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The effects of different polarization conditions on vibrational echo signals are systematically explored for the
rigid cyclic dipeptide 2,5-diazabicyclo[2,2,2]octane-3,6-dione. An anharmonic vibrational Hamiltonian is
constructed by computing energy derivatives to fourth order using density functional theory. Molecular frame
transition dipole orientations are then used to calculate polarization dependent orientational factors
corresponding to various Liouville space pathways. Enhancement and elimination of specific peaks in two-
dimensional correlation plots is accomplished by identifying appropriate pulse configurations.
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Introduction spectra obtained in two different measurements with respect
to each other, and may result in imperfectly subtracted
Two-dimensional IR spectroscopy provides new insightdiagonal peaks due to inequivalent contributions from
into structural dynamics of molecular systems with femto-reorientational dynamié€These difficulties are avoided by
second time resolutioh?Cross peaks iD correlation plots  applying specific polarization conditions in single measure-
directly reveal the anharmonic coupling between differentments that are equivalent to linear combinations of certain
vibrational modes in the molecule. Frequencies of theséensor components.
peaks represent the coherent evolution of the systemIn order to analyze2D IR spectra and to design new
between interactions with the laser pulses. The intensitieexperiments independent simulations of the spectra are
depend on the mutual orientations of the transition dipolenecessary. To this end, we have developed a new approach to
moments of the respective vibrational transitions in thepredict coherent third order spectroscopic signals from first
molecular frames well as on the orientations of the IR principlesi®!?We generate an anharmonic force-field up to
pulses in the laboratory framéStructural characteristics of fourth-order as well as dipole derivatives to second order for
the molecule are therefore represented by peak positions aachumber of selected local oscillators represented by internal
intensities. coordinates. Higher-order force constants are calculated by
For pairs of modes with frequency differences that arenumerical differentiation of second-order (harmonic) force
comparable to the linewidth, the extraction of structuralconstants obtained from standard quantum chemical methods
information may be restricted by the overlap of intensesuch as Hartree-Fock or density functional theory. An
diagonal peaks with the desired cross peaks. For this reasamharmonic vibrational Hamiltonian is then generated and
techniques to eliminate the diagonal peaks by taking advariagonalized. The representation of the dipole is then
tage of the polarization dependence of the nonlinear IRransformed into the eigenstate basis, resulting in transition
signal have been developédThe ensemble averaged dipole moments between all the eigenstates. Those together
formula for the third order orientational factor given in with the eigenstate energies are used to calculate nonlinear
Reference 3 assumes that the transition dipoles are fixed @oherent signals applying the sum over states apptdach.
the molecular frame during the course of an experiment
(~1-2 ps). Although molecular rotation is likely to be
negligible on this time scale, contributions resulting from
changes in internal degrees of freedom can be significant fc
flexible systems. This formula is therefore most appropriate
for relatively rigid structures.
Structural parameters of peptides have been determined |
measuring the polarization dependence2bf IR spectra
using double-resonartdas well as heterodynettechniques. N
Resolution enhancement of the structurally sensitive cros ( @
peaks can be achieved by subtracting different tensor con Jk N
ponents to yield spectra without diagonal peaks. Howevel
this approach is complicated by the need to normalize

"Present Addresses: Max-Born-Institut fiir Nichtlineare Optik und

Kurzzeitspektroskopie, D-12489 Berlin, Germany. Scheme 1
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Different coherent nonlinear techniques are classified byation dependence of the response functions and are
their phase matching conditions, four of them beingassumed to be decoupled from the vibronic dynamics. The
independent3In this contribution we analyze the effect of indicesi, j, k, | 0 {x,y,z} refer to the lab-frame components
different polarization conditions on nonlineé2d IR spectra  of the linearly polarized laser fields. The orientational
generated in thé&, = —k; + k, + k3 wavevector direction factors correspond to fourth-rank tensors composed of 81
calculated for a model dipeptide, 2,5-diazabicyclo[2,2,2]-tensor element$.For isotropic materials such as liquids,
octane-3,6-dione (DABCODO, Scheme 1). DABCODO there are 21 nonvanishing elements in the orientational part
exists in a single and rather rigid bicyclic conformation,of the third order response function, 3 of which are
making it consistent with the approximations inherent in ourindependentlz,zgy,y 1! [Z,ygz,ys] , anfiz,ygy z1 . All
calculations of the orientional part of the response funétion. other tensor components can be expressed in terms of these 3

independent elements. For example,
Theory
|1aZBZchSD: Qazﬂyyyém"- Hayﬁzyyém-'- |1cryﬂychSD- (7)

