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Collective Oscillations and the Linear and Two-Dimensional Infrared Spectra of
Inhomogeneousf-Sheets

Arend G. Dijkstra and Jasper Knoester*

Institute for Theoretical Physics and Materials Science Centrepéfsity of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

Receied: December 23, 2004; In Final Form: February 28, 2005

We numerically calculate the collective amide | oscillations and the associated linear and two-dimensional
infrared (2DIR) spectra for model antiparalf@isheets and study the effect of inhomogeneity. To visualize

the collective vibrational exciton states, a new method is introduced, which proves very useful in classifying
the optically dominant states with respect to their symmetry properties and phase relations, even in the absence
of exact symmetries. We find that energy (diagonal) and interaction (off-diagonal) disorder may have profoundly
different effects on the main peaks in the linear spectrum. We also show that in the 2DIR spectra energy
disorder leads to diagonal stretching of the diagonal peaks, while the cross-peaks are typically stretched more
horizontally. This offers an explanation for the recently observed overall Z-shape in experimental spectra.
Finally, we find that the anharmonic splitting between associated positive and negative features in the 2DIR
spectra scales inversely proportionally with the exciton delocalization size imposed by the disorder, thus
offering a spectroscopic ruler for this size.

1. Introduction techniques facilitate the distinction between homogeneous and
inhomogeneous relaxatidii.

Over recent years, 2DIR spectroscopy has successfully been
applied to a series of small molecules, such as water and small
peptides, confirming the potential of the technique to determine
structure and dynamics at the molecular |éfel® Most
recently, several groups have taken up the challenge to study
proteins using 2DIR spectroscopy. The most interesting and

The study of the structure and dynamics of proteins, in
relation to their function, is a problem of central importance
for our understanding of elementary processes in living organ-
isms. X-ray crystallography offers a powerful means to study
the structure of complex moleculé$ut is limited to proteins
that can be crystallized and, by its very nature, cannot be applied

to proteins in their natural environment. Nuclear magnetic cpa|ienging question is whether this technique may be used to
resonance (NMR), in particular, its two-dimensional version, probe the structure of these complex systems and to follow
does not rely on crystallization and offers an alternative that ¢ir,ctural changes in real time. To this end, the existence of
has been applied with much succéddrawbacks of NMR are  ¢jeqr 2DIR markers for structural elements should be investi-
its limited time resolution (millisecond) and its reliance on  45ted. The current focus is on searching for markers of
motional narrowing of the NMR lines due to fast reorientational secondary structural elements, especially in the amide | region
motion. of the spectrum (around 1650 ci). In this context, theoretical
During the past decade, sparked by the rapidly growing and experimental model studies have been performed ahd
possibilities to control optical and IR pulse sequences at the 3;4-helical structure3?-22 as well as3-sheets and hairpirtg.24
picosecond and femtosecond time scales, two-dimensional IR The theoretical study by Cheatum, Tokmakoff, and Knoéster,
(2DIR) and Raman spectroscopies have received increasingpased on an idealized exciton model for the collective amide |
attention for the study of molecular structure and dynafiis.  oscillations, suggested that the 2DIR spectrum indeed offers
These techniques rely on the structural information contained markers for3-sheet structure. In particular, it was found that
in (collective) vibrations. In linear (one-dimensional) IR spectra the cross-peaks in this spectrum may be useful to distinguish
of proteins, this information is often hidden under broad line antiparallel-sheets from parallel ones as well gdairpins.
shapes, resulting from inhomogeneity and the congestion of Recent experiments by Demirgen et al24 in which poly--
many vibrational states in a rather narrow spectral regiorhis lysine and proteins with differerfi-sheet content were studied,
problem may to some extent be circumvented by performing confirmed the existence of structural markers and the potential
nonlinear (multipulse) experiments, in which the spectral of 2DIR spectroscopy to assess the relafiseheet content.
information is spread along two independent frequency axes, Further experimental studies have even demonstrated the first
revealing correlations and anharmonic couplings between vari- application of 2DIR spectroscopy to detecting the kinetics of
ous vibrational modes. Moreover, these experiments allow for thermal denaturing of a proteff.
the observation of relatively weak transitions as cross-peaks with  of course, the experimentally observed linear and 2DIR
strong transitions and for the detection of relative polarization spectra of proteins are considerably more complicated and harder
angles between transitioAsAlso, these multidimensional 1o interpret than the ones obtained in idealized model studies.
One reason is that in experiment one probes the entire protein,
* Corresponding author. Fax: 31-50-3634947. E-mail: j.knoester@rug.nl. and not an isolated secondary structural element. Moreover, in
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a real protein, those elements are never ideal. Reproducible a
well as random inhomogeneity occurs in the eigenenergies of
the individual amide | oscillators (diagonal disorder) and the
transfer interactions between them (off-diagonal disorder) as a
result of conformational irregularity (for instance, twisting of
the sheet) and random solvent shifts. An important source of
diagonal disorder (on the order of tens of reciprocal centimeters)
is the effect of hydrogen bonding with surrounding protic
molecules in the solverf:26-28 The effects of random diagonal
disorder on the lined? and 2DIRC spectra of globular proteins
have been considered, while in addition, the effects of confor-
mational disorder on the linear spectrafbtheets have been
modelec®*

It is the goal of this paper to perform a systematic study of
the effect of random disorder on the linear and 2DIR spectra of
model antiparalleb-sheets. Deliberately, we focus on a simple
model, in which we still treat the sheet as an idealized plane
(finite) lattice and incorporate the disorder in a phenomenologi-
cal way, instead of taking coordinates for specific proteins from
NMR experiments and generating disorder distributions from
molecular dynamics simulations. We believe our approach is

H O
/'I“\lc/c\hll/g\c/
°o
L
\ﬁ/ o \“.‘/\
: ‘ 0 H
i o 9
/N\E/C\N/C\C/“\ﬁ/c\,ﬂ/"\c/
° W o
Ho9 o9
\ﬁ/N\C/C\w/C\ﬁ/N\C/C\,ﬂ/C\
(0] H (0] H

Figure 1. Chemical structure of the antiparalj@isheet. The sheet is

most useful to investigate the existence of generic spectroscopichuilt from strands that run in the horizontal direction. In the vertical

markers for3-sheet content, which should not depend too much
on the details of the model.

In addition to investigating the one- and two-dimensional
spectra, we also pay considerable attention to the nature of th
underlying collective vibrational states. In ref 23, it was shown
that for homogeneous antiparall@-hairpins the optically
dominant states can be related in a simple way to the (basic)
collective oscillations of a single unit cell, consisting of four

direction, the strands are bound together by hydrogen bonds (dashed
lines). The structure shown is2 2 unit cells large; a single unit cell

is detailed inside the box. The four dipoles in this unit cell are indicated
by arrows. The center of the circle on each arrow gives the position of

€he dipole. The arrow shows its direction in tkgplane. The dipole

component in the-direction is indicated by the symbol inside the circle.

A dot (cross) means that the normalized dipole has a positive (negative)
z-component. The components of the dipoles in the plane of the sheet
are antisymmetric with respect to inversion of the unit cell; those

oscillators. These four basic states are distinguished by thePé"Pendicular to the sheet are symmetric.

relative phases of the four oscillators. For extenflesheets,
such an identification was argued to be harder, but still was
tentatively made for two optically important states (the
la—Oand the|atOstates). Hard evidence for this was not
given, however. The question concerning the nature of the
states gained interest with the clear detection of two dominant
spectral peaks in experiment (named thre Cand|o+Cstatesf
In this paper, we introduce a new visualization method of
collective states that facilitates and clarifies their proper as-
signment.

