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The mode-specific vibrational energy relaxation �VER� of the iron-protoporphyrin IX �the heme�
was studied using a non-Markovian time-dependent perturbation theory at the UB3LYP/6-31G�d�
level. The derived VER time constants of the excited �4 and �7 modes, 1.2�0.1 and 2.1�0.1 ps,
respectively, agree well with previous experimental results for MbCO �1.1�0.6 ps for the �4 mode
and 1.9�0.6 ps for the �7 mode�. The energy transfer pathways from the excited �4 and �7 modes
were identified. The different symmetries of the �4 and �7 modes are reflected in distinct relaxation
pathways. No direct energy transfer between the �4 and �7 modes was observed. The overtone of the
�350 cm−1 iron out-of-plane �7 mode was observed to be strongly coupled to the �7 mode and
essential to its relaxation. The two isopropionate side chains of the heme were found to play an
essential role in the VER mechanism for both �4 and �7 modes, providing the mode-specific level
explanation to previous observations. Comparison of the results for VER in iron porphine �FeP� to
results for the imidazole-ligated porphine model �FeP-Im� demonstrates that the axial Im ligand has
little effect on the �4 or �7 mode relaxation processes. By considering the VER process as a
multistep reaction and the third order Fermi resonance parameters the reaction rate constants, the
VER kinetics of FeP was examined by solving the master equation. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3086080�

I. INTRODUCTION

Efficient dissipation of excess energy following chemi-
cal reaction is essential to the maintenance of protein struc-
ture and the enhancement of protein function. In myoglobin
�Mb� or hemoglobin �Hb�, ligand dissociation can occur
when the ligand-heme complex absorbs a visible or UV pho-
ton. Photodissociation can cause vibrational excitation of the
ligand, the heme, and the surrounding residues.1,2 The iden-
tification of the time scales and mechanisms of vibrational
energy relaxation �VER� that follow such events is an essen-
tial component of any detailed understanding of the ultrafast
conformational changes associated with protein function. As
a result, this topic has been the focus of intense experimental
and theoretical studies for over 30 years.3–24

Anfinrud et al. observed that the heme cooling process in
Mb following ligand photodissociation follows a single-
exponential decay with a time constant of 6.2�0.5 ps.25 A
similar heme cooling rate with time constant �5.9 ps was
derived from molecular dynamics simulations by Sagnella
and Straub.26 Bu and Straub further explored the heme cool-
ing mechanism through direct classical molecular dynamics
simulations of myoglobin mutants and variants designed to
disrupt the heme protein coupling by replacing the ligating
proximal His93 with Gly or the heme solvent coupling by
deleting the acidic heme side chains. In H93G mutated myo-

globin, a single-exponential process of heme cooling with a
time constant of 5.9 ps was observed, identical to the heme
relaxation in the native myoglobin.27 In the Mb variant, in
which the two isopropionate side chains are replaced by ali-
phatic hydrogens, the relaxation time constant increased to
8.8 ps. The strong interaction between the isopropionate side
chains and solvent was conjectured to be the dominant path-
way for heme cooling.27 This conjecture was supported by
subsequent experimental studies on the H93G mutant and
similar modified heme variants of myoglobin.28–30 The de-
tailed interaction between the heme isopropionate side chains
and solvent was examined recently through classical molecu-
lar dynamics simulation of myoglobin in various polar and
nonpolar solvents.31

Using time-resolved resonance Raman spectroscopy,
Kitagawa and co-workers monitored the mode-specific be-
havior of heme vibrational relaxation following ligand
dissociation.32–35 The decay time constants of the highly ex-
cited �4 and �7 modes following the ligand photodissociation
reaction were found to be 1.1�0.6 and 1.9�0.6 ps, respec-
tively, implying a thermal decay of the heme within 2 ps,34,35

faster than the heme cooling rate reported previously. Similar
mode-specific properties were observed for metalloporphy-
rins models.36–41

In previous work,42 using the time-dependent perturba-
tion theory and density functional theory, we studied the
mode-specific VER in a five-coordinate ferrous iron porphy-
rin model �FeP-Im�, designed to mimic the photodissociated
heme moiety in myoglobin. An imidazole ligand was in-
cluded in the model but no side chains were involved. The
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VER pathway modes identified for the relaxation of the �4

and �7 porphyrin in-plane motions are primarily porphyrin
out-of-plane �oop� motions. The modes associated with imi-
dazole ligand displacement were found to be key to the
transfer of localized heme excitation to the functionally im-
portant motions underlying protein global structural change.