The third order nonlinear polarization is a convolution of
the response functiorﬁi(ji), and the three incoming pulsed Polarization conditions for four-wave mixing photon echo
laser fieldsE, experiments have been examined by HochstrasEbe
o w o orientational factor for isotropic systems is given by
PO(r 1) = [dtuf dyf dtaRi(ﬁZ (tata.t) _ 1

0 0 0 04 gk) s0= §f)[ [€0s6),;,c080,51]
XEj(r, 13 =t=t3)E(r, 1, =t—t3—-t,)
X E\(1,1, = t—ty—ty—1,), (1) x (4coy;cosf, — cosf cosh, —cosf, cosh,)
+ [£osH, €080, (4C0,,cOSH, — cosB,; cosh
wheret; andt; are the delay times between the three pulses
andts is the time between the third pulse and the timben ~ C05,C0S6y) + (L0, 508G,
the signal is detected. The third-order response functions x (4cos, cost, — cosg;cosf,—cosf,.cosd,)] .  (8)
Ri(f,'(), describe the microscopic behavior of the system under
the influence of the laser pulses. In the sum over statesThus, the tensor components given in Eqg. (7) can be

approach they are given by expressed as
Ry (a2t = 3 P(@ Heduckaol) (2,2,2,240= Ilé( [£088,40080,40+ (L0, ,C0S054]
X HapHpcHeaHaal ac(ta)an(t2)1galts) ) + [£0Y,5c080,,1) (9a)
(Ro)jji (tartaty) = ag&d P(a) OcdlpcKaal an (2,25y,y50= 516(4 [£0s9,,5C0S0, 53~ [£0sH,,,C080,]
X HapHpcHeaHaal ac(ta)ap(t)1an(t) ) — [€0sb, ,c088,,1) (9b)
(R (a2t = 3 P(@ Dedaskodnl) 2,25 1= 35(~ (600,006, (608,000
X HapHycHedHaal ac(ts)lac(tz)lan(ty) (4) + 4[kog, ;c06,,1) (9¢)
(Rt = 3 P(@ Darockcdl) (2,25 1= 35(~ (600,000, 1+ 450K, 6058,
X HapHpcHcaHdal ba(ts)! calt2)ldalts) (5) - [£0s9,;c086;,1) (9d)
with the lineshape function in the homogeneous limit In this work, calculations are performed in the time-domain
and the pulse envelopes are introduced approximately by
I, (1) = B(t)exp(-iQ,  t—T,,1). (6) assuming the quasi impulsive limit; all the applied fields are

taken to be delta functions so that the integrations over time
Q,, are the transition frequencies between two vibrationaintervals (Eq. 1) can be eliminated and the signal is directly
eigenstatesy and v' , I, is a homogenous dephasingproportional to the nonlinear response function. Frequency-
linewidth, andu,,, are the corresponding transition dipoleselective excitation is accounted for by defining a finite
moments describing the coupling between the stégs. iectangular pulse bandwidth (+ 100 ¢nTransitions within
the Heavyside function ari(a) is the thermal population of the frequency range of the carrier frequencies and the
the initial statea determined by a Boltzmann distribution. ~ bandwidth are resonant, whereas all other Liouville space
The orientational factorsi,jgk |11 describe the polari- pathways are neglected, a manual application of the rotating
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wave approximation. guanta was diagonalized and resulted in a total of 2153
We report logarithmic two-dimensional absolute valueeigenstate$>
plots of the complex signals after Fourier transformation Spectra are simulated in the frequency range of the sym-