This paper is organized as follows. In section 2, we introduce

the model and give the expressions for the spectra in terms of
one- and two-quantum eigenstates. Section 3 presents our result

and discussion concerning the nature of the one-quantum

eigenstates and the linear spectrum. Homogeneous systems ar

considered in sections 3-B.3, while the effects of disorder

are the subject of sections 3.4 (diagonal disorder) and 3.5 (off-
diagonal disorder). We then switch to a discussion of simulated
2DIR spectra in the presence of disorder (section 4) and
demonstrate that this spectrum may be used as an experiment

ruler for the exciton delocalization size. Finally, we conclude b

in section 5.

2. Model and Expressions for the Spectra

Many proteins contains-sheets as secondary structural
elements. They are large, almost two-dimensional structures,
consisting of long polymerized polypeptide chains, called
strands. The chemical structure of an antiparglledheet is
shown in Figure 1. In our convention, the strands run in the
horizontal &) direction. In the verticaly) direction, strands are
held together by hydrogen bonds (dotted lines in Figure 1). The
direction perpendicular to the sheet is thalirection. The

geometry of the sheet is determined by the torsion angles of
the strands ¢, v) and the hydrogen bond length Our
parameters arep( ) = (—160°, 118) andr = 0.304 nm. This

is the same structural model as was studied by Cheatum,
Tokmakoff, and Knoeste® As argued in the Introduction, we
will focus on idealized planar sheets; we thus neglect strand
turns and incomplete unit cells that may occur at the sides of
the sheet, as well as twists of the sheet.

The amide | vibration, which is the focus of most current
2DIR studies of small peptides and proteins, is primarily a
stretching of the &0 bond in amide groupsAt a frequency
8f 1675 cntl, it occurs about 100 cmi away from other
ibrational modes, which justifies considering it decoupled from
Sther modes and simplifies its study. The antipargfleheet
is seen to contain four amide | oscillators per unit cell, labeled
1to 4 in Figure 1. For the optical response, each amide group
in the sheet is treated as an anharmonic vibrational oscillator.
he dipole of the oscillator lies on the=€D bond, 86.8 pm
om the carbon atom, and makes an angle of &@h this
ond toward the nitrogen atom. The directions of the dipoles
of the four oscillators within the plane of thg-sheet are
indicated in Figure 1 by arrows; the very small tilting out of
this plane is indicated by a cross (pointing downward) or a dot
(pointing upward). Explicit values for the three vector compo-
nents of the dipoles follow from the geometry of the sheet and
are given in Table 1 of ref 23, where also the three-dimensional
positions of the oscillators are given.

We will describe the collective amide | vibrations of the sheet
by an anharmonic Frenkel exciton Hamiltonian, defined in the
site representatiol?.While, in general, this Hamiltonian contains
many different terms, we will restrict ourselves to resonant
contributions, which conserve the number of vibrational quanta.

V
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Figure 2. The three strongest interactions obtained in the antiparallel
f-sheet within the TDC model. Each circle represents an oscillator.
Lines give the interaction strength:;4 = 18.7 cnT? (solid line), L1z

= —7.4 cn? (dotted line), and.4s = —4.1 cnT. The five next largest
interactions that we also accounted for asg= 1.5 cnT?, L1s = Ly
=L37=Lsp=1.3 Cm‘l, Lsg=Lyy=1.1 le, Los = L47=0.8 cm‘l,
andLi, = La; = 0.7 cnT. Smaller interactions were neglected.

Thus, the coupling between oscillators is given by a bilinear
term, describing the transfer of vibrational energy between them.
Moreover, for the anharmonic contributions, we restrict our-

J. Phys. Chem. B, Vol. 109, No. 19, 2005789

tions, we have also accounted in our calculations for the next
five weaker interactions (see caption of Figure 2).

Variations in local structure will obviously also lead to
disorder in the interactions. Furthermore, the exact form of the
nuclear potential is also not necessarily identical for different
oscillators, leading to possible disorder in the anharmonicity
parameterA. In the present treatment, we will mostly be
concerned with energetic disorder. In section 3.5, we will briefly
consider interaction disorder, while variations in the anharmo-
nicity are not included in this paper.

With the knowledge of the sheet geometry and Hamiltonian,
we can proceed to calculate the collective energy eigenstates,
which may be referred to as (vibrational) excitons. These follow
from a simple diagonalization of the Hamiltonian. Because the
Hamiltonian (eq 1) does not change the number of excitations
in the system, the eigenstates fall apart into different classes,
labeled by this number. We expand the eigenstates in the site
representation. A one-quantum staté] from the class of
eigenstates with one excitation quantum in the system, can then

selves to terms that are diagonal in the site representation, ase written agud= YN, umal|gl A two-quantum statéwCcan

these are expected to be dominant. Thus, we arrive at the
Hamiltoniart®

N

> Jnetn

nm=1

N
H=Y al

n=

A
@—Eﬂﬂ%+ (1)

where arf and a, are the Bose creation and annihilation
operators, respectively, for an excitation quantum onritie
oscillator andN denotes the total number of oscillatoeg.in
the first term of the Hamiltonian represents the transition energy
of the nth oscillator. In previous work oif-sheets, all these
energies have been taken to be equak 0. However, this
assumption is too restrictive for a sound understanding of
experimental data. As was explained in the Introduction,
variations in local structure and solvent exposure affect the site
energies. We will model such effects by including energetic
disorder, taking the site energies randomly and independently
from a Gaussian distribution
2
: |

o2 ex”(

where the standard deviatian determines the magnitude of
the disorder. We will study the effects of this disorder on the
collective excited states and the spectra. For the average single
oscillator frequency, we will use; = 1675 cntl.

ParameteA in the first term of the Hamiltonian is the strength
of the anharmonicity; the energy of a doubly excited oscillator
is 2¢, — A. Throughout this paper, we uge = 16 cnT 110
Finally, the second term in the Hamiltonian describes interac-
tions between oscillators, where the prime on the summation
excludes self-interactions (terms with= m). The interactions
are taken from the transition dipole coupling model (T3&).
Although the validity of this model is disputed and it has been

(En - 60)

20°

Plen) = )

be decomposed asvil= YN..n(1 + Onm) Y2Woma) al gl
Here,|glls the ground state, without any excitation quanta, and
the coefficientsu, and wy, are the components of the eigen-
state in the chosen basis. They follow from Bnx N and
anN(N + 1)/2 x N(N + 1)/2 matrix diagonalization, respec-
tively.

Once the eigenstates and their energies are known, it is
straightforward to calculate linear and 2DIR spectra using
nonlinear response theo#yThe linear absorption spectrum as
a function of frequencw is, up to a constant factor, given by

|:”u0|2y
Alw) = ®3)

T (w — Eu)2+ yz

The summation runs over all one-quantum staigsvhich have
energiesE, and transition dipole to the ground statg = Y n
Unitn, With un the dipole vector of molecule. The applied
Lorentzian line shape has a homogeneous full width at half-
maximum (fwhm) of 2.