In this work, we extend our mode-specific study to iron-
protoporphyrin IX �the heme� in an attempt to mimic the
active site of myoglobin and address the role of side chains
in the VER of the excited �4 and �7 modes. While axial
modes are clearly of functional importance, our study indi-
cates that axial modes do not play an essential role in the
relaxation of the �4 and �7 modes.42 Modes associated with
the isopropionate side chains are of lower frequency and
more directly coupled to lower frequency bath modes than
the higher frequency axial modes. Our results strongly sup-
port past work suggesting an essential role of the isopropi-
onate side chains in the relaxation process. The energy flow
within the porphyrin model from the initially excited �4 and
�7 modes was examined by solving a master equation lead-
ing to the conclusion that the energy equilibration within the
heme is slow in comparison with the rapid relaxation of the
directly excited �4 and �7 vibrations.

II. THEORY AND METHODS

A. Non-Markovian time-dependent perturbation
theory

The VER rate formula43 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, q�, and their frequencies, �S and ��, up to third and
fourth order nonlinear couplings,

H = HS + HB − qS�F + qS
2�G , �1�
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2
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where HS �HB� is the system �bath� Hamiltonian and CS��

�CSS��� 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 as43
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The coefficients, C−−
��, C++

��, C+−
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�, and C+
�, can be derived

from the nonlinear coupling constants CS�� and CSS��.43

When the system mode is excited to the �=1 state, VER is
described by the decay of the reduced density matrix ele-
ment, which is written most simply as �11�t�=1−�00�t�
�exp�−�00�t�� under the cumulant approximation.

B. Simulation procedure

The four-coordinate iron porphyrin model iron-
protoporphyrin IX �the heme�, an iron porphyrin with eight
side chains including two isopropionate groups, and the four-
coordinate iron porphine �FeP�, the iron porphyrin without a

FIG. 1. �Color online� Depiction of the optimized structure of iron-
protoporphyrin IX �the heme� and iron porphine �FeP� at the
UB3LYP/6-31G�d� level. The four pyrrole rings of the heme, A, B, C, and
D, are labeled. The core sizes, the distances between Fe and pyrrole N
atoms, were found to be 1.995 Å for the heme and 1.988 Å for FeP.
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FIG. 2. �Color online� The calculated displacements of the heme porphine
heavy atoms relative to the porphine plane defined by the four nitrogen
atoms �with origin centered on the Fe atom� ordered as the iron, pyrrole
nitrogens, pyrrole carbons �A, B, C, and D as shown in Fig. 1�, and methine
carbons. The displacements derived from deoxyMb and MbCO crystal struc-
tures �PDB entries 1BZP �Ref. 50� and 1MBC �Ref. 51�� are noted.
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side chain or ligand, were studied. Each structure was opti-
mized to its ground triplet state44,45 at the UB3LYP/6-31G�d�
level using the GAUSSIAN03 package.46 The “verytight” self-
consistent field convergence criterion and “ultrafine” integra-
tion grid were applied in the calculation. The harmonic nor-
mal mode analysis was carried out for the optimized
structure. The third and fourth order anharmonic coupling
constants were calculated using a finite difference method.47

The system mode VER rate constants were derived by
fitting the initial decay �due to the limitation of applying the
cumulant approximation48� of the reduced density matrix
�11�t� time profiles. The energy transfer pathways were iden-
tified by calculating the third order Fermi resonance param-
eters defined as

rS�� =
CS��

	�̃S − �� − ��
� 	

2�̃S

� 	

2��

� 	

2��

, �8�

where �̃S and �� are the frequencies of system mode and
bath mode, respectively.