with respect to eithei andts metric €) and antisymmetricaj C=0 stretching vibrations,
© © vs(C=0) =Q, = 1780.8 crit and v, (C=0) =Q, = 1773.8
Sjki (ws,tp,00) = I dtgf dth§k|(t3,t2,t1) cm™. Anharmonic shifts of the overtones and combination
T bands aré\ss= 4.6 cm?, Aya = 12.3 cni* andAqs = 16.9 cni'.
x exp(—iwsty —iwgt;) (10)  We calculate signals for one-color experiments with carrier
frequencies @y = @, = w3 = 1700 cM. In the phase
or similarlyt> andts matching directionk, = —k; +k, +k; the 3 Feynman
w w diagramsR,, Rs andR; contribute (Fig. 1).
Skl (@3, 1) = I dt, I dtzRﬁkI (ts,t5,t) Al polarization conditions investigated here are summarized
= - in Table 1. They are designed to eliminate certain groups of
x exp(—iwst; —iwyty,) . (11) peaks, for instance diagonal or cross peaks, to improve
resolution of specific peaks by removing overlaps with
Results and Discussion others®® Orientational factors are calculated using linear

combinations of the 4 basic tensor elements (Eq. 7). Diagonal

We investigate the dipeptide model system DABCODOpeaks (DP) result from the Feynman diagramsafd R
because of its relatively rigid structure and its small sizevhen the 4 interactions are with the same mode, either
which allows the use of high-level quantum chemistryv{(C=0) or vy(C=0); the corresponding Liouville space
calculations. We applied density functional theory at thepathways are denoted ssss or aaaa, respectively (cf. Table 1).
B3LYP/6-31G(d,p) levet*'®as implemented in Gaussian Cross peaks arise from interactions with different modes,
98,to optimize the structure and calculate harmonic forceeither asas/sasa fRor aass/ssaa §R In t; and t; the
constants with respect to internal coordinates. Anharmonicoherences for the;Rnd R pathways are identical, so their
force constants were calculated for the subspace of 6 locaitensities contribute to the same diagonal and cross peaks.
vibrational modes, the C=0, N-H and C-N stretches of thélhis is not the case for theu{ ws;) dimensions; diagonal
two peptide bonds. An effective exciton Hamiltonian peaks at ¢» =0) arise from one Rpathway but two R

constructed in a basis state manifold of up to 10 excitatiopathways, while cross peaks &, = Q.—Q,, Q.) and
R R i C=0(v=2,
i — i R — fit C:OE::HS))
00 —_— 00 —_— aa C=0(v=2,as)
TG sgmmaa I - —_—— sessmesadaaaa —_— eeeay N T _::N‘H(S)
ta b0 b0 ca N-H{as)
P I} S i e AN i A i MRS
I ts b a oo /& b a . $.C=0(s)
‘t IR IR CIOEY SRR —— EETE LR LR —‘—f——— ----- EEE TEEE p—————
1 hﬁiz/"o a -f_“_ 0a P! mj"o a -f_j i Sl
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0 o"\m‘ Il 00[N\T !y |§ oo \@ ! |

Figure 1. k; = —Kk; + k2 + ks: Feynman diagram&{ = R. + R - R;") and energy level schemes (dashed arrows: interaction from the right;
solid arrows: interaction from the left; wavy arrows: signal pulsejdior @, = w; = 1779(e(€=0)).

Table 1. Polarization factorsi,j gkl 50

Tensor element Polarization Configuration Feynman pathivesd

i . K | DP (R:,Rs) CP (R) CP (R)

J aaaalssss asas/sasa aass/ssaa

2777 0 0 0 0 1/5 1/15 1/15
zzyy 0 0 /2 2 1/15 -1/30 2/15
zyzy 0 2 0 /2 1/15 2/15 -1/30
zyyz 0 /2 /2 0 1/15 -1/30 -1/30
zZyzy-7yyz 0 /2 —T1/4 14 0 1/6 0
zzyy-7yyz 0 -1l4 2 4 0 0 1/6
zzyy-zyzy 0 -11/4 4 /2 0 -1/6 1/6
z27277-3 zzyy 0 0 13 -3 0 -1/30 -1/3
77277-3 zyzy 0 /3 0 -3 0 -1/3 -1/30
zz77-3 zyyz 0 /3 -3 0 0 1/6 1/6

3DP = diagonal peak, CP = cross peakaf€=0), s =v{(C=0).
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(w, = Q,—Q,, Q,) originate from single Rpathways.
DABCODO is G-symmetric, the 2 local C=O modes are peaks at 9,2Q.,—A,—Q, ) and {,Q.—A,, ) is

Jens Dreyer et al.

vibrations, a total of 10 and 16 peaks are seen in the
(—wy, w;) and(w,, ws) plots, respectively. The sign of the
sum of contributions to the cross peaks is negative for the
zyyz polarization configuration in contrast to zzzz, zzyy and
zyzy configurations.

