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C O N S P E C T U S

V ibrational spectroscopy provides direct information on
molecular environment and motions but, its interpretation

is often hampered by band broadening. Over the past decade,
two-dimensional (2D) vibrational spectroscopy has emerged as
a promising technique to overcome a number of difficulties asso-
ciated with linear spectroscopy and provided significantly detailed
information on the structure and dynamics of complex mole-
cules in condensed phases. This Account reviews recently devel-
oped computational methods used to simulate 1D and 2D
vibrational spectra. The central quantity to calculate in compu-
tational spectroscopy is the spectroscopic response function,
which is the product of many contributing factors such as vibra-
tional transition energies, transition moments, and their modu-
lations by fluctuating local environment around a solute. Accurate
calculations of such linear and nonlinear responses thus require a concerted effort employing a wide range of methods includ-
ing electronic structure calculation (ESC) and molecular dynamics (MD) simulation. The electronic structure calculation can
provide fundamental quantities such as normal-mode frequencies and transition multipole strengths. However, since the treat-
able system size is limited with this method, classical MD simulation has also been used to account for the dynamics of the
solvent environment. To achieve chemical accuracy, these two results are combined to generate time series of fluctuating
transition frequencies and transition moments with the distributed multipole analysis, and this particular approach has been
known as the hybrid ESC/MD method. For coupled multichromophore systems, vibrational properties of each chromophore
such as a peptide are individually calculated by electronic structure methods and the Hessian matrix reconstruction scheme
was used to obtain local mode frequencies and couplings of constituting anharmonic oscillators. The spectra thus obtained,
especially for biomolecules including polypeptides and proteins, have proven to be reliable and in good agreement with
experimental spectra. An alternative to the hybrid method has also been developed, where the classical limit of the vibra-
tional response function was considered. Its main attraction is the capability to obtain the spectra directly from a set of MD
trajectories. A novel development along this direction has been achieved by using quantum mechanical/molecular mechan-
ical (QM/MM) force fields for the accurate description of vibrational anharmonicity and chromophore polarization effects.
The latter aspects are critical in the 2D case because classical force fields employing harmonic intramolecular potential can-
not produce reliable 2D signal. We anticipate that the computational methods presented here will continue to evolve along
with experimental advancements and will be of use to further elucidate ultrafast dynamics of chemical and biological systems.

Introduction

Vibrational spectroscopy is a powerful technique

for the studies of microscopic structure and

dynamics of molecules. Two-dimensional (2D)

vibrational spectroscopy employing multiple IR

pulses probes multiple quantum transitions and

the observed signal in the 2D frequency space can
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provide detailed information on vibrational mode anharmo-

nicity, coupling between modes, and homogeneous and inho-

mogeneous line broadenings. Thus, 2D IR spectroscopy, which

is an optical analogue of heteronuclear 2D NMR,1 has been

increasingly used to study solvation and hydrogen bonding

dynamics, chemical exchange reactions, and peptide and pro-

tein structure and dynamics.2-10

A critical step in the interpretation of vibrational spectra is

the understanding of the microscopic origin of various spec-

tral features. In this regard, theoretical modeling and compu-

tation have played an essential role. From a theoretical

perspective, the spectroscopic observable B is determined by

the response function R(n) as11

where the external electromagnetic fields are denoted as Fn(t).
The linear spectroscopy corresponds to n ) 1, and a general

four-wave mixing scheme is associated with the case n ) 3.

Time-dependent perturbation theory yields the response func-

tion as nested quantum commutators of electronic multipole

or polarizability operators at different times and its evalua-

tion requires a proper account of quantum states as well as

the system dynamics.