The geometrical overlap of the system mode S and bath
modes � and � was calculated following Kidera’s
definition,49

G3�S,�,�� = �
i=1

Natom

mi
3/2viSvi�vi� , �9�

where Natom is the number of atoms in the molecule, mi is the
mass of atom i, and vi� is the calculated eigenvector for
mode � and atom i. Large values of G3 imply strong spatial
overlap of the system and designated bath modes.

III. RESULTS AND DISCUSSIONS

A. Calculated structure and frequencies of the heme

The optimized heme structure is depicted in Fig. 1. The
displacement of each porphine core �porphyrin without the
side chains� heavy atom relative to the porphyrin plane de-
fined by the nitrogen atoms is shown in Fig. 2 along with
those derived from deoxyMb and MbCO crystals �Protein
Data Bank �PDB� entries 1BZP �Ref. 50� and 1MBC �Ref.
51�, respectively�. The calculated porphine core is almost
planar whereas the hemes in the crystal structure are dis-

torted due to the interaction with the protein residues. Rela-
tive to the six-coordinate MbCO, the calculated heme struc-
ture is closer to the deoxyMb crystal with the exception of
the iron and the carbon atoms in pyrrole C. The “core size”
of the calculated heme, defined as the average distance be-
tween Fe and pyrrole N atoms, is 1.995 Å, similar to MbCO
�2.005 Å� and smaller than deoxyMb �2.057 Å� �Ref. 50� due
to the fact that the iron resides in the porphyrin plane.

Three modes �4, �7, and �7 were treated as the excited
system mode independently. The calculated normal modes
147 and 73 were assigned as the �4 and �7 modes, respec-
tively. Both �4 and �7 modes are porphyrin in-plane motions.
The �7 mode, associated with methine wagging and Fe-oop
motion, was identified as mode 47 of the heme. It was found
to couple strongly with the �7 mode in the previous study of
imidazole-ligated ferrous iron porphyrin �FeP-Im�.42 The fre-
quencies of the three system modes, 1414.1, 697.6, and
351.1 cm−1, respectively, are summarized in Table I.

B. VER of the excited system modes of the heme

Applying the time-dependent perturbation method, the
VER time constants were found to be 1.2�0.1 ps for the
excited �4 mode and 2.1�0.1 ps for the �7 mode. These
values agree with the experimentally determined values for
heme in MbCO following photodissociation of CO observed
by Mizutani and Kitagawa �1.1�0.6 ps for �4 mode and
1.9�0.6 ps for �7 mode�.33 This is consistent with the fact
that the heme is a relatively isolated moiety in the protein
and indicates that the weak couplings through the van der
Waals contacts between the heme and protein residues make
a limited contribution to heme cooling. The time evolution of
the excited density matrix element is shown for each mode in
Fig. 3 �upper panel�. The VER time constant for the excited
�7 mode was found to be 17.0�4.5 ps.

The energy transfer pathways from each excited system
mode were identified by calculating the third order Fermi
resonance parameters rS�� using Eq. �8�. The important en-
ergy transfer pathways, defined as rS���0.05, are shown in
Fig. 4 for the �4, �7, and �7 modes. Consistent with previous
studies,42,49 a large geometrical overlap was found for each

TABLE I. Summary of system mode frequencies �harmonic and corrected anharmonic�, the VER time con-
stants, and the assignments studied for iron-protoporphyrin IX �the heme� and iron porphine �FeP�.

Mode No.

Frequency
�cm−1�

T1

�ps�

AssignmentHarmonic ��S� Anharmonic ��̃S� Simulation Expt.a

Heme
147 1414.1 1414.0 1.2�0.1 1.1�0.6 �4

73 697.6 699.8 2.1�0.1 1.9�0.6 �7

47 351.1 353.2 17.0�4.5 �7

FeP
78 1403.3 1398.2 2.1�0.2 �4

34 739.6 735.5 3.6�0.4 �7

15 360.8 362.1 28.6�14.2 �7

aData for carboxy Mb �Ref. 33�.
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system mode and bath modes found to be essential to the
energy transfer pathways. �The results are summarized in the
supplemental material.52�

By adding the side chains, the size of the model system
�75 atoms� was nearly doubled over FeP-Im �46 atoms�. The
additional degrees of freedom and bath modes result in ad-
ditional important energy transfer pathways for each excited
system mode in the heme. This trend is clear for the excited
�7 mode, which has several pathways with rather large rS��

values due to strong resonance, different from FeP-Im where
only one important VER pathway was identified. All bath
modes were found to couple weakly with the �7 mode as
indicated by the small third order coupling constant CS��

�see Fig. 4�.
Similar to FeP-Im, no direct energy transfer from the �4

mode to the �7 mode was observed in the heme. While the
frequency of the �4 mode �1414.1 cm−1� is nearly in 2:1
resonance with the �7 mode �697.6 cm−1�, allowing for po-
tential good energy conservation; there is insufficient nonlin-
ear coupling to facilitate that direct energy transfer pathway.
The overtone of the �7 mode �with frequency of 351.1 cm−1�
was found to be an important energy transfer pathway from
the excited �7 mode with a rS�� value �1.084� that exceeds
that of any other pathway. The third order Fermi resonance
parameter for �7+�7 to �7 energy transfer pathway was cal-
culated to be 0.298, larger than pathways from the excited �7

mode to the lower frequency bath modes, indicating that
�7+�7 to �7 energy transfer pathway is essential to vibra-
tional energy transfer in the heme.

C. VER pathways from the excited �4 and �7 modes
of the heme

We focus on the essential energy transfer pathways from
the excited �4 and �7 modes. For the excited �4 mode, 40
bath modes are involved in the important energy transfer
pathways; for the excited �7 mode, 18 bath modes are in-
volved. For each of these bath modes, the contribution to the
norm from the porphine core, the eight side chains, and the

porphine core in-plane motion were calculated. The side
chain contribution was further divided into two parts, the
contribution from the two isopropionate side chains and that
from the other six side chains �as a whole�. �The results are
summarized in the supplemental material.52� A contribution
larger than 0.5 to the norm of the porphine core indicates that
the mode is “dominated” by the motion of the core region,
and a contribution close to 1.0 means the mode is “localized”
in that core region. While most modes are somewhat delo-
calized, the �4 mode has 0.939 contribution from the por-
phine core in-plane motion, and mode 5 has a 0.999 contri-
bution from the side chains.

Table II summarizes the results for the dominant modes
�with �0.5 contribution to the norm� or the localized modes
��0.8� for those modes involved in the important energy
transfer pathways in �4 and �7 mode relaxations. For the 40
bath modes involved in VER from the excited �4 mode, 19
are dominated by the porphine core motion and 22 are domi-
nated by the side chain motion �one bath mode, mode 118,
has equal contribution from both parts�. Of those modes
identified with side chain motion, nine are dominated by the
isopropionate groups, eight dominated by the other six side
chains, and five shared by the two parts �not localized in
either part�. In these VER pathways from the excited �4

mode, six bath modes, modes 74, 79, 85, 92, 105, and 132,
are localized in the porphine core. Modes 105 and 132 are
mainly porphine core in-plane motions. Among others bath
modes, ten modes �13, 14, 18, 21, 23, 72, 115, 135, 136, and
137� are localized in the side chains. Five of these ten modes
�13, 14, 135, 136, and 137� are localized in the isopropionate
groups with four of the other five modes �mode 18 is the
exception� have more than 0.5 norm contribution from the
isopropionate atoms. These nine modes are involved in eight
important energy transfer pathways �out of 24 in total� in-
cluding the 90+64 channel with the second largest rS�� value
�2.899, smaller than the 132+22 pathway which has better
frequency resonance� and 135+18 with the third largest rS��

�2.229�. No mode is found to be localized in the other six
side chains even when they are considered as a whole. With
the exception of the 16 localized modes �6 in the core plus
10 in the side chains�, most bath modes �24 out of 40� in-
volved in the important VER pathways are shared between
the porphine core and the side chain motion. In other words,
they are somewhat delocalized.