The effect of taking linear combinations of different tensor
elements is now easily evaluated from the linear combi-
nations of the coefficients (see Table 1). It follows that
diagonal peaks are eliminated by the linear combinations
zyzy-zyyz, zzyy-zyyz and zzyyzyzy as well as by zzzz
3zzyy, zzzz3zyzy and zzzz3zyyz. In addition, cross peaks
vanish for the zzyyzyyz combination.

The effects of forming the combinations zyzyyz and
zzyy-zyyz (Fig. 3) are similar in the-w,, w;) dimensions;
the diagonal peaks are eliminated and the cross peaks
intensities are enhanced.

The relative intensities of the overtone peaks for the
antisymmetric stretch atQ,, Q,—A,, ) are significantly
reduced, whereas those of the combination bands at
(Q,, Q,—A,,) are increased, which improves the resolution
of the combination bands by reducing their overlap with the
stronger overtone peaks. The intensities of the peak,at (
2Q-Q,—As9 are sligthly reduced but remain comparable in
strength to the cross peak &, Q. ) with which they
overlap. Conversely, the overtone and combination band
peak intensities fo(-w, = Q,) are all enhanced.

In contrast to thd—w;, w;) plots, the two combinations
zyzy-zyyz and zzyyzyyz differ considerably in théw,, w;)
dimensions. All diagonal peaks in whichy{=0 ) vanish
for the zyzy-zyyz combination, whereas the intensities of
the cross peaks withuf, = Q,—-Q, ) and{=Q.,—Q, )
are identical to those in tHe-w,;, w;)  plots. In contrast, the
cross peaks atl,— Q,,Q., ) an@(-Q.,Q, ) cancel but
the diagonal peaks survive for the zzgyyz tensor
combination.

Both diagonal and cross peaks which access only singly
excited levels are entirely eliminated in the zzyry
combination. These peaks vanish due to destructive inter-
ferences between the Liouville space pathways (Table 1).
The most intense peaks in these spectra apped:at (
Q.—-A,) and Q,,Q, -4, ). Thus, the resolution of the

degenerate and split symmetrically. Thus, the two transitiommproved. However, no clear improvement in resolution is
dipole moments between the symmetric and antisymmetrigained in the{w,, w;) dimensions where all peaks persist.
C=0 stretching modes (eigenstate picture) are orthogonal to In addition, the linear combinations zz3zzyy, zzzz
each othet.This angle is needed to compute the orienta-3zyzy and zzzz3zyyz (Figure 4) can also be employed to
tional factors in Eq. (9) for the different Liouville space eliminate diagonal peaks from tifew;, w;) spectra. The
pathways underlying the diagonal and cross peaks (Table 13dvantage of these combinations compared to-zyzy
The relative weights of the various Liouville space pathwaysand zzyyzyyz spectra is the greater overall intensity of the
also depend on the polarizations of the incident fields. Theemaining peaks. As in the zzgyzy combinations, no
sign of the sum of Liouville pathways contributing to certain peaks are eliminated in tifev,, w;)  plots.
peaks may be directly observed in the real part of the spectra,In summary, we have simulated the effect of different
however, we only show absolute values of the signals here.polarization conditions o@D IR spectra generated in the
Absolute value correlation plots for the 4 basic tensor= —k;i + k- + ks wavevector direction. We demonstrated how
components are shown in Figure 2. The spectra contain thdiagonal and/or cross peaks can be eliminated from the
complete set of diagonal, cross, overtone and combinatiospectra, facilitating the observation of peaks which are
band peaks. In the frequency range of the carbonyl stretchingnresolved due to overlap with these stronger bands.
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Figure 3. k;: 2D magnitude spectra for combinations of basic tensor components @where, = ts = IYRQEAO)), upper panel:
log|S(—w, t2 = 0, ws)|, lower panel: log(t: = 0, twy, ws)).
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Figure 4. k;: 2D magnitude spectra for combinations of basic tensor components @here, = @; = IYRg@A0)), upper panel:
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