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The mode-specific vibrational energy relaxation of the amide I′ and amide II′ modes in NMA-d1/(D2O)n (n
) 0-3) clusters were studied using the time-dependent perturbation theory at the B3LYP/aug-cc-pvdz level.
The amide modes were identified for each cluster based on the potential energy distribution of each mode.
The vibrational population relaxation time constants were derived for the amide I′ and II′ modes. Results
for the amide I′ mode relaxation of NMA-d1/(D2O)3 agree well with previous experimental results. The energy
relaxation pathways were identified, and both intra- and intermolecular mechanisms were found to be important.
The amide II′ mode was identified in the energy transfer pathways from the excited amide I′ mode of NMA-
d1/(D2O)n (n ) 1-3) clusters. The modes associated with methyl group deformation were found to play a
role in the mechanism of energy transfer from both excited amide I′ and II′ modes. The kinetics of energy
flow in the cluster were examined by solving a master equation describing the vibrational energy relaxation
process from excited system mode as a multistep reaction with the third order Fermi resonance parameters
as the reaction rate constants. The intramolecular energy transfer mechanism was found to dominate the
short time energy flow dynamics, whereas the intermolecular mechanism was found to be dominant at longer
times.

1. Introduction

Vibrational energy relaxation (VER) is a fundamental process
essential to the relationship between protein structure and
function. While this topic has been intensely studied for
decades,1-34 fundamental questions related to the mechanism
of vibrational energy flow and dynamics in molecular systems
remain. Recent advances in theoretical and computational
methods now allow for the direct interpretation of state-of-the-
art experimental studies of vibrational dynamics at the mode-
specific level.35-37

Amide I modes, mainly the localized CdO stretching motions
of the protein backbone, have long been used as probes of
protein secondary structure.38-41 Amide I modes are also known
to play an important role in the energy transfer process in
proteins following various reactions.42 The vibrational energy
relaxation of the amide I mode in proteins has been studied,43,44

and vibrational relaxation time constants on the order of 1 ps
have been reported for proteins with varying composition of
R-helix and �-sheet structures, suggesting that the amide I mode
relaxation time scale is independent of the protein secondary
structure. In contrast, Fujisaki and Straub studied the vibrational
relaxation of isotope labeled amide I modes in cytochrome c45

and found that amide I bonds more exposed to solvent have
faster relaxation rates with varying relative contributions of
protein and water to the VER mechanism. These latter results
indicate a sensitivity of the time scale and mechanism of the
VER process to details of the surrounding environment. The
exact role of intra- versus intermolecular energy transfer in

controlling the time scale and mechanism of VER in amide I
mode in proteins remains an open question.

N-Methylacetamide (NMA) has the fundamental peptide bond
structure of the protein backbone and has been widely used as
a model for understanding the properties of proteins.46-55 The
vibrational energy relaxation of the amide I mode has been
studied employing a variety of methods.36,43,46,56 Using femto-
second two-dimensional pump-probe spectroscopy (2D-IR),
Hochstrasser and co-workers observed the vibrational relaxation
time constant of the amide I′ mode of NMA-d1 (N-H to N-D
deuterated NMA) to be 0.45 ps.43 The authors suggested that
the relaxation is dominated by intramolecular energy redistribu-
tion, arguing that the time scale is too fast to involve
intermolecular energy transfer to the solvent (which generally
occurs on a longer time scale).57 They postulated that there may
be energy transfer pathways with specific Fermi resonances and
possible energy accepting modes including amide III′, IV′, and
a NMA backbone C-C-N-C stretching motion (BS′). The
strong coupling between amide I′ and II′ modes was reported
in later experimental studies on several isotopically substituted
forms of NMA by Tokmakoff and co-workers.58 Ultrafast
subpicosecond relaxation from the amide I mode was observed,
and the relaxation was suggested to start by the exchange of
energy between amide I, amide II, and other peptide modes,
followed by slower dissipation to the bath. It was suggested
that the amide III mode may serve as the dominant energy
accepting mode from the excited amide I or II modes.

Energy transfer between the amide I′ and II′ modes of NMA-
d1 was simulated theoretically recently by Knoester and
co-workers.59,60 By consideration of the energy dissipation to
the amide II′ mode only, the vibrational energy relaxation time
constant for the amide I′ mode was found to be 0.79 ps.60 This
result is close to the experimentally determined results of 0.45
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ps for the same system,43,46 indicating that energy transfer
between the two modes forms an efficient energy transfer
pathway from the excited amide I′ mode. Opposite results were
also reported, however, in which it was found that the amide I′
mode weakly couples with internal NMA modes and direct
energy transfer to the solvent is possible.36

In this study, we applied the non-Markovian time-dependent
perturbation theory61 with density functional theory level
calculations to explore mode-specific energy transfer properties
of NMA/water clusters in order to explore the time scale and
mode-specific mechanism of the energy transfer process. All
the bath modes were explicitly considered. Our theoretical
models lead to physically reasonable predictions of the relaxation
time scales and indicate that both intra- and intermolecular
energy transfer mechanisms are essential to the mechanism of
amide I′ and II′ mode vibrational relaxation.