The hybrid electronic structure calculation/MD (ESC/MD)

simulation method combined with fragment approximation

provides a reliable way to simulate and interpret 1D and 2D

spectra of small chromophores in solution.8,12,13 An alterna-

tive to the preceding approach is to take the classical limit of

the response functions for IR absorption and vibrational circu-

lar dichroism (VCD) and evaluate it directly from MD

simulation.14-16 An analogous approach applied to nonlin-

ear vibrational spectroscopy has also been developed in terms

of the classical limit of the relevant nonlinear response func-

tion.17 So far, this direct MD method has been mainly used to

simulate fifth-order Raman spectra of liquid intermolecular

modes18,19 and 2D IR surface spectra of adsorbates.20 Its

novel application to the 2D IR spectroscopy in solution will be

described in the present Account.

The two approaches mentioned above, the hybrid ESC/MD

and the direct MD methods, can be contrasted in many

respects. First, the hybrid method retains the quantum nature

of vibrational transitions and nuclear dynamics unlike the

direct method that is fundamentally classical. Thus, the non-

linear spectra from the latter need careful interpretation in

terms of quantum-classical correspondence. Nevertheless, the

direct method is advantageous in that the entire spectrum cov-

ering many vibrational modes can be obtained at once includ-

ing the 2D cross peaks between modes. With the hybrid

ESC/MD method, the properties of all modes of interest and

their couplings need to be modeled individually. In addition,

an important issue of computational spectroscopy has been

the accurate description of vibrational anharmonicity, espe-

cially in the 2D IR spectroscopy that strongly reflects the

anharmonic part of the potential energy.4,21 In the hybrid

method, this is achieved by ESC and theoretical modeling of

intermode interactions and solvatochromism. In the direct

method, the quantum mechanical/molecular mechanical

(QM/MM) force field22 is shown to be essential in capturing

the anharmonicity. In this Account, the two methods will be

discussed with a few applications to 1D and 2D IR spectros-

copy of peptides and proteins.

Hybrid Electronic Structure Calculation/MD
Simulation
The protein amide I mode has been extensively studied to

probe protein structure and dynamics because its vibrational

spectra sensitively reflect the backbone structure of

polypeptides.10,23-25 Below, a computational procedure called

the hybrid ESC/MD method8 is described, which is based on

the Frenkel exciton or coupled-anharmonic-oscillator model of

interacting anharmonic oscillators and provides the vibrational

response function of polypeptides in solution.

Hessian Matrix Reconstruction and Fragment
Approximation. The necessary parameters of the model such

as the local vibrational frequencies and the intermode cou-

pling constants have been determined by carrying out Hes-

sian matrix reconstruction (HMR) analyses of ESC results on

small oligopeptides.8 The ab initio geometry optimization and

vibrational analysis of a polypeptide produce the amide I nor-

mal-mode frequencies and eigenvectors in the atomic basis of

size 3Na, where Na is the number of atoms in the polypep-

tide. The corresponding Hessian matrix F(0) in the mass-

weighted Cartesian coordinates can be diagonalized by a

unitary matrix U as U-1F(0)U ) Λ. Now, it is assumed that the

eigenvector of the jth amide I local mode is fully determined

by the eigenvector elements associated with the six atoms,

O(dC), C(dO), N(-H), H(-N), CR, and H(-CR), that constitute

the jth peptide bond. By denoting the corresponding eigen-

vector elements as Um,j, where m represents Cartesian com-

ponents of the six atoms above, the Hessian matrix in the

amide I local mode subspace can be obtained as

B(t) ) ∫0

∞
dtn ... ∫0

∞
dt1 R(n)(tn, ... , t1) Fn(t - tn) ...

F1(t - tn ... - t1) (1)

F̄ij ) ∑
n,m

Ui,n
-1Fnm

(0) Um,j (2)
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The diagonal and off-diagonal matrix elements of F̄ corre-

spond to the amide I local mode and coupling force constants,

respectively. This HMR procedure has been successfully

applied to dipeptides, short polypeptides, secondary structure

polypeptides, and protein ubiquitin.13,26 Then, within the frag-

ment approximation, the transition electric and magnetic

dipole moments of amide I vibrations are approximated as lin-

ear combinations of those of properly chosen unit

peptides.8,27

Solvatochromism: Amide I Frequency Shift and
Fluctuation. Solute-solvent interaction is responsible for

numerous spectroscopic phenomena. Particularly, vibrational

frequency shift induced by highly inhomogeneous local elec-

tric field produced by solvent molecules is known as vibra-

tional solvatochromism28 (Figure 1(a)), whereas that induced

by external static electric field is as vibrational electro-

chromism or Stark effect29 (Figure 1(b)).