The 2DIR signal is radiated from a system after interaction
with three linearly polarized laser pulses with wave veckars
ko, andks, which arrive at timeg — t3 — t; — tg, t — t3 — ty,
andt — ts, respectively. For a fixed timé, the signal is
measured by scanningandts. The spectrum in the frequency
domain is obtained by a double Fourier transform. The variable
w1 is the Fourier conjugate df, andws is the conjugate ofs.
The 2DIR spectrum is calculated as the sum of rephasing and
non-rephasing contributions. For details concerning the experi-
ment and the calculation of the signal, we refer to refs 5 and
23. Here, we simply state the results. The signal for the
rephasing pathways, detected in thé&; + k, + k3 phase-
matched direction, is given by

demonstrated that interactions through the peptide backbone may

be much stronger than predicted by a TDC calculatigino
concensus about an alternative parametrization of the interac-
tions in polypeptides exists. We therefore prefer to use one
consistent interaction model and include TDC interactions only.
The resulting array of oscillators coupled by interactions is
shown in Figure 2, where the three strongest interactions have
been drawn (solid lines, 18.7 crh dotted lines,—7.4 cnr?,

and dashed lines;4.1 cnt?). Aside from these three interac-

Si(wy, wg) =

>y, +o

uy

2y (w; — E)(wz—E) + VZ
uv/

[(w; — E)* + »7ll(ws — E)* + 7]
I (wl - Eu)(a)3 - Ewu) + VZ

G (o) ~E) + 705 — En)® + 17
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The non-rephasing diagrams, radiated in tHe; — k, + k3
direction, yield

—(w; —E)(ws—E) + VZ N

%(wl' (U3) = z Oﬁv

uy

[(w; — E)* + »7ll(ws — E)* + 77
Z 5 _(wl - Eu)(w3 - Eu) + Vz
0., }
T (0= E)’+ (0 — E)*+ 97
6 (wl - Eu)(w3 - E\NU) - ,VZ
Ou

G (o — E)?+ 1205 — En)® + 7

®)

In these expressions, the summations avand run over all
one-quantum states, the summation avexxtends over all two-
quantum states, andg= E, — E,. The above expressions were
derived under the assumption tiiat= 0, which experimentally

Dijkstra and Knoester

.:—i'y
1640

1680 1700

w (ecm™)
Figure 3. Linear absorption spectra in arbitrary units for a single unit
cell of four oscillators (dotted), a % 1 fS-hairpin, existing of a
horizontal row of three adjacent unit cells (dashed), and a 3

extended3-sheet (solid). In all cases, a valuejof= 2 cn! was used
for the homogeneous broadening.

1660

3. Results and Discussion: Linear Spectra and

means that the second and third pulses overlap in time. TheOne-Quantum Eigenstates

signals from rephasing and non-rephasing diagrams are added

to obtain the 2DIR correlation spectrunwi, wz) = Si(ws,
0)3) + Sz(a)l, cu;).S

The factorso' in the above expressions 8 andS; are the
orientational parts of the response functions, which account for
the specific combination of pulse polarizations, transition dipole

orientations, orientational averaging, and orientational relaxation

during the experiment. As in ref 23, we will neglect orientational
relaxation. As pointed out by Woutersen and Hafinayen

for small peptides, molecular rotation is much slower than the
time scale of the experiment. Calculating the orientational factors

is then a straightforward, albeit tedious, algebraic exercise. The
response functions contain four inner products between an

electric field vector and a transition dipole. The first three of
these derive from the interaction between the polarized input
fields and thes-sheet, while the fourth one accounts for the
interaction with the polarized heterodyne detection field. We
averaged this product of four inner products over an iso-
tropic distribution of orientations of thé-sheet, neglecting, as
stated, the possible effects of reorientation during the experi-
ment.

To be specific, we have calculated spectra in REY¥
polarization for which the third pulse (polarized in the labora-
tory’s Y-direction) is perpendicular to the first and second pulses
(polarized in theZ-direction), while theY-component of the
signal is detected. The results for the orientational functions in
the ZZY¥polarization are

(6)

1
0y, = O, = 3l I )” = 20,

2

0, =

uv — MUy

0 30w, — i) )

3
OUZ/\N

= Oﬁuw = 3i0[4(ﬂu':uu)(llwu'[‘m) - (ﬂu"uwu)(”u'”m;) -
(e p,) e p)] (8)

Here,u, andu, are the transition dipoles between the ground
state and the one-quantum stgtésand|v[] as introduced below

eq 3, whileu, is the transition dipole betweénland the two-
quantum statev{analogous fop,,). The latter dipole is easily
expressed in terms of the eigenvectaysindw,ny,. In the above
expressions, we have normalized the electric field vectors to
unity.

1. Homogeneous Unit Cell.In Figure 3, we present the
numerically calculated linear spectra for a single unit cell of
four oscillators, the 3« 1 S-hairpin (i.e., a system made up of
three unit cells in the horizontal direction) and thex33
extendeds-sheet (having nine unit cells in a square arrange-
ment). In all cases, the system chosen was homogeneass (

0) and we used a homogeneous line widtly ef 2 cn. These
spectra (with somewhat different widths) have been given in
ref 23 already. We show them again, because we want to expand
on the nature of the states responsible for the various spectral
features. In the current subsection, we focus on the unit cell,
while the homogeneous hairpin and sheet are discussed in
sections 3.2 and 3.3, respectively. The effect of disorder in
pB-sheets is analyzed in sections 3.4 and 3.5.

The spectrum of the single unit cell (dotted) is dominated by
two peaks, occurring at about 1653 and 1677 £ very faint
peak can still be discerned at 1696 ¢mConsidering the
inversion symmetry of the unit cell’s Hamiltonian with respect
to its center (i.e., with respect to interchanging oscillators 1 and
4, and at the same time 2 and 3), the four collective eigenstates
underlying these peaks were calculated analytically in ref 23.
The two strongest peaks in the spectrum arise from the
eigenstates that are antisymmetric with respect to the inversion
operation (referred to aa-states in ref 23). This is a direct
consequence of the fact that the large dipole components are
the ones in the plane of the sheet, which are antisymmetric with
respect to the inversion operation, as seen in Figure 1. The state
underlying the main peak at 1653 chresults from thda—0
state, which is the antisymmetric state in which oscillators 1
and 2 have opposite phases. The second peak (at 167% cm
results from thea+[state, which is antisymmetric with respect
to the inversion, and has oscillators 1 and 2 in phase. The
a-states are polarized in the plane of the sheet.

The other two eigenstates of the unit cell are symmetric with
respect to inversionsfstates) and have a very small oscillator
strength, caused by the smakcomponents of the oscillator
dipoles, which are symmetric with respect to the inversion
operation. The faint peak at 1696 chresults from thes—0
state, which is symmetric, with oscillators 1 and 2 having
opposite phases. THet+Ostate (at 1674 cni) is not visible,
because its oscillator strength is too small. Obviouslystbiates
are polarized perpendicular to the plane of the sheet. We note
that the current labeling of thést+[ and |s—[ states is
interchanged with respect to the one originally given in ref 23,
where+ and— were used to indicate higher and lower energy,
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Figure 4. (a) Color maps of the four one-quantum eigensta@s({
|st+0) |a+0) and|s—0) of the homogeneous-sheet unit cell, in order
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and similar for the other bands. Heta;-[Jdenotes the state in
which thelth unit cell is in its basis stat@—[] andk = 1, ...,

N is the wavenumber of the state. On the basis of estimating
interband coupling coefficients, it was argued in ref 23 that the
hairpin’s eigenstates responsible for the main peaks near 1657,
1679, and 1695 crt to a good approximation are given by the

k = 1 states of théa—[] |a+[] and |s—[bands, respectively.
The state that contributes the shoulder in the largest peak was
associated with thie = 3 state of thga—[band.