2. Theory and Methods

2.1. Non-Markovian Time-Dependent Perturbation Theory.
The vibrational energy relaxation rate formula61 employed in
this work is briefly summarized here. We expand the potential
energy surface with respect to the normal coordinates of the
system, qS, and bath, qR, and their frequencies, ωS and ωR, up
to third and fourth order nonlinear coupling

where HS (HB) is the system (bath) Hamiltonian and CSR� (CSSR�)
are the third (fourth) order coupling terms. From the von
Neumann-Liouville equation, a reduced density matrix for the
system mode is derived using the time-dependent perturbation
theory after tracing over the bath degrees of freedom. The
commonly employed Markov approximation, which assumes a
separation in time scales for the relaxation of the system and
bath modes, is not invoked in this theory. The final VER formula
is obtained as61

where the subscript of (FS)00 indicates the vibrational ground
state and ut (Ω) is defined as

The coefficients, C --
R� , C ++

R� , C +-
R� , C -

R , and C +
R , can be

derived from the nonlinear coupling constants CSR� and CSSR�

as61

where nR ) 1/(e�pωR - 1) is the thermal phonon number. When
the system mode is excited to the ν ) 1 state, VER is described
by the decay of the reduced density matrix element written most
simply as F11(t) ) 1 - F00(t)= exp [-F00(t)] under the cumulant
approximation. Following complete VER, it is possible that
partial or complete dissociation of the system may occur.
However, our study focuses on only the initial step in that VER
process.

2.2. Simulation Protocol. We simulated trans-N-methylac-
etamide (NMA) in vacuum and in water cluster environments.
The water molecules were placed around and about NMA
forming hydrogen bonds (HBs) with the CdO oxygen and/or
N-H hydrogen, similar to structures proposed in previous
studies.62-64 We expect that the HBs between methyl hydrogen
and water are much weaker,65,66 and such weak HBs were not
considered to be important in this work. Up to three water
molecules were involved, a small cluster but one reported
previously to represent the most essential aspects of the solvation
effect.48,65,67

In order to mimic the electronic field due to bulk solvation,
the NMA clusters with three water molecules were also studied
with the polarizable continuum solvation model (PCM), using
the integral equation formalism embedded in Gaussian 03.68

This study is focused on deuterated NMA (CH3-CO-ND-
CH3, NMA-d1, instead of CH3-CO-NH-CH3, NMA-h7) and
its D2O clusters, following previous experimental studies.43,46,58

Deuteration serves to eliminate the coupling between CdO
stretching and water bending motions. Fully deuterated NMA-
d7 clusters were also studied in order to understand the role of
the methyl groups in the VER process.

All calculations were carried out at the B3LYP/aug-cc-pvdz
level using the Gaussian03 package.68 The “verytight” SCF
convergence criterion and “ultrafine” integration grid were
applied in the calculation. The harmonic normal-mode analysis
was carried out for the optimized structure. The third and fourth
order anharmonic coupling constants were calculated using a
finite difference method.69

The system mode vibrational energy relaxation rate constants
were derived by fitting the reduced density matrix F11(t) time
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profiles. The energy transfer pathways were identified by
calculating the third order Fermi resonance parameters defined
as

where ω̃S and ωR are the frequencies of system mode and bath
mode, respectively.

3. Results and Discussions

3.1. Optimized Structure and Calculated Frequencies. The
positions of the water molecules in the geometry optimized
clusters are depicted in Figure 1. The geometry optimized
structure of NMA-d1/(D2O)3 with the PCM solvent model was
found to be similar to that without PCM and is not shown here.
The calculated structure of the isolated NMA molecule was
found to be similar to that measured from gas phase electron
diffraction.70 For example, the calculated CdO bond length is
1.229 Å compared to 1.225 Å from experiment. Addition of
water molecules to form hydrogen bonds with the NMA
carboxyl oxygen caused the CdO bond to be stretched to 1.236
Å (one water) and 1.246 Å (two waters), respectively, indicating
the weakening of the carboxyl bond. By adding a third water
to form a hydrogen bond with the N-D hydrogen, the CdO
bond was further weakened and extended to 1.249 Å. The N-D
bond was similarly extended from 1.009 Å in the isolated NMA
to 1.016 Å in NMA-d1/(D2O)3. The application of the PCM force
field shifted the bonds further to 1.256 Å for CdO and 1.023
Å for N-D bonds.

Normal-mode analysis was carried out for each optimized
structure. With the normal-mode vectors from DFT calculations,
the potential energy distribution (PED) of each mode was
calculated using the MOLVIB facility in CHARMM.71 The
internal coordinates follow Pulay’s definitions.72 The amide
modes I′-VI′ and the NMA backbone stretching motion (BS′)
were identified for isolated NMA-d1 and its clusters with three
D2O molecules (see Table 1).

The frequency of the amide I′ modes for each cluster is
summarized in Table 2. For the NMA-d1, the amide I′ frequency
was found to be 1727.9 cm-1, close to that observed in
experiment (1717 cm-1).73 With three D2O molecules hydrogen
bonded, the amide I′ frequency red-shifted to 1668.8 cm-1 in

NMA-d1/(D2O)3, consistent with the observation that the CdO
bond is weakened. With the additional PCM force field, the
frequency was further shifted to 1624.5 cm-1 in NMA-d1/
(D2O)3/PCM, in good agreement with the experimental value
of NMA-d1 in D2O solution of 1623-1626 cm-1.67,74 At the
same time, the frequency of the amide II′ mode was found to
be blue-shifted upon solvation as shown in Table 3, consistent
with previous experimental observations.67

The calculated anharmonic frequencies from the time-
dependent perturbation theory are also provided in Tables 2 and
3. The anharmonicity of the amide I′ mode was found to be
largest in NMA-d1/(D2O)1 (92.0 cm-1) and smallest in NMA-
d1/(D2O)3/PCM (35.2 cm-1), similar to previous calculations
(42.7 cm-1).48

3.2. VER of the Amide I′ Mode. Applying the time-
dependent perturbation theory described above, the vibrational
energy transfer time constant from the excited amide I′ mode
was derived for each cluster (see Table 2). The time evolution
of the initially excited density matrix element is shown in Figure
2 (left column) for the isolated NMA-d1 and the three D2O
clusters. The recurring behavior observed in some clusters is
partly due to the small size of the clusters examined in this
study.

