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Infrared analogs of heteronuclear nuclear magnetic resonance coherence
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Using short pulses whose bandwidth covers only one amide band and that are resonant with either
the amide | or the amide Il band, we propose two-color multiple pulse infrared experiments that are
analogs of heteronuclear nuclear magnetic resonéigR) experiments for probing the structure

of peptides and proteins. These pulse sequences yield simpler spectra of nonoverlapping vibrational
bands with fewer overlapping peaks than one-color techniques, and open new ways to more
sophisticated control over coherence transfer pathways. Differences between NMR and IR
technigues stemming from the different initial conditions and the pulse field strengths are taken into
account. We find that in several casegyulses commonly used in NMR to simplify the spectra can

be avoided in vibrational spectroscopy due to the low temperature initial condigonvibrational
energies are large comparedk®). © 2002 American Institute of Physics.

[DOI: 10.1063/1.1461362

I. INTRODUCTION can potentially yield more detailed information on the vibra-

The vibrational ¢ ¢ lecule built f tional motions in polypeptides and achieve higher resolutions
€ vibrational Spectrum ot:a macromolecule bullt 'om y, o, - ne_color experiments, in analogy to heteronuclear

a set of similar repetitive units contains bands that can bPNMR At the same time these time-domairather than

described in terms of vibrations localized at these units an .
. . o requency-domainmeasurements offer high temporal reso-
their couplings between. These vibrational bands can be . .
. R . ution due to the large pulse bandwidth and short pulse du-
modeled by a Frenkel exciton Hamiltoni&r. The couplings ) N
ration needed to cover a whole vibrational band.

as well as the transition frequencies of the localized oscilla- A prerequisite for multicolor IR anal f heteronuclear
tors depend on the molecular geometry and typically yieldN prerequisite for multicoo anajogs ot heteronuciea
MR experiments is the existence of several spectrally well

égsolved but rather broad and intense vibrational bands. Pro-

considerably and some of the geometric and dynamic infort€!NS contain bands of peptide plane mgodes above 1406 cm
mation can be recovered using multidimensionalWith strong transition dipole moment$° These bands are

technique$-1° Pulsed ultrafast vibrational spectroscopy hasUSually denoted the amide-A, amide-B, amide-Il, and the
many analogies to nuclear magnetic resonaidR).20-22 amide-l band(see Fig. 1 All of these modes which are

Historically, multidimensional NMR started with simple SPectrally well separated from the remaining bands have
pulse sequences applied to small molecéfe&Much more ~ Peen studied extensively in small peptides as well as using

elaborate techniques have subsequently been developed fdrmethylacetamidéNMA) as a modef>*!

complex molecules with thousands of atoffis2® Multidi- The vibrational 1600—1700 ci amide-I band has been
mensional vibrational spectroscopy stands at the beginningidely — studied by ordinary one-dimensional IR
of a similar development. spectroscop%? and is the subject of most multidimensional

Recently, one-color IR techniques analogous to impordR spectroscopical studies of peptides and proteins con-
tant homonuclear NMR experiments have been identffied. ducted so far. This mode has a strong transition dipole mo-
To study large molecules it is necessary to increase the resgient and is clearly distinguishable from other vibrational
lution and to simplify the spectra even further than in thesemodes of the amino acid residueee Fig. 1 An early study
simple experiments. This can be achieved making use off model peptides made of a single type of amino &dids
frequency resolution during specific time intervals in a mul-demonstrated that the coupling between CO stretching
tidimensional pulse sequence and is the basis of heteranodes in different peptide bonds is due to transition dipole
nuclear NMR, which is of great importance for studying coupling which results in a delocalization of the amide-I
structure and dynamics of complex molecules like peptidestates and can be described by a Frenkel exciton niddel.
and proteing5-2% The frequency resolution is not used to The dependence of the dipole—dipole coupling on the rela-
select individual chromophores but rather to separate differtive orientations and distances of the interacting dipoles
ent isotopic species or, in infrared spectroscopy, different viyields an amide-I band signature of the three-dimensional
brational bands. Multicolor multidimensional IR experimentsstructure of the protein.

The different secondary structure elements occurring in
3Electronic mail: chris@feynman.chem.rochester.edu proteins result in characteristic amide-I signatures which
DElectronic mail: mukamel@chem.rochester.edu form the basis of polypeptide and protein structure
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FIG. 1. (Color) (a) Structure of a ten-residue-poly(L-alaning, showing a hydrogen bonded pair of peptide planes with indices-@). (b) IR spectra in
the midinfrared regiorf800—-3400 crn') with the electric vector perpendiculéull line) or parallel(dashed lingto the direction of orientation.

determinations*3® The complicated three-dimensional fer pathways. More quantitative simulations using a recently
structure of proteins leads to overlapping bands correspondieveloped exciton Hamiltonian for the protein amide bands
ing to these different secondary structural elements. Thesehich is based on a classical protein force field will be pre-
bands are additionally inhomogeneously broadened by corsented in the futur&?