The above identification of the eigenstates of hairpins can
be made more convincingly by giving their color maps. In order
of ascending energy, these maps are given in Figuref fidr
the four states that are responsible for the spectral features
discussed above, as well as for a fifth state that gives a small
shoulder in the red wing of the peak near 1679 &nWe first
note that the five states displayed are either symmetrieefb
or antisymmetric (f) with respect to inversion relative to the
center of the hairpin. The existence of a definite parity with
respect to this inversion results from the fact that the Hamil-
tonian of a homogeneous hairpin (and also a homogeneous

of ascending energy. The colors indicate the value of the wave function extended sheet) has inversion symmetry. The color maps also
on egch of the four oscillators of t_he unit cell, where red stands for gemonstrate other (approximate) symmetry properties, however.
positive values and blue for negative components (see legend to theg,i\stance comparison with Figure 4a clearly shows that the
right). Below each state, its energy and the square of its transition dipole . - . .
to the ground state (in units of the squared dipole of the single oscillator) state displayed in Figure 4c, mainly responsible for the SPeCUa'
are given, as well as its symbol. (bf) As in (a), but now for the five ~ Peak at 1657 crmt, repeats the color pattern of the—[basis
states that dominate the dashed spectrum of the homogeneous 3  state in each of its three unit cells. Thus, inside each unit cell,
hairpin (twelve oscillators) given in Figure 3. the cell symmetry and phase relations follow those of|&#3e(]
state, with the same overall sign of the phase for all three unit
cells. This confirms that indeed this state to a good approxima-
tion is the|a—[}=; state. Similarly, Figure 4e,f clearly exhibits
the symmetries and phase relations appropriate fofati@l;

respectively. For the optically dominaatstates, this does not
affect the labels.
For future assignment of the eigenstates, it is useful to
ll;]troduce atV|suaI(|jzaﬂon of tll1et|_r wavsvfurcljctl?#s ttr)wat err|1(pha3|z|es and |s—[L; states, respectively. The other two states at first
€ Symmelry and phase relations. Ve do this by making color sight have less regular color maps. Upon closer inspection,

;naps on thet ptlane ?ftﬁ?e SYStTm’ a$t's dl(l)nle mﬂl?gure 4a for tpehowever, Figure 4b in each of its unit cells has the (approximate)
our €igenstates ot the singie unit cell. in this map, eac symmetry and phase relations belonging to|tie[basis state,
o§C|IIator Is represented by a square whose colqr indicates theWith the middle cell having an opposite overall phase relative
eigenstate’s componenti) on that particular oscillator. Red to the outer two. Thus, this state has the symmetries and phase

(t_)lu_e) s_tar_1ds for a positive (negatlv_e) yalue af, thus_ relations appropriate fofa—Gl3, confirming its assignment

dISt!II’llng}’.]II’;]g opposite ?hﬁsesl of_o§C|IIat|or;1 onbthtla varlolus made in ref 23. Likewise, the remaining state in Figure 4d has

o oo o b oot e e phae eaons hal belong - altough i s cas

us tg study the nature of eigeﬁstates by sir,nple inspection andthe exact amplitudes on each of th.e oscillators, .Wh”e having

is easily applied to more complicated modelssesheets. The the correct signs, conmdgrgbly qewate from the_ idagi—s

four color maps given in Figure 4a indeed clearly ref.Iect the state, probably due to mixing with the close-lyingrtype
basis states of the three unit cells.

symmetry properties and phase relations of the four eigenstates ) .
We have studied the color maps for the four optically

discussed above and will turn out to be useful reference cases ) g . . )
for larger color maps to be studied below. dominant eigenstates of hairpins of up to six unit cells long

2. Homogeneous Hairpin.In Figure 3, we see that the and found that they always have the phase symmetries and phase

spectrum of the & 1 hairpin (dashed) has two dominant peaks, 'elations appropriate to the states (i1, |at+l1, |a—[ks and
which are slightly blue-shifted relative to the main peaks of IS~l=1 (in order of descending oscillator strength). The
the unit cell. A third weak peak around 1695 chis slightly |a—[ia-type state was found to shift from 1649 to 1654 ¢m
red-shifted relative to thes—state of the unit cell. Finally, a with increasing hairpin !ength, consistent with the dispersion
fourth feature is seen as a shoulder on the red side of the larges®f the [a—Uband found in ref 23. The three other states vary
peak. All these peaks were explained analytically, even at a vVery little in energy, reflecting the weak intercell interactions.
quantitative level, in ref 23 already. It was argued that in hairpins ~ Owing to the symmetry of the various dipole components
the interactions between adjacent unit cells are so weak thaton the oscillators, only states that are (anti)symmetric with
unit cell eigenstates with different symmetry and phase proper- respect to both the global symmetry and the cell symmetry will
ties are hardly mixed by them. More explicitly, for thex 1 have a large oscillator strength. A state that is perfectly
hairpin, the eigenstates are to a good approximation given by symmetric (antisymmetric) with respect to the global symmetry
four bands of states, denoted|as-[, |a+[, |s—L, and|s+[, and perfectly antisymmetric (symmetric) with respect to the unit

with?3 cell symmetry has no oscillator strength at all. Quite generally,
2
N+1 =

the low-wavenumber states, in which no overall phase differ-
ences exist between different unit cells, dominate the spectrum.
These statements also hold for exten@esheets (see below).

In practice, cell symmetries are not exact, although, as we have

N

> s

7kl
N+

la—[y 9)
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| ' energy. Because the global inversion symmetry is exact for this
system, all eigenstates are either antisymmetric (the first six)
or symmetric (the last one) with respect to inversion in the
sheet’s center. As noted above, this means that the first six states
are polarized in the plane of the sheet, while the seventh is
polarized perpendicular to it. In addition to the global symmetry,
several states in Figure 5 show rather consistent intracell parity
and phase relations. In particular, the second state (energy 1647.2
cm™ 1) to a good approximation haa—Ccharacter: seven unit
cells out of nine havea— symmetry. This justifies its identifica-
tion as an|a—[Etype state. The strong— character is im-
mediately recognized from the fact that the color map resembles
an array of six columns that alternate in color when going from

1 1678 cm” E =1681cm” left to right. The fact that no overall phase changes occur
W =17 =11 W =28, a+ betyveen unit cglls (i.e., the same cell pattern is repeated)

+05 indicates that this resembles the smallest-wavevector state with
l ’ a— character, with the strongest transition dipole.

Studying more generdll x N sheets, we have found that
always by far the strongest state in the spectrum occurs near
. 1645 cnrl. It always is antisymmetric with respect to global
-0.5 inversion. Moreover, forN even, this state to an excellent
E =1704 cm’ approximation hasa— symmetry (with regard to the phases of
u° =04, s- the oscillators): all unit cells have the requira¢ symmetry
Figure 5. Color maps of the 7 one-quantum eigenstates in a fOf Nup to 14, while foN = 16, only 4 (out of 256) cells have
homogeneous 3« 3 unit cell -sheet (36 oscillators) that have a Symmetry that is noa—. For N odd, the cell symmetry is not
significant dipole to the ground state. present in all unit cells, as we already found aboveNocr 3.