Subpicosecond time scales were found for the VER of the
amide I′ mode in all clusters. The amide I′ mode in isolated
NMA-d1 has the slowest relaxation rate with T1 ) 0.78 ( 0.02
ps. Adding one, two, or three D2O molecules adds degrees of
freedom that may serve as vibrational energy accepting bath
modes. The VER time constants of the amide I′ mode in NMA-
d1/(D2O)3 clusters were found to be 0.48 and 0.67 ps with or
without the PCM force field, respectively, in agreement with
experimentally determined values of ∼0.45 ps.43,46 Our calcula-
tions indicate that the addition of water molecules shortens the
VER time for the amide I′ mode.

The energy transfer pathways from the excited amide I′ mode
were identified for each cluster by calculating the third order
Fermi resonance parameters rSR� using eq 12. For isolated NMA-
d1, NMA-d1/(D2O)3, and NMA-d1/(D2O)3/PCM, the calculated
third order Fermi resonance parameters rSR� of the important
VER pathways (defined as rSR� g 0.03) are depicted in Figure
3 (upper panel). The detailed values are provided in the
Supporting Information.

For isolated NMA-d1, amide III′, VI′, and the BS′ modes were
found to be the dominant energy accepting modes from the
excited amide I′ mode. The amide II′ mode was not involved
due to a poor frequency resonance. The coupling between the
amide I′ and amide II′ modes has been reported previously58

and the energy transfer between the two modes suggested.58-60

For the NMA-d1/D2O cluster with one, two, or three water
molecules, with or without the PCM force field, the amide II′
mode was found to participate in the important energy transfer
pathways from the excited amide I′ mode. The modes dressing
the amide II′ mode in these pathways consist of delocalized
bendinglike motions involving NMA and water molecules
(hydrogen bonded to CdO bond). However, there is little
deformation within each molecule. The frequencies of these
modes are on the order of 100 cm-1 and fit the frequency gap
between amide II′ mode and amide I′ mode following anhar-
monic corrections (see Table 2). Other amide modes are also
found to be involved in the important energy transfer pathways.
For the fully solvated NMA-d1/(D2O)3 cluster, amide IV′, V′,
and BS′ are involved without PCM, and amide V′ is involved
when PCM is applied. The availabilities of the NMA amide
modes and BS′ mode of NMA-d1 and NMA-d1/(D2O)3/PCM in

Figure 1. Depiction of the optimized structure of NMA/D2O clusters
at the B3LYP/aug-cc-pvdz level. The position of the solvent molecules
in the NMA/(D2O)3 cluster with the PCM solvent model is similar to
that without the PCM model (not shown here).

rSR� )
|CSR�|

p|ω̃S - ωR - ω�|� p
2ω̃S� p

2ωR� p
2ω�

(12)
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the important energy transfer pathways are summarized in Figure
4. The third order Fermi resonance parameters of all pathways
are smaller than 0.40, small relative to those found in prior
studies of mode-specific VER in porphyrin models.35,75,76

3.3. VER of the Amide II′ Mode. Similarly to those for
the amide I′ mode, the VER time scales from the excited amide
II′ modes were computed (see Table 3) and the important energy
transfer pathways identified (see Figure 5 and the Supporting
Information for details). The VER of the amide II′ mode is
predicted to have a subpicosecond relaxation time scale (with
the exception of NMA-d1/(D2O)1 which has T1 ) 1.03 ps), which
is somewhat slower than that of the corresponding amide I′ mode
in each cluster. With the addition of one, two, or three water
molecules, the VER rate increases. The amide II′ mode of NMA-
d1/(D2O)3 cluster is predicted to have a VER time constant of

0.75 ( 0.25 ps without the PCM force field and 0.82 ( 0.05 ps
in the presence of the PCM force field.

For the excited amide II′ mode of the isolated NMA-d1, the
amide III′, IV′, and the BS′ modes were involved in the
important VER pathways (see Figure 4). (The amide III′ and
BS′ modes were also found to be important to the VER from
the excited amide I′ mode.) For the excited amide II′ mode of
NMA-d1/(D2O)3 with or without the PCM force field, the BS′
mode and the amide IV′ and VI′ modes were involved in the
important VER pathways. The BS′ and amide IV′ modes were
found to be common for the energy relaxation from the excited
amide I′ and II′ modes of the cluster without the PCM force
field.