formational fluctuations of the secondary structure and by The pulse sequences for vibrational analogs of simple
coupling to the local solvent environment, yielding a highly heteronuclear NMR experiments are introduced in Sec. Ill.
congested amide-l band and calling for sophisticated pulsé/e devise the vibrational techniques by analogy with the
techniques to gain the necessary resolution to study larg?fMR sequences, building upon our recent analysis of the
molecules. The amide-Il modes are only weakly coupled tespectroscopy of coupled two-level systems which provides
the amide-1 bandtransition energy differences100 cm ! rules for mapping strong field NMR pulse sequences into
and couplings<10 cm %). Localized peptide plane vibra- weak field IR?1?2 The main features of the new spectro-
tions of the nonoverlapping amide-I and amide-Il bands carscopic techniques are discussed in detail for a small model
assume the role of the different nuclear species in heterasystem in Sec. IV. All spectra are calculated using the opera-
nuclear NMR experiments. In analogy to the correspondingor propagation expressiori26) of Ref. 21. Relaxation is
NMR experimentge.g., heteronuclear multiple quantum cor- only taken into account with a simple model of homoge-
relation it should be possible to address individual peptideneous broadening. Since our main focus is on understanding
planes by correlating vibrations at different frequenciesthe coherence transfer pathways that contribute to the spectra
through couplings within a single peptide plane. It might alsowe will not discuss effects of inhomogeneous broadening.
be possible to select pairs of peptide planes by their charadrhe molecular dynamic§MD) simulation of inhomoge-
teristic couplings through hydrogen bonds, e.g.aihelices  neously broadened spectra is an ongoing projéct.

or B sheets, in analogy to the very recent NMR studies of

transhydrogen bond couplings®¢ 4!

In this paper we propose several vibrational analogs of, THE VIBRATIONAL EXCITON HAMILTONIAN
simple heteronuclear NMR techniques. In Sec. Il we describe
the vibrational exciton Hamiltonian for the amide-I and We consider a molecule whose vibrational modes consist
amide-Il bands and discuss the spectral features of couplingf a set of coupled localized anharmonic oscillators de-
mechanisms that are common to liquid state NMR and vibrascribed by the following zero order Hamiltoni&h,
tional spectroscopy. The choice of Hamiltonian parameters,
as explained in Sec. IV, was made in order to best illustrate HOZE UumB;ran+ z UmnB:nB;BkBI ' )
all possible peaks. The focus of this paper is on the question mn mnk
of which principles can be transferred from NMR spectros-yhere we retained only terms up to fourth order that preserve
copy and how the spectra and pulse sequences differ froghe number of excitons. The operatd®s,, B, are boson
NMR due to the major differences such as the low temperagreation and annihilation operators for the localized vibra-

ture and weak pulse field limits. To gain this insight we usedjons that fulfill the boson commutation relations
parameters that allow the resolution of all peaks and a de-

: ; . t1_
tailed analysis of the spectra in terms of the coherence trans- [Bm:Bn]= 6mn, 2
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which determines the specific dependence, introduced byhere thelell_'_'_'lkm are vectorial expansion coefficients and
n

. m : .
normal ordering, of th&J" matrix elements in Eq1) onthe e haye retained all terms that create or annihilate up to two
fourth-order derivatives of the potential energy surface. Acxcitons. The terms in the second and third sum of B,

S|m|_lar Ham_lltom_an was used prgwous_ly to describe elec,ngiityte vibrational nonlinearities that have different spec-
tronic and vibrational Frenkel excitons in molecular aggre-yoscopic signatures than those in the potential energy
gates and proteirf§:** That Hamiltonian was expressed us- operator24®

ing different, non-Boson operators. The collective vibrational The coupling to the electric fielé(t) w can be expressed

modes obtained by diagonalizing the first term of B.are i, 44109y to the potential energy terms with matrix elements
denoted vibrational excitons, and Ed) is the vibrational ) )
. .

exciton Hamiltonian. Here and in the following we distin- Erllf”lnm(t)ES(tylellff.'ln , (6)
guish between parameters of the exciton Hamiltor{g., ) ) ] ]
Umn, U™ to different orders by the numbers of super- which are time d_epe_ndent due to the fle](_i). _The field-
scripts (subscripts denoting indices related to creati¢an- dependent contribution to the total Hamiltonian then be-
nihilation) operators. comes

The terms in the Hamiltonian up to fourth order that
either create or destroy one vibrational exciton are given by f(t)ﬂzzn: (En(t)Bn+ En(t)BI)JF%; (Emn(t)BmBn,

Tt m T
H'=2 Un(BntBl)+ X UT(BLB.By+BB(By). TETHOBB+En (BB
m mnk

® +3 (ER(UBIBB +EN(UBIBBy. (7

The vibrational response functions for fifth-order Raman ex- ] ] . ]
periments based on a perturbative treatment of the vibraEOf €xperiments involving multiple separated pulses, the
tional Hamiltonian containing the second sum in Eg) D', " are tensorial elements that depend on the polariza-
have recently been derived using an equations of motiofion of the individual pulses. These elements should be av-
approac> A similar Hamiltonian was used withJ],  eraged over the rotational distribution of the molecules in the
=UpL0nk to describe the energy transport along chains okample and the choice of pulse polarizations provides addi-
hydrogen bonded peptides in anhelical peptid€® where tional control parameters which allow one to simplify the
the third-order term in Eq(3) accounted for the 2:1 Fermi resulting spectra consideraﬁR/TE’ZAll of the exciton Hamil-
resonance coupling between the amide-I band and the Nkbnian parameters may be computed using quantum chemis-
stretch vibration of the amida;B bands. try codes. This will allow first principles simulations of real-

The most important interchromophore couplings in vi-istic multidimensional spectra. In this paper we retain those
brational and NMR spectroscopy are described dff*  terms that are essential for the optical response and use the
diagonal second-order termsU}BiTBjnLc.c. and diagonal  resulting simplified Hamiltonian(see Sec. IY to explore
fourth-order termsJ;!B/B/B;B;+c.c. The former coupling possible pulse sequences.
elements are known as excitonic coupling in optical spec-
troscopy or strong coupling in NMR (il ;+1yly ;). The ||, HETERONUCLEAR NMR PULSE SEQUENCES AND

fourth-order coupling is an anharmonic contribution in vibra- THEIR MULTICOLOR INFRARED COUNTERPARTS
tional spectroscopyDarling—Dennison couplifg) and cor-

responds to the weak coupling case of NMR,;(,;).
Coupled chromophores with negatiygositive) off-diagonal
electronic coupling are known a% aggregatesH aggre-
gates. The two have very different fluorescence spectra an
quantum yield$®