To understand the solute-solvent interaction-induced

effects on vibrational spectra, one needs theoretical models for

vibrational frequency shift and its fluctuation in time.8 The

time-correlation function of the latter is an essential ingredi-

ent for numerical simulations of 1D and 2D vibrational spec-

tra. A general framework to describe solvatochromism has

been presented recently, where the charge distribution of the

solute interacting with solvent electric field is divided into mul-

tiple fragments.30 According to this, the frequency shift of jth

mode is given by the following expansion in terms of distrib-

uted multipole moments of solute charge distribution,30

where Rx is the position of fragment x and φ and E represent

the local electric potential and field, respectively, at the frag-

ment site due to the environment. Note that these distributed

sites collectively act like an antenna sensing local electric field

around a solute. The three coefficients in eq 3 are

with

Here, Mj, ωj and Qj are, respectively, the reduced mass, fre-

quency and the coordinate of the jth normal mode, gijj is the

cubic anharmonic coefficient, qx, px, and Θx are, respectively,

the partial charge, dipole moment, and quadrupole moment

of fragment x, and the partial derivatives are evaluated at the

equilibrium position Q0 of an isolated molecule. The first term

in eq 5 describes the nonlinear coordinate dependencies of

distributed multipoles, whereas the second does the mechan-

ical anharmonicity contributions to the solvatochromism.

For the amide I mode of polypeptide, its frequency is red-

shifted in solution due to hydrogen bonding interaction with

water and also the band broadens because of the solvent-

induced frequency fluctuations. This solvatochromic effect has

been quantitatively described by the model in eq 3 truncated

after the monopole term (distributed charge approximation)

with the four atomic sites, O(dC), C(dO), N(-H), and H(-N), as

the expansion centers.31 The amide I frequency shift due to

surrounding water molecules then becomes

where φx(j)
water(t) is the Coulomb potential at site x of the jth pep-

tide bond at time t. The coefficients lx were determined by lin-

ear regression analysis of the ab initio results on a number of

peptide-water clusters. Once the snapshot configurations of

the polypeptide-water system are obtained from MD trajec-

FIGURE 1. (a) Solvatochromism: The vibrational properties of a
solute molecule change in response to the electrostatic potential
generated by the local environment. (b) Electrochromism
(vibrational Stark effect): As a special case of solvatochromism, the
solute vibrational properties change by the external uniform electric
field.

∆ωj(φ) ) ∑
x

lxjφ(Rx) + ∑
x

Lxj · E(Rx) +

∑
x

Λxj : ∇ E(Rx) + ... (3)

lxj ) (F̂jqx(Q))Q0
,

Lxj )- (F̂jpx(Q))Q0
,

and Λxj )- 1
6

(F̂jΘx(Q))Q0
(4)

F̂j ≡ 1
2Mjωj{ ∂

2

∂Qj
2
- ∑

i

gijj

Miωi
2

∂

∂Qi} (5)

δωj
I(t) ) ∑

x)1

4

lxφx(j)
water(t) (6)
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tories, the solvatochromic amide I local mode frequency tra-