3.4. Role of Methyl Groups in VER. NMA is a small
molecule having 12 atoms, 8 of which belong to the two terminal
methyl groups (denoted as Me5 and Me6, respectively; see
Figure 1). In addition to the amide modes and the BS motion,
which are mainly associated with the peptide bond (O)C-N-D)
atoms, the two methyl groups are also involved in the VER
from the excited amide I′ and II′ modes. For example, mode
17 in the isolated NMA-d1 with frequency 1411.5 cm-1 forms

TABLE 1: Calculated Amide Modes of NMA-d1, Isolated or “Solvated” by Three Water Molecules, without or with the Bulk
Solvent PCM Correction

mode no. freq (cm-1) PEDa (%)

NMA-d1

amide I′ 23 1727.9 CO s (83), C1N s (4)
amide II′ 22 1503.9 Me6 d (49), C1N s (16), Me6 r (12), NH r (5)
amide III′ 10 929.3 NH r (60), Me5 d (18), C1N s (12), NC6 s (4)
amide BS′ 9 854.3 C1N s (29), CC s (16), Me6 r (16), NC6 s (11)
amide IV′ 8 617.5 CO r (41), CC s (32), NH d (11), CO d (5), NC6 s (5)
amide VI′ 7 608.5 CO b oop (86), Me5 r (18)
amide V′ 5 345.1 NH b oop (92)

NMA-d1/(D2O)3

amide I′ 44 1668.8 CO s (72), C1N s (13)
amide II′ 43 1519.5 C1N s (34), CC s (11), NH r (10), CO s (8)
amide III′ 28 978.0 NH r (55), Me5 r (22), C1N s (9), NC6 s (7)
amide BS′ 27 878.2 C1N s (23), CC s (18), NC6 s (12), Mr6 r (11)
amide IV′ 26 632.3 CO r (42), CC s (31), NH d (10), NC6 s (5)
amide VI′ 25 626.3 CO b oop (81), Me5 r (17)
amide V′ 24 515.4 NH b oop (75), H2O b (19), H2O t (19)

NMA-d1/(D2O)3/PCM
amide I′ 44 1624.5 CO s (59), C1N s (22)
amide II′ 43 1522.4 C1N s (31), CO s (18), CC s (13), NH r (12)
amide III′ 28 996.4 NH r (39), Me5 r (38), C1N s (7)
amide BS′ 27 881.4 C1N s (22), CC s (18), NC6 s (12), Me6 r (10)
amide IV′/VI′ 26 632.9 CO b oop (38), CO r (19), CC s (14), Me5 r (7)
amide IV′/VI′ 25 631.4 CO b oop (32), CO r (21), CC s (16), Me5 r (6)
amide V′ 24 581.4 NH b oop (59), H2O t (14), H2O b (9)

a The potential energy distribution was calculated using normal vectors computed at the B3LYP/aug-cc-pvdz level and using the MOLVIB
facility in CHARMM.71 Small contributions (<4%) are ignored. Internal coordinates follow Pulay’s definitions.72 Motions are defined as s )
stretch, d ) deformation, r ) rock, b ) bend, t ) torsion, oop ) out-of-plane. Atom indices (see Figure 1 for definition) are added when
necessary, and Me stands for the methyl group. (Me5 is the methyl group containing C5.)

TABLE 2: Calculated Harmonic Frequencies, Corrected
Anharmonic Frequencies, and VER Time Constants of the
Amide I′ Modes of the NMA/D2O Clusters

cluster
harm freq

(cm-1)
anharm freq

(cm-1) T1 (ps)

NMA-d1 1727.9 1679.0 0.78 ( 0.02
NMA-d1/(D2O)1 1704.0 1612.0 0.67 ( 0.08
NMA-d1/(D2O)2 1676.2 1591.4 0.56 ( 0.05
NMA-d1/(D2O)3 1668.8 1580.1 0.48 ( 0.05
NMA-d1/(D2O)3/PCM 1624.5 1589.3 0.67 ( 0.03
NMA-d7 1722.0 1665.1 0.93 ( 0.02
NMA-d7/(D2O)3 1658.2 1560.4 0.67 ( 0.07
NMA-d7/(D2O)3/PCM 1608.7 1562.4 0.71 ( 0.03
exptl 1717a 0.45b

1623c

1626d

a Data for NMA-d1 in the gas phase.73 b Data for NMA-d1 in D2O
solution.43 c Data for NMA-d1 in D2O solution.67 d Data for NMA-d1

in D2O solution.74

TABLE 3: Calculated Harmonic Frequencies, Corrected
Anharmonic Frequencies, and VER Time Constants of the
Amide II′ Modes of the NMA/D2O Clusters

cluster
harm freq

(cm-1)
anharm freq

(cm-1) T1 (ps)

NMA-d1 1503.9 1588.4 0.81 ( 0.35
NMA-d1/(D2O)1 1502.3 1518.5 1.03 ( 0.19
NMA-d1/(D2O)2 1513.7 1500.8 0.88 ( 0.12
NMA-d1/(D2O)3 1519.5 1444.5 0.75 ( 0.25
NMA-d1/(D2O)3/PCM 1522.5 1500.7 0.82 ( 0.05
NMA-d7 1445.3 1427.7 0.89 ( 0.03
NMA-d7/(D2O)3 1499.6 1407.3 0.75 ( 0.26
NMA-d7/(D2O)3/PCM 1511.0 1488.6 0.81 ( 0.04
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the most important VER pathway (with the largest third order
Fermi resonance parameter) with mode 4 from the excited amide
I′ mode. That single mode is predicted from PED analysis to
have 74% contribution from the Me6 deformation motions,
whereas mode 12 with frequency 1035.6 cm-1, involved in the
second most important VER pathway for the excited amide I′
mode, is predicted to have 70% contribution from Me5
deformation. Similar methyl group deformation motions with
frequencies 1000-1100 cm-1 (modes 29-32) or 1400-1500
cm-1 (mode 38-42) were identified in the most important VER
pathways for the excited amide I′ modes of NMA-d1/(D2O)3

clusters (see Figure 3). These methyl motions were also involved
in the VER pathways for the excited amide II′ modes (see Figure
5)

To have a better understanding of the role of the methyl
groups in the VER process, the fully deuterated NMA-d7 and
its clusters with three D2O molecules were studied. The
identified amide modes are summarized in Table 4. The derived
VER time scales for the excited amide I′ modes and amide II′
modes are summarized in Tables 2 and 3, respectively. The
important VER pathways were identified and the third order
Fermi resonance parameters plotted in Figure 3 (lower panel)
and Figure 5 (lower panel), respectively. The detailed values
are included in the Supporting Information.