Including the coupling with the radiation field, the tota
Hamiltonian has the form

Heteronuclear pulse sequences which use a specific het-
eronuclear coherence transfer to considerably simplify the
spectra are of great importance in multidimensional NMR
§tudies of complicated molecules such as biopolyrffers.
This transfer requires a couplidgoetween the different spin
| species, and the delays$ in the transfer sequence can be

chosen to maximize transfer for certain pairs of spins con-
nected with a coupling of a specified magnitude. The result-

Hr=Ho+H — &), (4)  ing spectrum will then ideally only contain peaks corre-

sponding to pairs fulfilling the transfer condition’

where u is the vibrational transition dipole in the electronic =1/(2J).?’ This can be used to obtain information about the
ground state, which depends on the vibrational coordinatesfaonding topology in a molecule, which is the basis of the
The transition dipole moment may be expanded in terms o$equential NMR protein assignment technigtie€. Once
the coordinates as was done for the potential energy. To thirdach peak is assigned to a specific site, it is possible to use
order we have this information in more complicated relaxation experiments
to obtain data about molecular structure and dynamics. This
additional information is frequently obtained by hetero-
nuclear methods that contain the simpler coherence transfer
schemes as building blocks that provide simplified well-
+DntLBn)+E (DEB;BkBﬁDmBEBFBm), (5) resolve_d spectré To that end ad(_jitional_ delays are intro-

mK duced in the pulse sequence during which auto- and cross-

m= ; (DnBnt+ DnBI) + % (DmnBmBn+ DmnBTmB;E
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relaxation is active and a series of two-dimensio(&D)
spectra is recorded. The variation of the peak intensities with +k‘1A‘ —k‘i“ CT3
the relaxation period can be described theoretically with
models for the relaxation active coupling mechanism, like
dipolar or(chemical shift anisotropyinteractions, and spec- 1
tral density functions for the baft=>" Structural parameters 2
are obtained, for example, from the strong distance depen- . band B
dence of the dipolar cross relaxatiG@dOE), and dynamical
time scales and order parameters can be extracted from the B B
time-dependent peak intensities.

Another use of heteronuclear coherence transfer in more
elaborate pulse sequences is the indirect observation of tran- A
sitions with small dipole moments through their coupling to > ________
transitions with strong dipole moment as in INERfisensi- B B A
tive nuclei enhanced by polarization trangfer This tech-
nique is frequently used to enhance the sensitivity of carbon | | | __ ]
or nitrogen spectroscodyvhich is low due to the small gy- A/ﬂ A/'
romagnetic ratios ot°C and®®N, see Eq(9)] by coherence
transfer from protons. It is then possible to manipulate theFIG. 2. The simplest two-color coherence transfer experiment using three
coherences of the less sensitive spins and finally either detey!ses: The open bars represeri2 pulses in NMR. The corresponding

. wave vectors for weak field IR spectroscopy are given next to the bars. The

them directly or transfer the coherence back to the rnorQeynman diagrams show the coherence transfer pathways involved in the
sensitive species for detection. In this section we presentsponse of the system.
third- and fifth-order vibrational analogs of heteronuclear
NMR coherence transfer experimerifSgs. 2 and 3 which ) ) ) ]
are closely related to INEP(Fig. 4).” We also discuss third- €', theilsotrop2|7csgc5)éjpllng term, and the coupling to the
and fifth-order analogs of the heteronuclear multiple quan&Xternal field&(t)=" >
tum correlation(HMQC) experiment(Fig. 5).2% These tech- N N
niques are by themselves important 2D NMR experiments  HYVR=" wil,;+ > Jij(Lilyj+1yilyj+ 1zl 2))
but furthermore constitute frequently used building blocks in ! =
more elaborate pulse schemes. We will first discuss the most —&t)pm, (8
important concepts underlying the NMR pulse sequences. . . . . .
Despite the differences in the Hamiltoniatwhich will be v;/]he.re the.dlpole 1S dete;m;:\ed b_y the gyromagnetic ratio for
discussed in the followingmany of these concepts are trans-t € Isotopic specieg, and the spin operators
ferable and allow us to devise analogous IR pulse sequences. y= 1y, i, 9)
We present both NMR and IR techniques using a model o
two frequency band#é andB. In heteronuclear NMR these
bands are traditionally named thdinsensitivg and S (sen-
sitive) spins. For IR spectroscopy of peptides they represen
for example, the amide-lI and amide-Il bands.

All NMR two-color coherence transfer experiments re-

Tl

band A

II'he generalization to vibrational multilevel systems intro-
duces additional peaks that contain further information about
famharmonicities but preserve the key features of the pulse
sequence$

The vertical bars in Figs. 2—5 represent pulses resonant
with the transitions of the respective bands, as indicated. For

qhuire aoclzouplinngetwelen gtgomgphoreg inlbaﬁdr%n_ltflhB NMR pulse sequences the closed bars represgniises and
that produce#\—B correlated density matrix elemeritsThe the open barsr/2 pulses. In the case of weak-field IR the

off-resonant coupling between chromophores belonging Qnen pars denote a single interaction with a pulse with the
bandsA andB in two-color experiments can be described inyyaye vector indicated next to the bar, while the closed bars
analogy to the weak-coupling limit in NMR provided itis  ¢orespond to the interaction with two correctly phased time-
much smaller than the difference in transition frequencies ofgincident pulses which perform a transformation of the den-
bandsA and B. Our exciton Hamiltonian also contains the sity matrix yielding a signal that is closely related to the
resonant coupling term which yields additional contributionsw_pmSe transformation if observed in the correctly phase
but the main features of the spectroscopic technique can Bgatched direction. The transformation of the density matrix
understood based on the weak coupling approximation inder the action of such pulse pairs yields the closest analog
which the coupling is described by &pal, g Operator term  of 3 NMR 7 pulse for coupled two-level systerfis.
in NMR or corresponding fourth-order terms of the form  The basic NMR heteronuclear coherence transfer
BLBEBABB+ c.c. in the normal-ordered exciton Hamiltonian, schemeCT3) consists of a single pulse on baAdfollowed
respectively. by two coincident pulseéone resonant with band and the