jectories can be obtained with eq 6. This method has been

successfully applied to various N-methylacetamide

(NMA)-water clusters, NMA dissolved in water and metha-

nol, and polypeptides and ubiquitin in water.8,32-34

Solvatochromism and Vibrational Stark Effect. In the

vibrational Stark effect spectroscopy, the change in IR absorp-

tion upon application of external electric field is

measured.35-37 The key quantities are the vibrational Stark

tuning rate ∆µ and the transition polarizability A, which are

the first order contributions to the changes in the frequency

and transition dipole moment, respectively.29 This has been

utilized recently to probe local electric field at an enzyme

active site.38 Recently, an expression for the vibrational Stark

tuning rate was provided by using the general solvatochro-

mic frequency shift in eq 3 with the substitution of the uni-

form electric field and corresponding electrostatic potential,

i.e., for the jth mode,30

and, using eq 4, it becomes

where Dg(Q) is the ground state dipole moment of an unper-

turbed molecule. Thus, the vibrational Stark tuning rate can be

calculated by the parameters used to describe the solvato-

chromic frequency shift. For the amide I vibration of NMA, the

parameters from the distributed charge analysis12 yield

|∆µj| ) 0.78 cm-1/(MV/cm), which is close to available exper-

imental data on typical stretching modes of CN, SCN, and

azido groups. The observation that the direction of ∆µj is very

close to that of amide I transition dipole (∂Dg(Q)/∂Qj)Q0 indi-

cates that the second term in eq 8, which originates from

potential anharmonicity of amide I mode itself, gjjj for j )
amide I mode, may be dominant. For the other vibrational

modes for which the distributed charge model parameters are

available,39,40 the calculated |∆µj| are as follows (in cm-1/(MV/

cm)): 0.31 (CN stretch of CH3CN), 0.54 (CN stretch of CH3SCN),

0.48 (N3 stretch of CH3N3). These values agree very well with

experimental data36,37 on |∆µj|f (0.43, 0.71, and 0.5441 for

the three modes, respectively), once the typical value of

1.1-1.3 for the local field correction factor f is allowed for.

Although these comparisons demonstrate that the electro-

chromism can be described by the solvatochromic model

parameters, the reverse is not always true because solvato-

chromism involving spatially nonuniform solvent electric field

is inherently more complicated than the uniform electric field

effect in electrochromism.

IR, VCD and 2D IR Spectroscopy of Polypeptide
Amide I Vibrations. The IR and VCD spectra of a polypep-

tide with N amide I normal modes can be obtained by Fou-

rier transforming the weighted linear response functions as

where ω̄R is the ensemble-averaged Rth amide I normal mode

transition frequency and the linear response function JR(t)
describes the vibrational coherence decay of the same mode.

For IR spectra, DR ≡ |(∂µ/∂QR)|2 is the dipole strength and, for

VCD, it represents the rotational strength, Im [(∂µ/∂QR) · (∂m/

∂QR)], where µ and m are electric and magnetic dipole

moments, respectively. Equation 9 involves approximate per-

turbative treatments of the solvent-induced transition fre-

quency fluctuations and normal modes,42 but the

generalization including nonadiabatic effects has also been

reported.43,44 Combining the classical MD simulation with the

distributed charge model given in eq 6, one can obtain the

frequency trajectories for all amide I local modes in a given

polypeptide. Within the adiabatic approximation, the linear

response function can be calculated by using the frequen-

cy-frequency correlation functions and the IR and VCD spec-

tra of small oligopeptides and proteins were numerically

simulated.13,45

In Figure 2, the IR and VCD spectra of six different second-

ary structure model polypeptides with 21 alanine residues are

plotted. The amide I IR spectra of right-handed R-helix (RHH),

antiparallel �-strand (APB), parallel �-strand (PB), and polypro-

line II (PII) appear to be broad and featureless, whereas those

of π-helix (πH) and 3-10 helix (310H) exhibit a doublet pat-

tern. Although the latter spectra show notable peak patterns,

the amide I IR absorption spectroscopy does not provide

enough information to precisely and uniquely determine the

polypeptide secondary structure. In contrast, the VCD spectra

in Figure 2(b) are distinctively different from one another. Par-

ticularly, our results are consistent with the experimentally

measured VCD spectra of RHH and PII polypeptides exhibit-

ing (-,+,-) and (-,+) peak patterns, respectively.46 The three

extended structure polypeptides, PII, APB, and PB, show the

same (-,+) pattern, when the spectrum is read from low to

high frequency region. Therefore, the VCD technique can bet-

∆µ j ) p∑
x

(lxjRx + Lxj) (7)

∆µ j ) (F̂jDg(Q))Q0
) p

2Mjωj(∂
2Dg(Q)

∂Qj
2 )

Q0

-

p
2Mjωj

∑
i

gijj

Miωi
2(∂Dg(Q)

∂Qi
)

Q0

(8)

IIR⁄VCD(ω) ) ∫-∞

∞
dt eiωt ∑

α)1

N

Dα e-iω̄αtJα(t) (9)
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ter distinguish the helical conformations from the extended

structure than the IR absorption.