A second strong peak in the sheet spectra is found near 1680
cm™L As is illustrated in Figure 5, it is mainly caused by the
transition at 1680.7 cri, which to a very good approximation
hasa+ symmetry. Note the clear difference between the color
map of this state (a stack of rows that alternate in color from
top to bottom) and the one at 1647 chfalternating columns),
illustrating the usefulness of these maps. Centered around 1660
cm~1 are several states with considerable oscillator strengths.
The one at 1660.1 cm still has a largea— character and can
be interpreted as a higher-wavevector state in|#e€lband;
this identification is confirmed by the fact that relative phase
changes occur between unit cells in the vertigaldirection.

By contrast, the state at 1662.7 cthihas no consistent intracell
h parity and phase relation, implying that it arises from strong
mixing of unit cell eigenstates. All states dealt with so far have

near 1700 cmt is shifted to the blue relative to the unit cell N€9ative parity with respect to the global inversion symmetry

and the hairpin spectrum. As was noted in ref 23, assigning the and therefore are polarized within thg-plane. Only the very

spectral peaks for extended sheets is more complicated '[har{"’"nt state near 1705 crﬁ has Ppositive global parity and IS
for hairpins. The reason is that in extended sheets Strongpolarlzed in thez-direction. Notice that the color map of this

interactions exist between unit cells (for instance, the interaction state clearly has a ch_eckerboard pattern, indicative of the lowest-
between oscillators 7 and 10 in Figure 2 and the interactions VaVE-VECtor state with a strorsg- character.
between 3 and 9 and between 4 and 10). We finally notice that, if we would have imposed periodic
First, these stronger interactions lead to wider exciton bands Poundary conditions, the eigenstates would always preserve clear
than in the case of hairpins, as is clear from the separation Parity labels, both with respect to the global symmetry and with
between highest and lowest peaks in Figure 3. Second, and mordespect to phase relations within céfts®” The reason is that
importantly, as these interactions are not weak relative to the all unit cells would be equivalent then, and for the optically
energy differences between the four eigenstates of the isolatecpllowed states, no phase differences would occur between unit
unit cell, these states will be mixed in extended sheets. Thus,cells, because of the = 0 selection rule imposed by the
one expects that in extended sheets the intracell parity and phas&anslational symmetry. As was noted in ref 23, however, the
properties are mixed, making it more difficult to associate the Use of periodic boundary conditions on extended sheets leads
spectral peaks with unit cell eigenstates, suctaas] Despite to significant qualitative errors, especially in the polarization

0

seen above, for hairpins they survive the intercell interactions
to a very good approximation. Finally, the polarization of the
states is governed entirely by the global symmetry. States that
are antisymmetric (symmetric) with respect to global inversion
have a transition dipole to the ground state that is oriented
parallel to (perpendicular to) the plane of the hairpin. In practice,
this means that, as for the isolated unit cell,aatype s-type)
states are polarized parallel (perpendicular) to the plane of the
system.

3. Homogeneous SheefThe spectrum of the X 3 sheet
(solid line in Figure 3) shows more structure than the one for
hairpins. The main peak is now red-shifted relative to|tiel]
state of the unit cell and the feature around 1680 tappears
to consist of two closely spaced peaks, while a new feature (wit
substructure) has emerged just above 1660'cihe weak peak

this, in ref 23, the dominant state at about 1645 &was properties of the dominana¢ anda— type) states.
tentatively labeled as aa—[type staté®* while the one near 4. Sheet with Diagonal Disorder.As mentioned in the
1680 cnt! was associated witfa+L] Introduction, disorder plays an important role in understanding

The color maps introduced above allow us to asses in more experimental spectra. In this subsection, we will discuss the
detail to what extent the unit cell symmetries persist for extended effect of diagonal disorder on the linear spectrum of extended
sheets. The seven eigenstates of theBsheet with the largest  -sheets. Figure 6 shows the linear spectrum for-a 3 sheet
oscillator strengths are depicted in Figure 5 in order of ascendingin the absence of disorder (solid line) and for two values of the
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Figure 6. Linear absorption spectrum, in arbitrary units, of &3 o =50cm! . -
f-sheet in the absence of disorder (solid) and with diagonal disorder

of strengthc = 5 cn? (dotted) ands = 10 cnt? (dashed). Spectra !-- |_-

with disorder were obtained through Monte Carlo simulations, averaging

over 10 000 disorder realizations. In all spectra, a valuesf2 cn? Figure 8. Color maps of the one-quantum eigenstate with the largest
was used for the homogeneous broadening of individual exciton dipole to the ground state for a disorderedk33 unit cell -sheet.
transitions. The three spectra have equal area, reflecting the conservatior hree values of the disorder were considerge=(5, 20, and 50 crm

of the total oscillator strength. The disorder-induced broadening of from top to bottom), and for eachvalue, three disorder configurations

spectral lines and the red-shift of the domingmt Opeak are clearly ~ were generated randomly (left to right). For each of these realizations,
visible. the optically strongest state is shown. Color coding is as in Figure 5.

100 non-isotropic. In addition, the occurrence of four different dipole

orientations leads to four interwoven exciton bands, which also
leads to a different line broadening.

Apart from line broadening, disorder also causes the energy
separation between the two main spectral peaks|&héland
|a+peaks) to increase. This is visible in Figure 6 mainly as a
red-shift of theja—Cpeak. The peak shift, caused by disorder-
induced coupling between the homogeneous eigenstates, is well-
known forJ aggregated®3° The red-shiftS of the |a—[Cstate in
our 3-sheet model (triangles in Figure 7) is observed to follow
power-law scaling foro < 17 cntl: SO ob with b = 1.5
from a least-squares fit. Again, the result can be compared with
linear aggregates, where the exponent is found to be slightly

FWHM q- peak (cm1)
3
X

shift a- peak (cm'1)

e

Y m L
.
1

disorder o (cm™)

Figure 7. Dependence of the width (squares) and shift (triangles) of a1y b = 1.352° For larger values of the disorder, the peak
the |a—Cpeak in the linear absorption spectrum of the 3 unit cell ' '

B-sheet on the strength of the diagonal disorder. The lines indicate Shi.ft does not increase anymore, but even decreases somewhat.

power-law fits, for which the parameters are given in the text. This effect can be understood by realizing that, for these large
values ofo, the peaks broaden so much that they start to overlap.
In particular, thela—Opeak starts to merge with the higher-

disorder strength:c = 5 cn! (dotted) ando = 10 cnt? energy peaks. The growing overlap displaces the weight of the
(dashed). In all cases, the homogeneous width was getto total peak to the high-energy side, causing a blue-shift that
2 cnrl. compensates for the disorder-induced red-shift. The net effect