We will discuss the pulse sequences in terms of coupledther with bandB, see Fig. 227 The first pulse creates a
two-level systems which simplifies the comparison withone-quantum coherence of th#e chromophores. The cou-
NMR. The liquid state NMR Hamiltonian for which the fol- pling between theA and B chromophores then leads to the
lowing experiments were designed consists of the Zeemaformation of anA—B correlated state during the periogl.
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FIG. 3. Fifth-order frequency correlation experiment. The closed bars represeuises in NMR and the open barg2 pulses. The corresponding wave
vectors for weak field IR spectroscopy are given next to the bars.

The two coincident pulses perform a transfer of the cohergrams, since the coherence is converted into a phase inde-
ence fromA to B. It is not necessary for the transfer that the pendent correlated\—B population state by the puléeé

two pulsesks and k5 be phase cohereft. This is well

which is subsequently transferred into a coherence oBthe

known in NMR and can be seen from the Feynman dia<chromophores. The two coincident pulses can therefore be
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FIG. 4. The INEPT experiment. The closed bars repregemtises in NMR and the open bafi$2 pulses. The corresponding wave vectors for weak field IR

spectroscopy are given next to the bars.
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under theB band Hamiltonian alone for this time domain.
+k11A +k3A—k§\, HMQC The resulting technique is known as “shift correlation spec-
; oo troscopy” since chemical shift evolution of the band dur-
H t tl/zltl/z T ing 7, is correlated with chemical shift evolution of tig
: — band A band duringr, by coherence transfer via &B coupling.
Broadband decoupling is not possible for weak field IR tech-
T T 1 niques, making the spectra somewhat more complex in the
B B band B Q, direction. However if the couplings within a single band
+k2 _k4 are unresolved, the information content of the spectra is the
same as in “shift correlation spectroscopy” and contains
A ' A peaks only fromA—B pairs of chromophores connected by a
- - coupling that has the correct magnitude compared to
T Ts The important INEPT sequendsee Fig. 4 can also be
B i "‘t;‘ 7 ""t;‘ 7 derived from the general correlation scheth@he introduc-
N I ~—_ tion of coincidents pulses on both bands in the center be-
T1/2 7/2 B tween then/2 pulses of Fig. 2 refocuses the evolution within
A |— A a— the A band and within thé® band but preserves the evolution
7,72 1,72 of the A—B coupling which is necessary for the creation of
________________ the correlated state used for the coherence transfer. The delay
/ t’ B/' t 71 can be chosen to maximize the transfer for specific groups
e R /T ------ of coupled chromophores. The pulses are substituted by

pulse pairs+k5—k5, and +kE—k3, in the analogous IR

A ' A experiment which yields an echo response at time gmi-
A — _ lar to the refocussing used in NMR. The resulting technique
X Je A A is seventh order in the fields.

All the above mentioned pulse sequences only generate
FIG. 5. The HMQC experiment. The closed bars represgmilsesin NMR ~ Populations and single quantum coherences. It is also pos-
and the open bars/2 pulses. The corresponding wave vectors for weak sible to create higher order coherences in heterosystems and

field IR spectroscopy are given next to the bars. The modified vibrationa P " : _
experiment HMQC does not contain thie, pulse pair on thek band. The lise combinations of transitions to obtain frequency correla

Feynman diagrams show the coherence transfer pathways involved in tHé0Nn maps. For example, this is the idea of the HMQC pulse
response of the system. sequence given in Fig. %.The first pulse creates a coher-
ence of theA chromophores which evolves during the delay

) ) ) ) ) t’ into an A—B correlated state due to the couplidgcon-
either derived from a single pglse with a bandwidth thatnecting chromophores belonging to the different bands. The
covers both bands or from two independent pulses. The €% ed delavt’ can be adiusted to maximize the coherence
periment is two-dimensional with domains given by the de- Y ) . . .
lay times7; and 7, and is third order with respect to the laser transfer through a specific coupling by choosing )
fields. This simple experiment demonstrates the possibility of~ 1/(23). The second pulse transfers the correla_\ted_state Into
pulse induced coherence transfer between coupled chr& double quantum coherence that evolves duripgvith a
mophores but is otherwise not widely used in NMR since thesum frequency of the order 6i,+ (g . The centratr pulse
evolution in both time domains is under the full Hamiltonian refocuses both the fre@oncoupled evolution of A chro-
which results in complicated spectra. mophores and the couplings between fand theB band

It is possible to derive several pulse schemes that remduring the time 2"+ 7,. The last pulse transfers the double

edy this problem by introducing additional pulses and delaygjuantum coherence back to an observable polarization. In the
to better control the evolution of coherenédhe introduc-  direct vibrational analog, the central NMRpulse is substi-
tion of a pulse on theB band in the center of the delay,  tyted by two time coincident pulses on baAdThe resulting
for example, refocuses th# band evolution as well as the gy periment is fifth order in the fields and two-dimensional