Upon deuteration of the methyl groups, the frequencies of
the amide I′ mode were red-shifted by ∼6 cm-1 for the isolated
NMA and ∼10 cm-1 (∼16 cm-1) for the three water clusters
without (with) PCM force field. The red-shift for the amide II′
mode is more significant for the isolated NMA (>50 cm-1). The
shift is computed to be ∼20 cm-1 for the three water cluster
without PCM force field, and ∼11 cm-1 with PCM applied,
similar to the three water clusters of NMA-d1. Frequencies of
other modes are also affected (see Tables 1 and 4).

For the VER of the excited amide I′ mode, it was found to
be slower in the fully deuterated NMA-d7 clusters (see Table
2), consistent with previous observations.37 The VER of the
excited amide II′ mode is also slower in isolated NMA-d7 than
in NMA-d1, whereas its three water clusters have VER rates
similar to the corresponding NMA-d1 clusters (see Table 3).
Due to the frequency shifts relative to NMA-d1 complexes, the
bath modes involved in the VER pathways of NMA-d7 show
differences. For the isolated NMA-d7, the amide II′ mode as
well as amides III′, IV′, and BS′ are involved in the essential
VER pathways (see Figure 4). The amide II′ mode is found to
combine with mode 4, associated with N-D and CdO
deformation motions. Amide III′, dressed by the BS′ mode,
forms the most important VER pathway for the excited amide
I′ mode. For the NMA-d7/(D2O)3 clusters, the amides II′, IV′
V′, and BS′ are involved in the important energy transfer
pathways in the absence of the PCM force field, whereas amides
V′, VI′, and BS′ are involved when PCM is applied.

The frequencies of modes associated with methyl group
deformation motions were shifted to 800-900 cm-1 (modes

Figure 2. Time evolution of the initially excited density matrix element
F11 for the amide I′ mode of isolated NMA-d1 and NMA-d1/(D2O)3

clusters (left column) and isolated NMA-d7 and NMA-d7/(D2O)3 clusters
(right column). The simulation data are shown as points, and the single
exponential fit to the initial decay is shown as a solid line. The fitted
time constants are summarized in Table 2. For each cluster, the
calculated third order Fermi resonance parameters of the important VER
pathways are plotted in Figure 3.

Figure 3. Calculated third order Fermi resonance parameters rSR� of the important VER pathways (defined as rSR� g 0.03) for the amide I′
mode in isolated NMA-d1 and NMA-d1/(D2O)3 clusters (upper panel) and isolated NMA-d7 and NMA-d7/(D2O)3 clusters (lower panel).
(Detailed values are provided in the Supporting Information.) The x and y axes are the indices of the bath modes. The fitted time constants
are summarized in Table 2.
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27-29 for the three water clusters) and 1000-1100 cm-1

(modes 32-38 for the three water clusters). These methyl group
deformation modes are still involved in the VER pathways for
the excited amide I′ modes but combine with different partners
when compared to NMA-d1 clusters. This indicates the essential
role of these modes to the VER mechanism, whereas those
modes dressing them serve to fit the frequency gap to satisfy
the resonance condition. As energy accepting modes, the methyl
groups in NMA-d7 clusters are slightly less important relative
to NMA-d1 clusters, as indicated by slightly smaller third order
Fermi resonance parameters for the pathways of NMA-d7

clusters (see Figure 3). Similar properties were observed for
bath modes important to the VER mechanism for the excited
amide II′ modes.

For NMA-d7/(D2O)3 clusters, with or without the PCM force
field, the energy transfer rate of the excited amide I′ mode is
faster than that of the excited amide II′ mode. This prediction
is in qualitative agreement with the experimental results of
Tokmakoff and co-workers.58 In their study, the opposite trend
was found for NMA-h7 in DMSO where the VER rate is faster
for the amide II mode primarily due to a slowing of the amide
I mode VER. In an effort to explore the mechanism underlying
this observation, the NMA-h7 and its three H2O clusters were
studied in this work. The identified amide modes are sum-
marized in Table 5. The amide I mode is found to couple with
the H2O bending motions in these complexes. In NMA-h7/
(H2O)3/PCM cluster, the amide I and II modes each split into
two modes, labeled as 44 and 43 or 42 and 41, respectively.
Due to this strong coupling, the predictions of the perturbation
theory are unreliable. Direct calculations considering DMSO
as the solvent may explain the surprising result that amide II
mode relaxes faster than amide I mode.

3.5. Intra- and Intermolecular VER Mechanisms. In
agreement with prior studies, our results indicate that intramo-
lecular energy transfer plays an essential role in the vibrational
energy relaxation of the amide I′ and amide II′ modes. The
energy accepting modes include those associated with the
O)C-N-D peptide bond as well as those associated with
methyl group vibration.