The observed changes due to disorder are quite typical. ThelS @ deviatioq from the power-law behavior which we observed
first obvious effect is a broadening of the spectral lines. This for smaller disorder values.
results from the fact that disorder breaks the inversion and Finally, we analyze the nature of the eigenstates in the
approximate translational symmetry in the system; it thus mixes presence of disorder. To this end, we plot in Figure 8 the color
the unperturbed eigenstates and breaks the optical selection rulegaps of the state with the largest transition dipole to the ground
for the excitons: more collective states become strongly dipole- state that occurs within three randomly chosen disorder realiza-
allowed. We calculated the fwhi of the strongest peak (the  tions foro =5, 20, and 50 cm. For small disorder, we expect
la—Opeak) as a function of the disorder strengttfkeeping these dominant states to be of tlze-Utype. Indeed, for the

the system size constant at33 unit cells). For 5 cm! < ¢ three states found far = 5 cm %, we still see an overall color

< 30 cn1?, which is significantly larger than the homogeneous pattern that resembles the alternating red and blue columns of
half-width of 2 cnT?, we observe power-law behaviow ~ the state at 1647.2 crhin Figure 5. The fact that we are still
ao® (squares in Figure 7). When boitiando are expressed in ~ dealing with weak disorder is clear from the fact that all three
wavenumbers, a least-squares fit yietds: 1.1 andb = 1.2. states considered are still strongly delocalized over the entire

Power-law scaling of the optical line width of energetically sheet. Even the global inversion symmetry seems not to be
disordered exciton systems has been found previously bybroken very strongly, implying that these states are mostly
Schreiber and Toyozawsand Fidder, Knoester, and Wiersifa. polarized within the plane of the sheet. The disorder of 5%tm
These authors reportéc= 4/ for one-dimensional systems and  is too small to cause strong mixing between the lowest-lying
b = 2 for two-dimensional systems, in both cases with equal |a—[Htype state and states of different symmetries, and the
orientation of all oscillator dipoles. Comparing our resultlior ~ broadened low-energy absorption peak may still be referred to
with the cited values, we observe that line broadeningsheets as anja—Upeak.

does not scale as in a two-dimensional system. This is not At ¢ = 20 cnT?, we see from the many white or very light
surprising, because the interactions in the sheet render the systersites in the color maps that the states tend to get more localized
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on a part of the sheet. Anderson localization of exciton states 104
is well-known in the field of electronic excitons fnaggregates

and semiconductors, and in many such systems, the exciton )
localization size is considered an important microscopic quantity >4
whose measurement has attracted much attefftidhAlso, for

exciton models of globular proteins, localization has been

studied!®2° Even though atr = 20 cnt! the exciton states are

localized in our modep-sheets and their global symmetry is 2]
lost, we see that within their localization area their color maps

still bear a marked (though not perfect) resemblance to the — — '162)(;
alternating red and blue column pattern. This justifies us to still w (cm™)

_refe_r_to these_state_'s ¢~ type states and ?Iso’ in hlndslght, Figure 9. Spectra of a single unit cell with disorder in the oscillator
justifies us to identify the strongr—Labsorption peak defined  positions. Oscillators have been randomly displaced inxtaplane
in ref 24 as ana—[Gtype peak. with a uniform distribution of the angle of displacement and a Gaussian
For o = 50 cnt?, the states are strongly localized. Even in dis"ib“ti‘)’é?f theOsEanqu;rd de‘lli;‘gm” t(hde gisct;’;‘“ce-sghe f‘zgrsﬁeg;ra
; ; ; correspond t@= 0 (solid),s= 17.3 pm (dotted)s = m (dashed),
this case, however, we recognize that locally the strongly dipole- ands =p100 pm (dashrdotted) Specga have been avergge d over 50 000
allowed states seem to carry a fgi-(type character. ltshould  gisorder realizations. In all cases, a valueof 2 cnrt was used for
be noted, however, that for this large valuecofio distinction the homogeneous broadening of individual exciton transitions. We
can be made between different absorption bands anymore, swbserve that the excitonic band narrows with increasing disorder,
that we cannot speak of aa—[peak in the spectrum. The fact  resulting from a blue-shift of thga—COpeak.
that we still only found states that locally look like tha—[
states, directly results from the fact that selecting the largest oscillator frequency. Because for tHa+[Gtype states, the
dipole automatically selects phases between neighboring oscil-various interactions largely cancel each other (which is why
lators that also apply to the—[type states. this state occurs so close to the single-oscillator energy), the

We notice that a more complete study of the nature of the Net effect of disorder in these interactions on the line shift is
eigenstates in the presence of disorder requires a more systemati@/SO smaller. For the same reason, the fluctuations in the
investigation of the energy dependence of certain moments ofStrengths of the interactions have a much smaller effect on
the wave functions. A good choice would be to consider the fluctuations in the position of thea-+[state than théa—(5tate,
autocorrelation function of the wave function as a function of €ading to the considerably smaller line broadening of| éel]
energy*® This would allow one to distinguish whether states Peak.
underlying the strongest absorption bands indeed may be To geta better understanding of the origin of the strong blue-
referred to in a statistically meaningful way gs-Cor |a+] shift of the |a—Opeak, we also randomly varied the oscillator
states. Recently, a similar study was performed to investigate positions in only one of the spatial directions. In the resulting
the chiral behavior of exciton states in helical cylind&rs. spectra (not shown), we observe that fluctuations in the

5. Off-Diagonal Disorder. We have seen that, far < 17 x-direction almost entirely explain the blue-shift of this peak,
cm™1, the |a—Clpeak shifts to lower energy with increasing yvhlle variations in the interstrand spacing (i.e., Gauss!an dlsor.der
disorder strength. While for energetic disorder this is the normal In they-direction) have almost no effect on the position of this

behavior for the lower band edge states, for disorder in the P€aK. This conclusion is in marked contrast to the suggestion
interactionsJ,n, this need not be the case. Such disorder made in ref 24 that the interstrand distances are the crucial

naturally arises from conformational disorder: small random duantities. We also found that disorder in theomponent of

deviations of oscillator positions and dipoles from their regular 1€ Oscillator positions leads to a small blue-shift of ae ]
values lead to random changes in the TDC interactions. This P&2K-

type of disorder was simulated by Demiikdm et al2* who

applied random Gaussian shifts of the oscillator positions. They 4 Results and Discussion: 2DIR Spectra of Extended
found that thda—[peak was broadened and shifted to the blue gheets

as a result of disorder, while tHa+Opeak hardly changed in

position and width. No explanation was offered, except thatthe  Figure 10 shows the calculated 2DIR correlation spectrum
change in position of th¢a—Cpeak was ascribed mainly to iy the ZZY¥polarization without disorder (panel (a)) and with
fluctuations in the interstrand distances. Our study shows that Gaussian diagonal disorder of strengti 10 cn? (panel (b)).
this is not correct. In both plots, a homogeneous half-width at half-maximum
As a simple example, we have considered interaction disorder (hwhm) ofy = 2 cnr! has been used. Panel (b) was generated
in a single unit cell by varying the positions of the four by averaging over 500 disorder realizations. The spectrum for
oscillators. The displacements are random and uncorrelated. Wethe homogeneous system was discussed at considerable length
first look at variations in thexy-plane, by taking the absolute in ref 23. It contains positive peaks (red and yellow), resulting
value of the displacement from a Gaussian distribution and its from bleaching and stimulated emission contributions, and
direction from a uniform distribution. Figure 9 shows the associated negative peaks (blue), resulting from induced-
resulting linear spectra for different disorder strengths, where absorption processes to two-quantum eigenstates. As a result
for clarity the spectra have been scaled to equal amplitude of of the anharmonicity of the oscillators, the induced-absorption
the |a—[Cpeak. From the figure, we observe that the Opeak peaks are red-shifted along the; direction relative to the
shifts to the blue and strongly broadens, while taeOpeak associated positive features. The spectrum shows such pairs of
shifts slightly to the red and hardly broadens. The explanation positive and negative features both at the diagonal of dhe (
for the shifts is that the conformational disorder decreases thews) plane, wherev; andws basically probe the same exciton,
average TDC strength, thus giving smaller exciton dispersions as well as outside the diagonal, where the correlation between
and keeping the average exciton transitions closer to the single-two different exciton states is seen as cross-peak. As was argued
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Figure 10. 2DIR spectra in thezZYY polarization for a homogeneous>3 3 unit cell 5 sheet (a) and the same sheet with Gaussian diagonal
disorder of standard deviatian= 10 cnt? (b). In both spectra, we used= 2 cnt? for the homogeneous broadening of the exciton transitions.
To generate the spectrum in (b), we averaged over 500 disorder realizations.