A-B coupl_ing,_yielding an e_ffective eVO|Uti0n_under t_me with respect to ther; and 7, time domains. This pulse se-
band Hamiltonian alone during; (CT5, see Fig. B8 It is .
guence does not produce any observable signal for Band

then necessary fo introduce a deldybefore and after the alone, and the experiment looks like a heterodyne detected
coincidentA andB pulses to obtain a correlated state for the ' P , ) : y
ne-color reverse transient grating experimefkt; Kk,

coherence transfer by the pulse pair. This delay can be ad e . i X
justed to optimize transfer through specific couplings. TheK2)™" if only bandA is considered. The multiple quantum
system then evolves under the combined Hamiltonian duringoherence transfer yields a modulation of the signal of band
7,. Broadband decoupling, i.e., irradiation with a strongA with the double quantum frequencies, which can be ob-
resonant radio-frequency fietd>® of the A band is often served. We shall also consider a modified pulse sequence
applied in NMR duringr,, yielding an effective evolution HMQC' obtained by deleting thke; pulses.
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IV. APPLICATION TO THE AMIDE BANDS OF

PEPTIDES (a) M\\ (b)
]

In this section we discuss the signals expected for the \jL
pulse sequences introduced in Sec. Il for the amide-l anc
amide-Il bands in proteins and peptides. We shall use a sirr UL
plified model Hamiltonian withN=4 chromophoregtwo U

belonging to the amide-I band and two are in the amide-ll
band. The corresponding transition frequencies are chosel

asw;=1530cm !, w,=1560 cm !, w3=1620cm?, and 1400 1500 1600 1700 1400 1500 1600 1700
w,4=1650 cm'*, which are typical for peptide spectfawe

assume that chromophores one and three are from one pep$: 8- Dependence of the linear absorption spectra of a system of two
oupled chromophores on the relative size of coupling strengths and transi-

t'd_e plan_e while chrom_(?phores two and four belong to 8iion frequency difference. The higher transition frequency is fixed at 1650
neighboring plane. Additionally we take the same anharmoem= for all spectra while the lower frequency is varied from 1450 ¢io

nicity of A=—16 cmi? for all modes(this value has been 1625 cm? ip steps of 25 cm’. (a) High-tempe_rature initial condit‘ion and
found experimentally for amide-| vibratioﬁ&. The coupling equal coupling strengthJ&K =10 cni' ) for diagonal- and off-diagonal

| is depicted in Fia. 8. Th l b h coupling (corresponds to NMR For large transition frequency differences
topology 'S. ep|c.te In Fg. o € coupling etW?en.C ro'only the splitting due to the diagonal coupling is relevai) Low-
mophores in a single band is treated as an excitonic, Offtemperature initial density matrix and vanishing diagonal coupling. The fre-
diagonal coupling with coupling operatd; BiTBj and the  quencies are given in cm.
size of the matrix elementy; is chosen in agreement with
the transition dipole coupling model of the amide-I band for
neighboring peptide planes in a peptide cHaiff We use _ .
Ji,=—5cm ! andJg,=5cm !, while all other matrix ele- [see Eq(9)], we use a common dipole matrix elemét)
ments are zero since for these couplings the transition fref-0r aTIIhchr?fmotph(;rfhs. ling t included i del
guency differences are large compared to the coupling matrix € eflects of the coupling terms Included in our mode
elements and can be neglected. For the interband coupli NMR gnd vibrational spectra are most ea§|ly llustrated
terms we only retain the nonresonant diagonal contributionl.r a par (N:Z) of chrpmophores. In .F|g. 6, one-

dimensional linear absorption spectra fa high- and(b)

K, /2BIB'B;B;, which are equivalent to the weak couplin " " . .
R N ping low-temperature initial conditioicompared with the vibra-

iPj
observed in liquid state NMRsecond term in Eq(8)]. . . . : .
Based on calculations of anharmonic coupling terms from %:o:al f_:_ehquenc)/ ?rre \clzlvlsFIaye? fclthdgfereinnt courr)::ngvs:tu?-t
classical MD force field®> we useK ;=8 cm * and K,, ons. 1he spectra were calcuiated using sum-over-states
expression$.For the linear absorption it is sufficient to con-
sider only the lowest two levels of each chromophore and the

=16 cm ! to describe the coupling between amide-I and
amide-1l chromophores within the same peptide plece- . . . . .

! P s Wit 5 pepade p initial density matrices can therefore be written in terms,of
rs. In the high temperature limit we hapg=1

pling between mainly CO and CN stretch vibratiprasd

neglect all anharmonic couplings between chromophores iﬂperato . L ;
different peptide planes. These rather large couplings were ~ilzi while the Iow-te_mperature approximation y'§|ﬂ§
chosen in order to better resolve all peaks and allow a quali.—:H‘(l_IZvi)' The off-diagonal coupling has a noticeable

tative analysis of the coupling patterns. More quantitativemﬂuence on the spectra only if the transition frequency dif-

: . - : . feren f the chromophores is small or comparabl h
calculations with smaller, more realistic, couplings and mi- erence of the chromophores is small or comparable to the

croscopic modeling of line broadening will be presentedCoupllng str_ength. This case 1S calletrong couplingin
elsewherd? NMR and yields a change in line shape known as rtf