The 2D IR spectrum exhibits not only diagonal peaks

revealing amide I mode transition frequencies but also cross

peaks determined by intermode couplings that are sensitive

to detailed 3D protein structure.10,47,48 Particularly, by using

beam polarization-controlled 2D IR techniques,48 the 2D IR dif-

ference spectrum has been measured where the diagonal

peaks are selectively eliminated. It was found that the cross

peak amplitude in a given 2D IR difference spectrum is mainly

determined by the factor Φjk, defined as the product of the

two dipole strengths and angle-dependent sin2 term,8

where ej and fk denote the jth singly excited state and the kth

doubly excited, either combination or overtone, state, respec-

tively and θek,ej is the angle between the transition dipoles of

the jth and kth states. In ref 49, the above rule was used to

distinguish the parallel and antiparallel forms of �-sheet

polypeptides. Equation 10 can be an important guideline for

quantitatively describing the relative amplitudes of different

cross peaks in the secondary structure polypeptides and ubiq-

uitin spectra.8,13,49

Although the parallel-polarization 2D IR spectra, where all

the incident beam polarization directions are parallel, are not

shown here, their spectra are overall similar to one another,

while one can clearly see the differences in the 2D difference

spectra of those polypeptides in Figure 3.

First, the amplitudes of the ∆S(ωτ,ωt) spectra of RHH and πH

are much smaller than that of 310H. Second, the two cross

peaks are visible in the 310H spectrum. In the 2D IR differ-

ence spectra of the three extended structures, the cross peak

amplitudes in the PII ∆S(ωτ,ωt) spectrum are much stronger

than those of the APB and PB. The origin of the different

structure-spectrum relationships observed in Figure 3 can be

understood from detailed analyses of delocalized amide I nor-

mal modes and eq 10 which keenly reflects the polypeptide

structure.

Although the 2D IR and electronic spectroscopy based on

a stimulated photon echo measurement technique has cer-

tain advantages in terms of frequency and time resolutions

over linear spectroscopic methods, the measured signals are

not sensitive to molecular chirality in solution. Recently, novel

2D optical spectroscopic methods using circularly polarized

(CP) beams were theoretically proposed and shown to be use-

ful in measuring nonlinear optical activity of chiral molecules

in an isotropic medium.8,45,50 As VCD spectroscopic measure-

ments provide additional information such as peak signs, 2D

CP-IR photon echo spectroscopy can be a better tool for pro-

tein structure determination than 2D IR PE spectroscopy.45

Direct Calculation of Spectroscopic
Correlation Functions with QM/MM MD
QM/MM MD Simulation and Dipole Correlation
Functions. Spectroscopic properties of a molecule in solu-

tion are the consequences of incessant structural and elec-

tronic fluctuations of the solute molecule, which occur in

tandem with the solvent motions. The quantum mechanical

treatment of the solute dynamics would thus be the first step

FIGURE 2. Simulated amide I IR (a) and VCD (b) spectra of six
different secondary structure polypeptides with 21 alanine residues
in water. Reprinted with permission from ref 42. Copyright 2006
John Wiley & Sons, Inc.

