signatures. We
one- and two-color 2D vibrational spectra at these wavevectors,therefore presented two methods that can be used to simplify
either with all three pulses in resonance with #€=0) bands the spectra: The superposition of single wavevector spectra,
or with two resonant with the(C=0) bands and one (either and the use of specific polarization configurations to select
the second or the third) tuned to théN—H) transitions. The desired combinations of tensor components. Both procedures
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can be applied to control or remove certain groups of peaks The present ab initio methodology for simulating coherent
from the spectra, i.e., diagonal peaks, cross-peaks, or overton€D vibrational spectra is directly applicable to small and
peaks. medium-sized molecules. For larger systems, however, the
The present study focused on the calculation of the peak quantum chemical calculations become too expensive. There-
patterns. Future microscopic simulations of the line shapes fore, different approaches that facilitate ab initio investigations
should allow more realistic predictions of experimental of biologically relevant systems such as proteins or DNA must
spectra. be developed. One possibility is to utilize high-level ab initio
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calculations performed on small subunits to derive parameters
that can be used to parametrize the Hamiltonian for the entire

(18) Woutersen, S.; Hamm, B. Phys. Chem. BR00Q 104, 11316.
(19) Woutersen, S.; Hamm, B. Chem. Phys2001 114, 2727.
(20) Woutersen, S.; Mu, Y.; Stock, G.; Hamm, Proc. Natl. Acad.

system’® The interaction between the subunits might be treated ¢ j's A2001 98 11254.

by simple models, for instance, dipeldipole interactiong®
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