H 27
The zero-order model Hamiltonian is of the general formefGCt[See Fig. Ga]. _ . N .
of Eq. (1). NeglectingH’ in Eq. (4), the final total Hamil- In NMR spectra where the isotropic coupling in the lig-

tonian can be written as u?d state NMR _Hamilt.onian contains diagonal as well as off-
diagonal couplings with the same coupling strengie Eqg.
N N N (8)] the intensity of the peripheral peaks is always reduced
Hr=>, wiBiTBi"'z JijBiTBjJrz —”BiTB,TBi B, with respect to the central lines. For the high-temperature
[ i#] 7 2 limit of NMR the diagonal coupling yields the splitting of
N A the resonances in multiplets while the intensities in the mul-
+> —B/BBB—&t)u (100 tiplets depend on the off-diagonal coupling. For weak cou-
T2 pling only the splitting is observed and the off-diagonal cou-
pling can be neglected, which forms the basis of the product
with nonzero coupling element®,, Js, K3, and Kz gperator formalisni?”% In vibrational systems the two
Neglecting all nonlinear terms in the dipole expansi@.  contributions(J andK) can have different strengths, yielding
(5)] we obtain for the coupling to the field a wider variety of line shapes where, e.g., also the central
peaks of a multiplet can have smaller intensities if diagonal
and off-diagonal couplings are of different sign. In the low-
temperature limit, the diagonal coupling only produces a
shift of the peak and no additional splitting. The correspond-
For simplicity and easier comparison with NMR results ing spectrum consists only of the lower frequency transitions

where the dipole is the same for all spins of a certain isotope

N
Etp=2 E(1)(B+B)). (11)
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FIG. 7. Dependence of the linear absorption spectrum of the two-bant frorrrrre T
model systeniEqg. (10)] with low-temperature initial density matrix on the 1650 @ ] o J, a,
off-diagonal couplingd;, (values given at the rightAll other parameters L o 1 band A . 2.
are fixed at the values given in the text. The frequencies and couplings ai [ © e ]
iven in crit 1600 - .
given in cm . C ] K
- ] 13 Koy
1550 F .
r 1 band B o<—J—>(;
. . . r ] 3
of the NMR multiplets. The influence of the off-diagonal 450oF ] o

coupling on the line intensities is shown in Fig(bp for Ll b Lo L
i - . o . 1500 1550 1600 1650
vanishing diagonal coupling and positive off-diagonal cou- .
pling (H aggregates For negative off-diagonal couplin@g CTs
_aggregate)sthe Intensity of the low energy peak INCreasesgg, g, Comparison of the 2D PE absolute value spectrum for the model
instead. system with two dimers with the spectra obtained from the pulse sequences
The linear absorption spectrum of our four chromophoregiven in Figs. 2 and 3. The values of the couplings and transition frequen-
model system with the parameters given above (EEQ) is cies for the modgl Hamiltonian qulQ) are given in t_he te_xt. Ifrequenmes
. . . L . along theQ), (horizonta) and{), (vertica) axes are given in ct.
shown in Fig. 7 for different values @f;,, as indicated. It is
important to note the dependence of the peak intensities of

the amide-1l band multiplet on the off-diagonal coupling. As The design of the CT3 pulse sequence is based on these
discussed previously, no additional splittings due to the diag(':oupling terms. The first pulse on th band produces a
onal couplings are visible since the initial density matrix is insingle quantum coherence state which evolves at frequencies
the low-temperature limit. We have calculated 2D spectra belonging toA-band chromophores during . The pulse pair
% (o _ _ then transfers the coherence to Biband, which leads to an
S(Q1,Q0)= fo fo dryd7p S(1y, 7)€% 1%2%2 (12 ghservable signal during, with B-band frequencies, while
the A-band chromophores are in an unobservable population

for the techniques introduced in Sec. Ill using the operatoktate duringr,. The CT3 spectrum therefore contains only
propagation expressions of E@6) in Ref. 21 for the time-  the interband cross-peak multiplet aroufib50, 1650 as
domain signalsS(7,,7,). In the following figures we will  can be seen in Fig. 8. The expanded scale display of this
always present the absolute value sigrg{k);,0,)|, if not  cross peaksee Fig. 9a)] shows that it consists of two dou-
indicated otherwise. The action of the pulses is expressed iplets due toK 3 at (1530, 162% and K,, at (1560, 1660
the local oscillator basis while the Greens functions arewhere the splitting in(), is due to the interband coupling
evaluated in the eigenbasis of the exciton Hamiltonian. Thevolution duringr,. The doublets show an additional cross-
same homogeneous linewidthwas assumed for all transi-
tions between the different exciton states. Figure 8 compares
a heterodyne detected one-color two-pulse photon echo spe
trum [(PE), —k;+k,+k5]* with the corresponding two- ‘68 (a) low temperature (b) high temperature
color coherence transfer experiments QF&. 2) and CT5 O
(Fig. 3 with a small homogeneous linewidth bf=5 cm? [ 1L
for which all peaks are well resolved. The PE spectrum con 1660 )
tains the well-known multiplets for the excitonic - @ 1+
subsystenf®®? representing the amideflaround ;,0Q,) 1640 _ JL ]
=(—1550,1550) and amide-Il [around (—1650, 1650] ] ]
chromophores, respectively. The excitonic couplings yielc
intraband cross peaks and the multiplets are asymmetric du
to the two-exciton dynamics after the pulse pair. The anhar S R ST | S S S B
monicity produces the elongation of the diagonal peaks 1520 1540 1560 1520 1540 1560 1580

along(),. The two additional off-diagonal interband multip-

: A A : IG. 9. Enlarged presentation of the interband cross peaks of Fig. 8 obtained
lets connecting the amide-1 and amide-ll multiplets Eilrouncilzvith the CT3 technique of Fig. 2 fofa) low- and (b) high-temperature

(_1550, 1650) and (_1650’ 1550) can be attributed to the initial condition (see the text Frequencies along tHe; (horizonta) and(},
diagonal interband couplings;; . (vertica) axes are given in cnt.