in ref 23, especially, the cross-peaks seem to be sensitive probegase of excitons in linear molecular aggregates in ref 45, which
for secondary structure in proteins. In the calculated spectra for explains why, as opposed to the diagonal peaks, the cross-peak
the homogeneous sheet, we clearly see the cross-peaks betwees not oriented exactly along the diagonal direction of the
|a—Cand|a+L[] betweena—Oand|s—[] and betweema—Cand spectrum. Also for the other cross-peaks observed in Figure 10b,
the states around 1660 cf The fact that all features in the  this correlation effect is visible, albeit only weakly for the peak
2DIR spectra are extended in thg direction, and not in the  around (1, ws) = (1640 cnT!, 1680 cnTl).
w3 direction, results from the homogeneous broadening, which  Generally speaking, the slanting of (cross-)peaks in 2DIR
merges close-lying peaks of the same sign in the spectrum. Inspectra away from the; axis is indicative of the presence of
thews direction, the close-lying pairs of positive and associated static disordefé dynamic fluctuations on time scales short
negative contributions, even after homogeneous broadening, stillcompared to the pulses trtend to wash out the correlations
stay visible as separate peaks of opposite sign (albeit with lessnecessary for this slanting, as we have also seen in the
amplitude with increasing value of). homogeneous limit, Figure 10a. As we observe from our
As expected from the linear absorption spectrum, we observesimulations (and explained above), even for purely static
that the features in the 2DIR spectrum broaden when disorderdisorder, the excitonic cross-peaks tend to lie closer along the
is present. The diagonal peaks strongly stretch along the w; direction (less diagonal slanting) than the diagonal peaks.
diagonal, leading to a rather featureless diagonal ridge. As in The combined effect of diagonal peaks being strongly stretched
the case of the linear spectrum, the broadening results fromalong the diagonal of the 2D spectrum and cross-peaks being
many exciton transitions obtaining a large transition dipole as more elongated along the; direction leads to an overall
a consequence of the symmetry breaking by the random spectrum that resembles a Z. This Z-shape may be taken as the
disorder. The fact that diagonal peaks are slanted along thespectral signature for the presencefegheets in a protein.
diagonal direction results from the fact that our model treats  Recently, Z-shaped 2DIR spectra have indeed been observed
the disorder as purely static. Thus, the energy of a particular experimentally for poly-—-lysine, as well as fop-sheet contain-
exciton statgulstays constant throughout the experiment, giving ing proteins, such as concanavalin A and ribonuclea¥eQur
rise to a bleaching resonance ak(ws) = (E,, E). simulations show that the presence of disorder offers a natural
Disorder also has a clear influence on the cross-peaks, whichexplanation for the observed Z-shape. In contrast to our results,
are seen to further extend along ttag direction than in the however, the experimental spectra seem to exhibit no slanting
homogeneous case. This results from the extra broadening,0f the cross-peaks at all, while the main diagonal peak is clearly
which, like the homogeneous broadening, leads to merging directed along the diagonal. The explanation may well be that
peaks of the same sign in the two-dimensional spectrum, while in the experiment the main diagonal peak, associated with
preserving the separate positive and negative peaks along théa—[Etype transitions, is mainly inhomogeneously broadened,
w3 direction. We observe that the strong cross-peak positionedwhile the cross-peaks, also involving+[type states, mainly
around (1, ws) ~ (1685 cnl, 1640 cml) is slanted out of undergo homogeneous (dynamic) broadening. As we have
the horizontal direction toward the diagonal direction. This observed in Figure 9, in particular, the presence of conforma-
results from the fact that, within a certain realization of the tional disorder may lead to a strong reduction of the inhomo-
disorder configuration, a positive correlation exists between the geneous broadening of the+[ltransitions as compared to the
energies of different exciton transitions, for instance, of the |a—Utransitions. This fact and the already noted absence of
la—[ and |a+Etype transitions. This correlation derives from  perfect correlation in the inhomogeneous shifts of the energies
the fact that, in a finite system, the average of sheandomly of different exciton states may easily explain that the cross-
choserg, values is not exactlyo, but deviates from this mean ~ peaks are stretched along the direction, while the main
by an amount that is different for each disorder realization. This diagonal peak is slanted along the diagonal.
deviation in the average transition energy shifts all exciton As was suggested in earlier wotkthe splitting between
transitions within a certain disorder realization by the same positive and associated negative peaks in the 2DIR spectrum is
amount (i.e., creates a positive correlation between the excitonexpected to contain information about the number of oscillators
energies within a given disorder realization). We note that this that share an excitation (i.e., about the exciton delocalization
correlation is not perfect, as has been shown explicitly for the sizeL). The reason is that this splitting finds its origin in the
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anharmonic term of the Hamiltoniarblan, = —(’*/z)zwzl 016 12 10 8 L 6 5

-
o

art a:anan, which roughly stated adds the fourth powers of the
amplitudes of the exciton states on all oscillators. For a state
shared byL oscillators, this amplitude scales as/l/ leading

to an expected anharmonic splitting ~ 4/ between the
negative induced-absorption peak and the associated positive
bleaching peak (the latter one being higher in energy). Similarly,
using simple statistical arguments, Hochstrasser and co-workers
arrived atA = 2A/(L + 1) for L-coupled oscillators?

It is useful to derive the expected scaling from perturbative
arguments, instead of the above heuristic ones. In the absence . s L
of Hann there is no anharmonic shift and the two-quantum
eigenstates are just the two-boson stapes v0 = Ynm 100/L
UnUmar: a:;lgl] Let us consider the effect dfiayn ON the exci- Figure 11. Splitting between the positive and negative parts of the

. . t ot diagonalja—Cpeak in the 2DIR spectrum vs the inverse localization
tonic overtone|2ud= (L/7/2) Ynm Untney a/gC) where the size 1L, with L obtained from the average participation ratio. The data

prefactor 14/2 ensures proper normalization (the one-quantum (squares) have been obtained for ax33 sheet, using th&ZYY
eigenvectoru, is assumed to be normalized to unity). To first polarization and taking = 2 cn™. For eacho value, the spectrum

order inHanp the anharmonic shift is then given by was obtained by averaging over 500 disorder realizations. The solid
line is the best linear fit foL > 8 (see text for slope).

a

peak splitting A (cm™)
= N W A OO O N 0 ©

A, = —[2u|H,,|2uC= AZ |Un|4 = é (10) calculated as the average participation ratio of the exciton states
o at energyQ*’
whereL = (3 |un|* ™t is now the participation ratio, a well- N 1
known measure of the one-particle delocalization size in L= DZ(ZUn) o(Q - E)I) 6(Q-E)D (12)
disordered systenfd. This confirms the scaling postulated in uon= u

ref 23. One may argue, however, that for our system the value
of A does not justify a first-order treatment. To estimate higher-

order effects, we also consider the second-order shift of the
energy of the statgul] which reads

wherell..0indicates the disorder average.