Importantly, and in contrast to prior studies, our results
indicate an important role for motions associated with water
molecules in the mechanism of energy transfer. One example
is the sub-100 cm-1 mode dressing the amide II′ motion and
thereby assisting energy relaxation from the excited amide I′
mode in NMA-d1/D2O clusters. In addition to PED, an alterna-

Figure 4. Graphic depiction of the energy transfer to the NMA amide modes and backbone stretching (BS) mode from the excited amide I′ and
II′ modes of NMA-d1, NMA-d1/(D2O)3/PCM, NMA-d7, and NMA-d7/(D2O)3/PCM, and the amide I and II modes of NMA-h7. Only those modes
involved in the essential energy transfer pathways are included.

Figure 5. Calculated third order Fermi resonance parameters rSR� of the essential VER pathways for the amide II′ mode in isolated NMA-d1 and
NMA-d1/(D2O)3 clusters (upper panel) and isolated NMA-d7 and NMA-d7/(D2O)3 clusters (lower panel). (Detailed values are provided in the Supporting
Information.) The x and y axes are the indices of the bath modes. The fitted time constants are summarized in Table 3.

Figure 6. NMA contribution to the norm for each mode of NMA-d1/
(D2O)3/PCM (up to the amide I′ mode, filled box) and the inverse
participation ratio, 1/R, of each mode (shown as points to the right
axis). Both solute (NMA) and solvent (D2O) motions are involved in
the essential energy transfer pathways, and most accepting modes are
predicted to be delocalized.
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tive quantitative measure, the norm contribution from the NMA
molecule, LNMA, was calculated for each mode of the NMA-
d1/(D2O)3/PCM cluster as shown in Figure 6 (up to the amide
I′ mode). A contribution of 1.0 (0.0) indicates the mode is
localized in the NMA (water) molecule. Modes 40, 41, and 43,
which are involved in key energy transfer pathways from the
amide I′ mode, are strongly localized in the NMA molecule,

whereas modes such as 7 and 8 are more delocalized and include
significant contribution from water motions.

Direct energy transfer to the solvent is one possible reason
that faster VER rates of the amide I′ and II′ modes are observed
for clusters with increasing numbers of water molecules. Master
equations have been used to study the vibrational energy flow
process.75,77 By considering (1) the initially excited system mode

TABLE 4: Calculated Amide Modes of NMA-d7, Isolated or “Solvated” by Three Water Molecules, without or with the Bulk
Solvent PCM Correction

mode no. freq (cm-1) PEDa (%)

NMA-d7

amide I′ 23 1722.0 CO s (85), CO d (4), C1N s (4)
amide II′ 22 1445.3 C1N s (50), NH r (15), NC6 s (12), CC s (9), CO r (9)
amide III′ 13 932.8 NH r (33), NC6 s (20), Me5 d (10), Me6 d (10)
amide BS′ 9 731.5 Me6 r (35), C1N s (22), Me5 r (16), NC6 s (7), CC s (6)
amide IV′ 8 563.3 CO r (37), CC s (30), CO d (6)
amide VI′ 7 536.0 CO b oop (61), Me5 r (38)
amide V′ 5 339.3 NH b oop (91)

NMA-d7/(D2O)3

amide I′ 44 1658.2 CO s (78), C1N s (11), CO d (4)
amide II′ 43 1499.6 C1N s (50), NH r (14), CC s (12), CO r (9), NC6 s (9)
amide III′ 31 954.0 NC6 s (26), NH r (22), Me5 d (14), Me6 d (11), CC s (8)
amide BS′ 27 753.2 Me6 r (37), C1N s (17), Me5 r (16), NC6 s (9), CC s (5)
amide IV′ 26 580.3 CO r (36), CC s (30), NH d (5), CO d (5)
amide VI′ 25 559.9 CO b oop (44), Me5 r (26), NH b oop (16)
amide V′ 24 502.7 Nh b oop (56), H2O b (29), Me5 r (13)

NMA-d7/(D2O)3/PCM
amide I′ 44 1608.7 CO s (70), C1N s (19), CO d (4)
amide II′ 43 1511.0 C1N s (44), NH r (14), CC s (13), CO s (9), CO r (8)
amide III′ 31 959.1 NC1 s (25), Me5 d (18), NH r (15), Me6 d (14),CC s (7)
amide BS′ 27 755.6 Me6 r (36), Me5 r (17), C1N s (16), CO r (8), NC1 s (8)
amide V′ 26 601.7 NH b oop (54), H2O t (20), CO b oop (11), H2O b (10)
amide IV′ 25 580.0 CO r (35), CC s (29), CO d (6), NC1 s (5), NH d (5)
amide VI′ 24 532.4 CO b oop (43), Me5 r (34), NH b oop (11), Me5 t (4)

a See notes in Table 1.