1620} o 1+ e _
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oot ® @> IS X — h w = _ FIG. 11. The interfering pathways that lead to a cancellation of the inter-
16401 oL iL C ] band coupling doublets for vanishing interband couplgn Figs. 10

[ A . (CT3) and 15 (HMQC) are shown for two coupled chromophores. The
1620 \/‘@;’ It Q% 1 2 ] energy scheme for the system is given at the right and the states are labeled

) = P A
[ N | ] by the number of excitations in each band.

' 15:20. 15‘40‘ 15‘60. 1550‘
FIG. 10. Dependence of the spectra for the CT3 technique on variations in

K=Kgs,. All other parameters are fixed at the values given in the text.

Frequencies along th&; (horizonta) and ), (vertica) axes are given . . .
auene g the, (horizonta) 2 (vertica) ax v pared to the linewidth, as can be seen going fomO0 to 4

nem cm 1. The interference can be most easily understood by
considering two coupled chromophores and describing the

peak pattern at1530, 1650 due to the resonant coupling eigenstates in terms of the approximate local product states.
Jij - The main difference between NMR and vibrational CT3The interfering pathways are shown in Fig. 11 where the first
signal stems from the different initial conditions. This differ- (second number in the state labels refers to thdvand (B-
ence is most apparent in the peak multiplicity aldéhgwhen  band excitation. The contributions have opposite sign as can
comparing spectra calculated using low- and high-be seen by counting the number of bra-interactions. For van-
temperature approximations for the initial density matse&e  ishingK the coherences due to the two diagrams evolve with
Fig. 9. Assuming, again for simplicity, two-level systems, the same frequency during, which leads to the cancella-
the NMR high temperature approximation yields an initialtion. This selectivity greatly simplifies the two-color correla-
density matrix of the formpy~1+X;1,; while the low- tion spectra and yields similar information to that contained
temperature approximation yielgg~II;(1—1,;). While py in the “shift correlation maps” in NMR spectroscopy using
in NMR does not contain any two-chromophore correlationthe CT5 schem&’ The difference in the initial condition
of the forml;l,;, all of these and all higher order correla- makes the simpler CT3 scheme more valuable for vibrational
tions are contained in the low temperatyrg In NMR the  spectroscopy than in NMR. As mentioned previously, in
two-chromophore correlations such Bsly ; build up be- NMR the 7 pulse is used to refocus the heteronuclear cou-
tween coupled chromophores durimg due to the coupling pling evolution duringr; since the diagonal coupling to-
evolution andr; can be chosen to maximize specific terms.gether with the high-temperature initial condition would
In vibrational spectroscopy all of these terms are alreadyield complicated multiplet patterns in th@, dimension.
initially present after the first pulse and evolve at their re-For the low-temperature initial condition in vibrational spec-
spective frequencies during;. If no cancellation of peaks troscopy the coupling evolution does not yield multiplets in
were present this would in general yield peaks for all pos{); but only slightly shifted peaks, similar to what can be
sible pairs of chromophores. In practice however only crosseen in the linear absorption specfsee Figs. 7 and)9and
peaks between chromophores with a coupling larger than thie pulse pair substituting the NMR pulse is not necessary.
homogeneous linewidth are observable. The CT5 scheme instead yields more detailadd more

In Fig. 10 the coupling;,=K is varied and the result- crowded spectra with additional peaks due to anharmonici-
ing absolute value spect{&(,,0,)| are shown along the ties and intraband coupling evolution induced by the pulse
real and imaginary parts & The cross-peak signal contains pair on theB band. These peaks contain additional informa-
two contributions from different pathways that interfere de-tion but might not be resolved in realistically broadened
structively and cancel if the interband coupling is small com-spectra, calling for more elaborate pulse sequences.
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The excitonic off-diagonal couplingg;; influence the detection periodr,, giving rise to the single quantum fre-
relative intensities of the peaks, similar to the linear absorpguencies alond),. The detection is restricted to teband
tion spectra in Fig. 7. After the initial pulse of the CT3 se- (amide-) and therefore no peaks below 1600 Cnare ob-
guence, the coherences in the system evolve with the sanserved in the(), dimension. As for the CT5 technique, the
relative weights that also give rise to the linear absorptiorpulse pair representing the NMR pulse leads to additional
spectrum. For positivel=J;, the coherence between the weaker peaks alon§), which are due to intraband cou-
ground state and the state-a1530 cm ! becomes weak and plings, and to the evolution in higher excited states that are
thus the doublet at1530, 162% in the 2D spectrum disap- shifted by anharmonicity, represented Wyin the current
pears(see Fig. 12 The coherence between ground state andnodel. The spectra are simplified considerably whenkthe
the state at-1560 cm * becomes stronger and all intensity is pulse pair is eliminated (HMQG as can be seen in Fig. 14.
transfered to the doublet 1560, 1660. The intensities in  For the same reason as for the CT3 technique the spectrum
the 2D spectrum can be roughly understood comparing theontains the double quantum peaks already #0 while
two linear absorption spectra fdf,= —5 and+5cm *. The  NMR requirest’ >0 to generate double quantum states. The
CT3 experiment correlates single quantum coherences befospectrum witht’ =0 actually contains the same peaks as
and after the pulse pair and yields peaks for coherences berould be observed in a NMR HMQC experiment with ap-
tween chromophores with nonzero interband coupling. The
excitation strengths for the individual coherences correspond

to the intensities in the linear absorption spectra and the 2D 1680 p——r——r—T—r——————
peak intensities are related to the product of these intensities. [

ForJ,,=—5cm ! the product of intensities of the peaks at - Q

1530 and 1625 cm' are similar to that of the peaks at 1560 16601 X ]
and 1660 cm? in the linear absorption spectra. Therefore r o 7

both doublets at1530, 162% and (1560, 1660 have about 1640 | =

the same strength. Fat,=+5cm ! though the product i

of intensities for the peak &tl530, 162% is much smaller ? S o ]

due to the excitonic coupling and the peak(®660, 1660 ]

dominates. N SR
Figure 13 displays the vibrational analog of NMR 3150 3200 3280

HMQC spectroscopy which shows peaks due to overtones

and combination bands in the range from 3150 to 3250%cm FIG. 13. Vibrational HMQC absolute value spectrum for the model system
with two dimers and the pulse sequence given in Fig. 5. The delay time is

_alor_‘gﬂl- After the ﬁnal(B'band pulse the Sy_Stem e_VOIVeS chosen as’ =4.2 ps. Frequencies along thl (horizonta) and(), (verti-
in single quantum states with-band frequencies during the ca) axes are given in cit.