From Figure 11, it is clear that, as long as the disorder strength
is not too large (i.e., the localization size is not too small), the
expected relationship

1> uuun? A, =cAL (13)
n

A,= (11)

holds. ForL > 8, corresponding to < 10 cnT?, we findc =
3.4. For larger values of the disorder strength, the peak splitting
shows a sharp decrease. This unexpected decrease is entirely
due to the behavior of the negative peak and is probably caused
by interference effects with other spectral features, similar to
4he non-monotonic behavior of the peak skifis a function of
disorder strength observed in section 3.4.

The scaling relation eq 13 provides a tool to estimate the

oA’ —
u; 2E,—E,—E,

If we consider this shift, in particular, for statagithat occur

at the bottom of the exciton band, such as the spectrally

dominant|a—[Etype states, we see thab is positive (i.e., it

increases the energy spacing between the bleaching and induce

absorption peaks). We can further estimagdy approximating

the energy denominator in eq 11 BywhereB is on the order . o L -
9y q11By exciton delocalization size ifi-sheets from the experimentally

of the total exciton bandwidth. The summations oveandu’ e . S -
can then be performed using the closure relation on these WaVeobserved peak splitting, provided that static disorder dominates

functions, leading ta\, = 2A%(BL), where agairL is defined the spectral broadening. For electronic excitations in linear
as the r;articipation ratio. Beca{use, for the system under molecular aggregates, it has been demonstrated that the two-

consideration, & = 32 cnr?, while B is on the order of 60 color pump-probe spectrum provides a similar spectroscopic

cm™1, we see that\, ~ Ay/2. It is likely that yet higher-order ruler for the exciton Qelocallzatlon S'ﬁg.fm . L
terms add similar contributions, leaving us with an expected To clgs_e th's section, we note tha}t In various _publlcatlons
scaling ofA = cA/L with ¢ on the order of unity. the.p.artlmpatmn I’:’.:ltIO has been used in a shghtl;idlfferent way,
Using our numerical simulations of the 2D spectrum, we have d€finingL as the inverse of the averggelple Uy > Both
investigated whether indeed such simple scaling relations existd€finitions correctly monitor the localization behavior, though
between the peak splitting and the delocalization size of the their numerical valges_ dlff_er, in pa_rt|cular, for larger disorder
one-quantum states. Because the spectrum is t\No-dimensionaI,Strengths’ where dlstrlbgtlon fqn.c.tlons get proader. We have
one may define the splitting between the positive and negative che(_:ked that the aIt_ernatNe definition fostill gives the linear
peaks in various ways. We have defined the splittng as ~ Scaling of eq 13, witfc = 3.1.
the frequency separation between the negative minimum and
the positive maximum in a slice through the 2D spectrumat
= Q. Here,Q is the position of the maximum of the maia-) In this paper, we numerically studied the effects of static
peak in the linear absorption spectrum. Note that, because ofdisorder on the collective vibrational exciton states of the amide
the broadening of the exciton band with increasing disorder | type in antiparallej5-sheets and the corresponding linear and
strength,Q is different for each value of the disorder strength two-dimensional IR spectra. We mostly focused on energetic
o. In Figure 11, the splitting obtained from this procedure over (diagonal) disorder. To analyze the nature of the exciton states,
a range of values of the disorder strength (1 the o < 30 we introduced a new visualization technique in which the
cm 1) is plotted against the delocalization slzeThe latter was exciton wave function is represented as a two-dimensional color

5. Conclusions
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map. This color map facilitates recognizing symmetries of the in the -sheet. Future studies should address the effects of
wave function and phase relations between various oscillatorsdynamic disordef >0 and investigate whether in this case a
in the sheet. Using these maps, we confirmed that for homo- similar scaling relation exists between the peak splitting and
geneousp-hairpins the collective states to a very good ap- the exciton coherence size.

proximation separate into four different bands that have a one-

to-one corresporjdence to thg four eigenstates [{ a+0] Acknowledgment. We would like to thank Prof. A. Tok-

Is—L|st+J of a single unit cell in the sheet. ~makoff for stimulating discussions and for sharing experimental
For f-sheets that are extended in both directions, this results with us prior to publication.

identification is less ideal, as strong interactions between

different unit cells mix the various types of cell eigenstates.

Still, using the color maps, we have been able to demonstrate

that in the absence of disorder several of the optically dominant (1) prenth, JPrinciples of Protein X-ray Crystallographyspringer-

states of extended sheets still reflect the symmetries and phase/erlag: Berlin, 1994.

relations of the cell eigenstates. In particular, the strongest stateY éZ)lggghfiCh, K. NMR of Proteins and Nucleic Acip§Viley: New

1 _ H orK, .

near 1645 cm ha§ a cleata—[character, as recognized from (3) Mukamel, SAcc. Chem. Re4999 32, 145.

its color map, which closely resembles an array of alternating  (4) mukamel, SAnnu. Re. Phys. Chem200Q 51, 691.

red and blue columns. A second optically strong state near 1680  (5) Khalil, M.; Demirdoven, N.; Tokmakoff, AJ. Phys. Chem. 2003

cmtis recognized as aja+[Ctype state through its representa- 107:(2)255-_ S.: Bandekar, Adb. Protein Chem1986 38, 161

. . . rimm, S.; Bandekar, JAdv. Protein Chem , .

tion as a stack of rows t_hat a_llternate in color. Finally, a (7) Jackson, M. Mantsch, HCrit. Rev. Biochem. Mol. Biol1995

checkerboard color pattern is typical for tlse-[Stype state that 30, 95,

occurs around-1705 cntl. A few other visible states are either (8) Loring, R. F.; Mukamel, SJ. Chem. Phys1985 83, 2116.

recognized as higher wave vector states of the above ones or  (9) Tanimura, Y.; Mukamel, SJ. Chem. Phys1993 99, 9496.

as mixtures of various unit cell states. 10&12)12I-g:.1mm, P.; Lim, M. H.; Hochstrasser, R. B.Phys. Chem. B998
Energetic disorder has strong effects on the exciton states, (11) Woutersen, S.; Hamm, B. Chem. Phys2001, 114, 2727.

as it destroys the translational symmetry (which is not perfect _ (12) Woutersen, S.; Mu, Y.; Stock, G.; Hamm, Pxoc. Natl. Acad.

Sci. U.S.A2001, 98, 11254,
anyway, as a consequence of edge effects) and leads to (13) Golonzka, O.; Khalil, M.; Demirdeen, N.; Tokmakoff, AJ. Chem.

localization of the exciton states. As we demonstrated, however, phys.2001 115 10814.
within their localization area, in particular, the states underlying  (14) Zanni, M. T.; Ge, N. H.; Kim, Y. S.; Decatur, S. M.; Hochstrasser,
the optically strongest peak in the linear spectrum clearly exhibit R- M. Biophys. J.2002 82, 66.
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