TABLE 5: Calculated Amide Modes of NMA-h7, Isolated or “Solvated” by Three Water Molecules, without or with the Bulk
Solvent PCM Correction

mode no. freq (cm-1) PEDa (%)

NMA-h7

amide I 23 1732.5 CO s (81), CO d (4)
amide II 22 1560.3 NH r (45), C1N s (23), Me6 r (11), NC6 s (5)
amide III 15 1265.4 C1N s (28), NH r (28), CC s (9), CO r (8), Me5 d (6)
amide BS 10 988.2 Me5 r (56), CC s (21), NC6 s (7), CO s (4)
amide VI 8 627.4 CO b oop (79), Me5 r (15), NH b oop (6)
amide IV 7 621.0 CO r (40), CC s (33), NH d (10), NC6 s (6)
amide V 6 456.1 NH b oop (79), Me6 t (16), Me5 r (3)

NMA-h7/(H2O)3

amide I 44 1679.3 CO s (49), HOH b (27), C1N s (7)
amide II 40 1597.6 NH r (52), C1N s (28), CO r (5)
amide III 33 1324.2 NH r (27), C1N s (26), Me5 d (17), CC s (7), CO r (6)
amide BS 27 888.9 C1N s (24), CC s (17), Me6 r (16), NC6 s (9), CO r (8)
amide V 26 733.0 NH b oop (57), H2O t (18), H2O b (17), CO b oop (13)
amide IV 24 635.9 CC s (41), H2O b (28), CO r (27), NH d (10)
amide VI 22 600.5 CO b oop (57), OB b oop (13), Me5 r (13)

NMA-h7/(H2O)3/PCM
amide I 44 1637.3 HOH b (50), CO s (26), NH r (7)

43 1631.7 NH r (34), HOH b (29), CO s (21)
amide II 42 1626.1 HOH b (60), C1N s (13), CO s (6), NH r (6)

41 1614.8 HOH b (27), C1N s (23), NH r (17), CO s (9)
amide III 33 1341.3 Me5 d (30) C1N s (23), NH r (19), CO s (7), CC s (5)
amide BS 27 892.4 C1N s (22), CC s (18), Me6 r (12), NC6 s (9), CO r (8)
amide V 26 824.2 Nh b oop (59), H2O t (32)
amide IV 24 634.1 H2O b (72), CO r (39)
amide VI 22 612.2 CO b oop (69), H2O b (28)

a See notes in Table 1.
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to be the reactant, (2) the VER process to be a multistep reaction,
and (3) the third order Fermi resonance parameters to be
proportional to the mode-to-mode energy flow rate constants, a
coarse-grained picture of the VER kinetics was provided by
solving a master equation for energy relaxation in the isolated
NMA-d1 and NMA-d1/(D2O)3/PCM cluster. Considering only
the transfer of population from high frequency modes to low
frequency modes A f B + C with frequencies ωA > ωB and
ωA > ωC, the master equation was defined as

with P being the population of each mode and the rate
coefficients approximated as

where rijk are the third order Fermi resonance parameters.
The third order Fermi resonance parameters rijk for each mode

i were calculated from the harmonic frequencies and third order
anharmonic coupling constants using eq 12. With the boundary
condition P(S) ) 1 and P(R) ) 0 at t ) 0, eq 13 was solved for
each cluster with the amide I′ mode as reactant and the lowest
frequency mode as the final product. The energy E(i) ) P(i) ×
pω(i) was calculated for each mode i at a given time t.

While not a true kinetic equation with a well defined time
scale, this model provides insight into the overall mechanism
of vibrational energy flow and the competition between intra-
and intermolecular energy transfer. The relaxation of the amide
I′ modes are predicted to follow a single exponential decay with
time constants of 0.866 (arbitrary time units) for the isolated
NMA-d1 and 0.262 for NMA-d1/(D2O)3/PCM, respectively. The
time evolution of the energy decay is shown in Figure 7 (top)
together with the energy evolution of the amide modes and the
BS′ mode (middle and bottom panels, respectively). With D2O
molecules included in the clusters, the energy flow is more
efficient in NMA-d1/(D2O)3/PCM than in the isolated NMA-
d1. Results for NMA-d1/(D2O)3 (not shown here) were found
to be similar to NMA-d1/(D2O)3/PCM.

The energy of each mode can be divided into two parts, the
NMA molecule and the surrounding D2O. We calculated the
relative contributions to the energy relaxation due to each
subsystem by summing the product of the energy, Ei, and norm
contributions, Li, of each mode i at a given time t, ENMA(t) )
∑iEi(t) × Li, NMA for the NMA molecule and ED2O(t) ) ∑iEi(t)
× Li, D2O for the water molecules, respectively, over all modes.
For NMA-d1/(D2O)3/PCM, the results are shown in Figure 8.
The excited amide I′ mode and all higher frequency modes are
excluded from the summation. Note that the total energy is not
conserved due to the inclusion of nonresonant energy transfer
with significant frequency mismatch, in agreement with the
predictions of the time-dependent perturbation theory.

The inset of Figure 8 provides the long time behavior of the
energy distribution between NMA and the surrounding water
molecules. For this small system, the “reaction” is complete
after t ) ∼100, and the final energy distribution is determined
by the lowest frequency mode (mode 1), which is predicted to
have a significant contribution from water molecules (see Figure

6). Note that this energy distribution is different from the
ensemble averaged energy distribution of a system at thermal
equilibrium. At short times, the energy of the accepting modes
localized within the NMA molecule increases faster than the

∂P
∂t

) RP (13)

Rij ) ∑
k

rjik for j > i (14)

Rii ) -∑
j<i

∑
kej

rijk (15)

Figure 7. Evolution of energy flow from the initially excited amide I′
mode calculated for the NMA-d1/(D2O)3/PCM cluster by solving a
master equation. Top, relaxation of the amide I′ mode; middle, evolution
of the energy of the amide II′-VI′ modes and the BS′ mode of NMA-
d1; bottom, evolution of the energy of the amide II′-VI′ modes and
the BS′ mode of NMA-d1/(D2O)3/PCM. Results indicate that inclusion
of solvent molecules in the cluster accelerates the energy transfer
process. Similar behavior was observed for the VER process for the
amide II′ mode (not shown here).