Φjk ≡ |µejg
|2|µekg

|2 sin2 θek,ej
(10)

FIGURE 3. 2D IR difference spectra of six different secondary
structure polypeptides. ∆S ) S|| - 3S⊥ (S|| and S⊥ are rephasing
signals with parallel and perpendicular polarizations, respectively)
corresponds to four waves having polarization directions [0,π/3,-π/
3,0].48 Reprinted with permission from ref 42. Copyright 2006 John
Wiley & Sons, Inc.
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to extract the microscopic information from the observed spec-

tra, ahead of the full quantum mechanical inspection of the

entire solute-solvent system. The combined QM/MM meth-

od51 has thus been widely used to study reaction mecha-

nisms, thermodynamics properties, and structure of molecular

systems. The QM/MM MD method intertwines the advantages

of the QM and the MD techniques and generates a dynamics

trajectory evolving under an effective Hamiltonian

with the interaction Hamiltonian ĤQM/MM given as the sum of

Coulomb and dispersion-repulsion interactions between the

QM and MM subsystems.

We utilize the QM/MM MD method to simulate the vibra-

tional spectra of small peptides in solution with QM peptide

and MM solvent. The atomic partial charges are obtained from

the charge distributions at every time step via the Mulliken or

Löwdin population analyses. The electric dipole moment is

defined by µ(t) ) ∑jqj(t) rj(t), where qj and rj are the partial

charge and the position of the jth QM atom. Note that both qj

and rj fluctuate in time. The dipole-dipole autocorrelation

function is then Fourier-transformed to give the IR absorption

spectrum

where N0 is the number density and 〈...〉 denotes ensemble

average. Next, the VCD spectrum calculation requires the mag-

netic dipole m(t) )(1/2c)∑jqj(t) rj(t) × vj(t), where c is the speed

of light and vj is the velocity of the jth QM atom. The VCD line

shape function is the imaginary part of the Fourier-trans-

formed cross-correlation function of the electric and magnetic

dipole moments, i.e.,14,52

which is again evaluated from QM/MM MD trajectories.

Direct Simulations of IR and VCD Spectra of Small
Model Peptides. Figure 4(a) shows the simulated IR absorp-

tion spectra of NMA in H2O (black line) and N-deuterated NMA

in D2O (gray line) solution obtained using the QM/MM MD

method15 with the semiempirical AM1 approximation for the

solute and the TIP3P water model.

The amide modes spanning up to ∼4000 cm-1 are

resolved with 1 fs time step. We focus on the amide modes

below 2000 cm-1 in this Account. For comparison, the IR spec-

tra obtained with classical force field having fixed solute par-

tial charges are given in Figure 4(a)-a. The classical results

reproduce the amide band positions quite close to the exper-

imental results, but the relative intensities and the inhomoge-

neous band broadening show larger deviation. On the

contrary, the IR spectral profile in Figure 4(a)-b obtained from

the AM1/MM MD simulations agrees well with experimental

results. The relative intensities are in the order amide I-II-III,

and the amide I bandwidth of 26 cm-1 is close to the exper-

imental value of 29 cm-1.15 The band frequencies, however,

should be properly scaled to the experimental values. The dis-

crepancy in the band frequencies is expected to decrease if

the QM level and the population analysis method are

improved. The amide modes were assigned by comparing the

IR spectrum with Fourier-transformed spectra of the autocor-

relation functions of the relevant bond lengths and bending

angles. In Figure 4(a)-c, the autocorrelation function of the

CdO bond length of NMA obtained from the AM1/MM MD

simulations is Fourier-transformed to produce the correspond-

ing power spectrum. It clearly shows that the amide I mode of

NMA in water is mainly due to CdO stretching and the amide

II and III modes are due to C-N stretching and N-H in-plane

bending.