1620

T
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propriately chosen’ and no broadband decoupling of tBe  FIG. 15. Dependence of the spectra for the HMQ&hnique on variations
band during detection. The double guantum frequencieé‘? K=Kz, (t’:.O). All other parameters are fixed at t_he values giver_l in the
. . . . . text. Frequencies along t&; (horizonta) and(}, (vertical) axes are given

along(}, correspond to interband paifsombination excita- "yt
tions) with nonvanishing couplings while the doublets(¥}
correspond to thé-band (amide-) chromophores involved
in the double quantum states, split by the interband couplings
Kij . The variation oft’ (see Fig. 14 yields the additional
double quantum combination peaks @180, 1620 and 1629 (Fig. 16. This is due to the same reason as discussed
(3180, 1650 that are not visible fot’ =0. The cancellation previously for the CT3 sequence only that now the role of
of pathways for these peaks that are the combinations of thiae pulse pair and the single pulse is interchanged. The rela-
interband pairs without coupling is lifted by an additional tive intensities of the peaks in the 2D spectrum can again be
coherence transfer pathway through the intraband couplingsxplained based on the linear absorption spectraJigr
Ji; that are active during’. This pathway is a close analog = —5 and+5 cm *in Fig. 7. The doublet at3155, 1625 is
of the coupling evolution used in NMR to generate corre-mainly a combination of the transitions at 1530 and 1620
lated states through coupling interactions which leads to @m=1 which are both weak fod,=+5cm L. It is thus
periodic change of the relative peak intensities as shown iRy ch weaker than the doublet 8180, 1660, which for
Fig. 14. Att’=0 only the doublets at the double quantum j _ | 5cm1js a combination of the two strong transitions
ll‘requenm.es of the |Intert_)a_nd cogpled chromophores are ViS5 1560 and 1620 cit. For J,=—5cm ! both doublets
ible. For increasing’ their intensities drop af‘d the peaks at are combinations of one strong and one weak transition each,
gigi?ﬁl}rizg[zl%fclﬁ?”ig?fti?v%ﬁ?hTﬁéerggczeinutgr:gi-a yielding peaks of comparable strength. In Fig. 17 a combi-

0 nation of the behavior of Figs. 14 and 16 is seentfor 0.

ties almost go back to their valuestat=0. . )
The selectivity for cross peaks with couplings larger than':Or increasing) the doublet a(3155, 1623 becomes weaker

the homogeneous linewidth is demonstrated in Fig. 15 and igue 0 the changes in excitation strength already observed in
completely analogous to the observation for the CT3 schemé;9- 16. On the other hand, the peaks(3180, 1620 and

The Liouville space pathways leading to the cancellation aré3180, 1650 can build up during the delay’ due to the
given in Fig. 11 for a system of two coupled chromophorescoherence transfer through the excitonic coupling. This
As can be seen from the energy scheme in Fig. 11, th&echanism changes the relative intensities of the pathways
HMQC’ and the CT3 techniques together allow one to obdn Fig. 11 and lifts the exact cancellation. The peaks with
serve all possible one-quantum coherences in a system &f=3180 cm! are not split along, since the states in-
coupled chromophores if the diagonal coupling term is nonvolved in these coherences are only coupled to other states
zero. Variation of the intraband coupling;, leads fort’ by off-diagonal coupling terms and these only give rise to
=0 to the vanishing of the double quantum doublegi3d55, changes in line intensities, not to splittings.
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V. CONCLUSIONS initial conditions of NMR and vibrational spectroscopy
We have surveyed several basic heteronuclear NMRNIN- versus low-temperature limioffer different possibili-
pulse sequences and analyzed them for design principles thisgS Of selecting specific interband peaks. Time delays used
may be transferable to vibrational spectroscopy. Heteroll NMR to create two-chromophore correlated states are not
nuclear NMR spectroscopy corresponds to vibrational spec?€cessary in vibrational spectroscopy where all possible cor-
troscopy of different vibrational bands with pulses that cover€lated states are already contained in the initial density ma-
individual bands but do not overlap with other bands. Welrix. Selectivity is achieved through exact cancellation of
were able to devise a vibrational single quantum experimenathways if no coupling between chromophores exists. These
that is analogous to the NMR “shift correlation spectros-cancellations can be lifted by opening additional pathways
copy” and a double quantum experiment resembling HMQC using further delay periods as in the case of the HMQC ana-

In both cases it is possible to avoid the usergfulses which  log (HMQC').
are necessary in NMR to simplify the spectra. The different  This paper analyzes 2D vibrational techniques that use

T T T T T T T T T LERS Bun S mt S B B B e 2 T T T T T T T T T T T T T T T T T

1680 T [T T T T —
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FIG. 17. Dependence ¢§(Q,,(,)| for the HMQC technique on variations id=J,, (t' =4.2 ps). All other parameters are fixed at the values given in the
text. Frequencies along thH, (horizonta) and (), (vertica) axes are given in cit.
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