Figure 8. Evolution of the vibrational energy flow of the amide I′
mode, the NMA molecule, and the water molecules calculated for the
NMA-d1/(D2O)3/PCM cluster by solving a master equation model for
the initially excited amide I′ mode. The excited amide I′ mode and all
higher frequency modes are excluded from the energy calculated for
the NMA molecule (see text for calculation details). The asymptotic
behavior is shown in the inset. Initially, the energy flow is dominated
by intramolecular mechanisms with intermolecular mechanisms playing
a dominant role at longer times. Similar behavior was observed for the
VER process for the amide II′ mode (not shown here).
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energy of modes localized within the water molecules, indicating
that the intramolecular energy transfer mechanism is dominant.
From t ) 0.70, the overall energy in the NMA molecule starts
to decrease whereas the energy in the water molecules continues
to increase, suggesting that the intermolecular energy transfer
mechanism begins to dominate the energy transfer process. After
t = 3.0, the water molecules have more energy than NMA. The
same analysis was carried out for the excited amide II′ mode,
and similar results were obtained, indicating that energy first
flows from the excited amide II′′ modes to accepting modes
localized within NMA, followed by energy flow to the solvent.

The participation ratio is a measure of the delocalization of
a normal mode78 and defined as Ri ) ∑jUij

4, where Uij represents
the matrix of eigenvectors and the sum runs over all 3N degrees
of freedom of the system with N atoms. The value of 1/Ri

corresponds to the number of atoms participating in the ith
mode. The computed 1/Ri values for the NMA-d1/(D2O)3/PCM
cluster are plotted in Figure 6 as points. For most modes, 1/R
has values larger than 6.0, 6 of which are larger than 12.0,
including mode 8, which was found in the dominant energy
transfer pathways for both the excited amide I′ and II′ modes.
The contribution of both intra- and intermolecular energy
transfer pathways and the delocalization of the bath modes
results in efficient energy relaxation from the excited amide I′
and II′ modes.

4. Summary and Conclusions

We have provided a picture of mode-specific vibrational
energy relaxation of the amide I′ and amide II′ modes in isolated
NMA-d1 and its hydrogen bonded D2O clusters (up to three
D2O molecules) derived from time-dependent perturbation
theory61 and quantum chemical calculation at the B3LYP/aug-
cc-pvdz level. The polarizable continuum solvent model of water
was applied to the NMA-d1/(D2O)3 cluster to mimic the
electrostatic force field due to bulk solvation. The calculated
harmonic frequencies of the amide I′ mode, 1727.9 cm-1 for
NMA-d1 and 1624.5 cm-1 for NMA-d1/(D2O)3/PCM, respec-
tively, agree well with the experimentally measured values (1717
cm-1 for NMA-d1 in gas phase73 and 1623 cm-1 for NMA-d1

in D2O solution),67 and the solvation-induced shift in the amide
I′ mode frequency was reproduced in our calculations, support-
ing the accuracy of our treatment of the ground-state potential
energy surface.

The energy transfer time constants were derived for the amide
I′ and II′ modes in each cluster, and ultrafast subpicosecond
time scales were obtained. The results for NMA-d1/(D2O)3 (0.48
( 0.05 ps) and NMA-d1/(D2O)3/PCM (0.67 ( 0.03 ps) agree
with the experimentally determined value of 0.45 ps.43,46 Energy
relaxation from the excited amide II′ modes was found to be
slightly slower than the corresponding amide I′ mode in each
cluster.

The important energy transfer pathways from the excited
amide I′ and amide II′ modes were identified for each cluster
by calculating the third order Fermi resonance parameters. As
indicated in eq 12, important energy transfer pathways are those
having strong coupling (large CSR�) and good frequency match
(small |ω̃S - ωR - ω�|) with the excited system mode. The
amide II′ mode was not found to participate in the mechanism
of energy transfer from the amide I′ mode of the isolated NMA-
d1. However, the amide II′ mode was found to be involved in
energy transfer from the amide I′ mode of the NMA-d1/(D2O)n

(n ) 1-3) clusters when dressed by a low frequency (100 cm-1)
delocalized mode associated with the relative motion of the
NMA and D2O molecules. Other amide modes were found to

be involved in the energy transfer pathways from the excited
amide I′ and II′ modes. Two groups of methyl deformation
motions, having frequencies 1000-1100 and 1400-1500 cm-1,
were found to be important to the mechanism of energy transfer
from the excited amide I′ and II′ modes.

In addition to intramolecular energy transfer mechanisms,
intermolecular energy transfer to the solvating water molecules
was also predicted to be important for the excited amide I′ and
II′ modes. By solving an ad hoc master equation, modeling the
VER process as a multistep reaction where the third order Fermi
resonance parameters serve as approximate mode-to-mode
energy flow rate constants, it was found that the energy flow in
NMA is faster when it is hydrogen bonded to water molecules
than in vacuum. This enhancement in the rate of energy flow
results from direct energy transfer to the solvent molecules. This
analysis combined with our more quantitative assessment of
mode-specific energy transfer rates lead to an overall picture
of energy transfer dominated by intramolecular energy transfer
at short times with intermolecular energy transfer playing a
dominant role at the longer times. Given the limitations of our
theoretical model, the connection to experiments performed in
bulk solvent is limited. Nevertheless, our study does provide
insight into VER in isolated NMA and the effect of limited
“solvation” on the VER process.
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