The alanine dipeptide analogue (Ac-Ala-NHMe) is a proto-

type model of optically active peptides for the study of

structure-spectrum relationship. The VCD spectra of the

dipeptide in water were simulated by Fourier-transforming the

cross-correlation function of the solute electric and magnetic

dipole moments.16 The restricted Hartree-Fock level with the

basis sets 3-21G, 6-31G, and 6-31G* for a QM solute and

Ĥeff ) ĤQM + ĤMM + ĤQM⁄MM + Ĥboundary (11)

I(ω) )
N0

2π∫-∞

∞
dt e-iωt〈µ(0) · µ(t)〉 (12)

∆I(ω) )
N0

π
Im ∫-∞

∞
dt e-iωt〈µ(0) · m(t)〉 (13)

FIGURE 4. (a) Normalized IR spectra of NMA (black) and NMAD
(gray) in aqueous solutions obtained from (trace a) classical MD
simulations, (trace b) AM1/MM MD simulations with Mulliken
charges for the solute, and (trace c) the time correlation function of
CdO bond length from the AM1/MM MD trajectories. The amide
modes of NMA are abbreviated as I, II, and III, respectively, while
those of NMAD are primed. (b) VCD spectra of alanine dipeptide
analogue in water calculated using QM/MM MD trajectory
represented by (trace a) PII, (trace b) RHH, (trace c) PB, and (trace d)
coil conformations.
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TIP3P for water was used. The fluctuating atomic partial

charges were obtained from the Löwdin population analysis.

Each MD trajectory is started at either RHH or fully extended

conformation. Trajectories dominantly populated with a sec-

ondary conformation such as PII, RHH, parallel or antiparallel

�-strand, or C7
eq are chosen to simulate the corresponding VCD

spectra in Figure 4(b). The simulated VCD spectrum with a PII-

dominant trajectory in Figure 4(b)-a is compatible with previ-

ous experimental results of polyproline peptides,53 where the

amide I and II VCD bands are negative couplets with a weak

positive peak to the high frequency region. The simulated

VCD spectrum of RHH in Figure 4(b)-b has the reverse sign pat-

tern compared to the PII spectrum and successfully reproduces

most of the salient features of experimental VCD spectra of

RHH polypeptides and proteins. The reverse sign pattern of the

amide I VCD spectra of PII and RHH is reproduced even with

relatively short trajectories. The line shape and sign patterns

of the �-strand VCD spectrum in Figure 4(b)-c are qualitatively

similar to the experimental spectra of �-sheet rich proteins.

Interestingly, we found that the simulated VCD spectra of PII,

PB, and coil conformations have qualitatively similar sign pat-

terns and spectral profiles. The amide II VCD bands, however,

are commonly overestimated in those spectra and are stron-

ger than the amide I VCD. The present study, as the first one

adopting the QM/MM MD method to simulate VCD spectra,

demonstrates that the negative couplet structures of the amide

I and II VCD spectra do not necessarily prove the dominance

of either PII or coil conformation.

2D IR Spectroscopy with Classical
Approximation and QM/MM MD Method
Classical Approximation of Electric Dipole Nonlinear
Response Function. The third order response function rele-

vant to the 2D IR spectroscopy (n ) 3 in eq 1) can be

expressed, within the electric dipole approximation, as the

ensemble-averaged nested quantum commutators involving

FIGURE 5. 2D IR absorptive spectra of CO and deuterated NMA in water clusters from QM/MM MD simulation and the classical third order
response function. (a) Contribution from the first term of the CO response function. (b) Contribution from the second term. (c) CO spectrum as
the sum of (a) and (b). (d) NMA spectrum from the entire response function.
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dipole operators at different times.11 In the classical limit, the

quantum commutators are replaced by Poisson brackets

and the response function becomes

in the canonical ensemble with density operator Feq. Here, the

Greek subscripts denote Cartesian components, µ represents

the system dipole moment and µ̇ is its time derivative. Utiliz-

ing the invariance of Poisson brackets under canonical trans-

formation and assuming that the dipole moment is a function

of particle positions only, eq 15 can be evaluated numerically

via the stability matrix of the trajectory.17,54,55 The stability

matrix computation is the critical and most time-consuming

step in this classical formalism. For computational efficiency,

the reverse trajectory obtained by changing the signs of

momenta at time t0 was used for the time evolution in t1,
while t2- and t3-evolutions were followed using the forward

trajectory.55

The classical third order response function has been

investigated using simple periodic model systems56,57 and

it is known to diverge in at least one particular direction in

the two-dimensional space spanned by t1 and t3. However,

once the chromophore is placed in liquid, the correspond-

ing classical response function is generally believed to con-

verge.58

2D IR Spectroscopy of CO and NMA in Water. R(3) in eq

15 can be shown to vanish for a harmonic oscillator as is

well-known for its quantum counterpart. This indicates that

conventional classical force fields based on harmonic

intramolecular potential might fail to produce 2D IR sig-

nal. MD simulation of an NMA in liquid water with the

OPLS-AA force field confirmed this.55 Although each of the

two terms in eq 15 produces distinctive peaks in the cal-

culated 2D IR spectra, they cancel each other and the total

signal becomes vanishingly small. Furthermore, We note

that the harmonic nature of classical intramolecular poten-

tial functions is hardly changed by the anharmonic inter-

molecular interactions. To accurately calculate the response

function, it is thus essential to employ high quality force

fields that are capable of properly describing such poten-

tial anharmonicities. For this purpose, QM/MM force fields

with semiempirical QM models could be adequate, consid-

ering the accuracy of model and the computational cost.

Figure 5 presents the 2D IR spectra of CO and deuter-

ated NMA inside a water cluster containing 400 water mol-

ecules. PM3 model for the NMA and a classical flexible

water model were employed. In Figure 5(a),(b), the two con-

tributions of R(3) in eq 15 are plotted and they produce

strong peaks of opposing sign near the CO stretching fre-

quency of 2320 cm-1. Note that the two peaks from the

first and second terms of R(3) in eq 15 are displaced by ∼4

cm-1 from each other, as shown in Figure 5(a),(b), and this

causes the doublet splitting in the total spectrum in Figure

5(c). Although the doublet peaks do not align along the ver-

tical axis, it clearly resembles the typical vertical splitting

patterns found in many experimental 2D IR spectra of a-sin-

gle-anharmonic-oscillator systems. Figure 5(d) shows the 2D

IR spectrum of deuterated NMA in heavy water. The strong

peak near 1900 cm-1 corresponds to the amide I mode. In

general, the classical response functions converge very

slowly and it would require very long sampling and fur-

ther analysis to draw firm conclusions from the spectra.

Nevertheless, the strong presence of the diagonal amide I

peak and its cross peak with the 1430 cm-1 band suggest

that this method could be quite useful when analyzing mul-

timode 2D IR spectrum.

Concluding Remarks
The computational methods presented in this Account can

be summarized by Scheme 1. The hybrid ESC/MD method

provides a reliable way to calculate 1D and 2D vibrational

spectra of specific modes with accurate fundamental vibra-

tional properties and realistic solvent effects. The direct MD

[A, B]f ip{A, B}PB (14)

Rα�γδ
(3) (t3, t2, t1) )

�Tr[{µα(t1 + t2 + t3), µ�(t1 + t2)}PB({µγ(t1), µ̇δ(0)}PB -

�µ̇γ(t1) µ̇δ(0))Feq] (15)

SCHEME 1. Schematic Chart for Computational Vibrational
Spectroscopya

a The procedure of the hybrid ESC/MD (left) and the direct classical MD (right)
methods are shown.
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method evaluates the classical analogue of the vibrational

response function and, despite being more demanding

computationally, provides vibrational spectra reflecting the

entire range of dynamical events. Since the two methods

are quite different in their strengths, they can be utilized in

a complementary way to understand vibrational spectros-

copy and uncover its potentials. In the present Account, a

few applications to amide modes of peptides and proteins

have been described.

Computational vibrational spectroscopy will continue to

advance in its methodology and to be applied to study a wide

range of chemical and biological processes. Specifically, the

hybrid method is suitably positioned to study vibrations of var-

ious marker modes of peptides and proteins. This will be of

critical use in interpreting multidimensional vibrational spec-

tra of complex molecules and provide even richer informa-

tion on protein dynamics. The direct method, with further

characterization of its classical approximation and method-

ological development, can be fruitfully used to study vibra-

tional spectra of large molecules including proteins and their

intermode interactions.
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