For the excited �7 mode, five of the bath modes �35, 47,
50, 57, and 61� involved in the important energy transfer
pathways are dominated by the porphine core motion. Of the
bath modes, more than half �13 out of 18� are dominated by
side chain motions including 4 dominated by the isopropi-
onate groups, 2 by the other six side chains and 7 shared by
all eight side chains. No mode associated with more than 0.5
contribution from the porphine core in-plane motion was
found. A total of five localized bath modes are involved in
the important energy transfer pathways from the excited �7

mode. One mode �47�, the �7 mode, is localized in the por-
phine core and the other four modes �5, 24, 59, and 72� are
localized in the side chains. Two modes �5 and 59� have
more than 0.8 contribution to the norm from the two isopro-
pionate groups and two others �modes 24 and 72� are domi-
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FIG. 3. �Color online� The time evolution of the initially excited density
matrix element �11 for the �4 and �7 modes of the heme �upper panel� and
FeP �lower panel�. 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 I. The identified important energy trans-
fer pathways are graphically depicted in Figs. 4 and 5.
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nated by the isopropionate motions. These four modes are
involved in four out of ten important energy transfer path-
ways from the excited �7 mode and all have large Fermi
resonance parameters. Similar to the �4 modes, most of the
VER bath modes involve displacement of the porphine core
and side chains.

As stated above, most bath modes �60.0% for �4 and
72.2% for �7� involved in the important energy transfer path-
ways from the excited �4 and �7 modes are delocalized mo-
tions. This may allow the energy initially deposited in the
localized �4 and �7 modes to be redistributed efficiently
throughout the heme or porphyrin. Our calculations indicate
that the two isopropionate groups in the heme play essential
and direct role in VER of the excited �4 and �7 modes. This
is consistent with the conclusion of previous
theoretical26,27,31 and experimental28–30 studies that the two
isopropionate groups form the dominant pathways for di-
rected “energy funneling” in the mechanism of rapid heme
cooling in Mb.

D. Difference between �4 and �7 modes

The �4 and �7 are porphine core in-plane modes. The �4

mode is primarily an inner-ring breathing motion while the

�7 mode is an outer-ring breathing motion. Our calculations
indicate that the two modes share many similar VER features
as well as unique relaxation pathways.

Relative to frequencies of vibration in FeP-Im, the �4

and �7 mode frequencies shift upon the addition of side
chains but in opposite directions: �4 is blueshifted by
35 cm−1 while �7 is redshifted by 35 cm−1.

Unique features were observed for the mechanism of
VER from the excited �4 and �7 modes. For the excited �4

mode, about one-half �19 out of 40, 47.5%� of the energy
accepting modes are dominated by porphine core motion, 6
of which �15.0% of total� are localized in the porphine core.
In contrast, for the excited �7 mode, less porphine core mo-
tion was involved, including about one-quarter of the total
�5 out of 18, 27.8%� dominated by the porphine core motion
and only 1 mode �5.6%� localized in the porphine core. In
addition, seven modes with �0.5 contribution from the por-
phine core in-plane motion �modes 85, 90, 105, 119, 120,
121, and 132� are involved in the important VER pathways
from the excited �4 mode, two of which �modes 105 and
132� are localized porphine core in-plane motions. In con-
trast, for the excited �7 mode, no porphine in-plane mode
was found to be essential to the VER pathway. These differ-
ences are consistent with the fact that the �4 mode is a mo-
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FIG. 4. �Color� The calculated third order Fermi resonance parameter rS�� of the important energy transfer pathways as well as the important coupling
constants CS�� and the frequency resonance parameter 1 / �̃S−��−�� for the heme modes, from top to bottom, �4, �7, and �7. The x and y axes are the indices
of the bath modes.
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tion associated with the porphine inner-ring atoms, mainly
Fe–N and N–C stretching motions, whereas the �7 mode is
associated with the outer-ring methine group motion. In our
previous work on VER in five-coordinate FeP-Im,42 we iden-
tified the possibility of different population excitation
mechanisms for the �4 and �7 modes following ligand pho-
todissociation in MbCO, consistent with the results of this
study.

E. Role of the imidazole ligand in �4 and �7 mode
VERs

To save computational expense, no axial ligand was in-
cluded in the heme model employed in this work. To clarify
the role of the imidazole ligand in the VER process from the
excited �4 and �7 modes, we studied the VER properties of
the �4 and �7 modes in iron porphine �FeP�, a porphyrin
model without side chains or axial ligands, and compared
our results with those of our previous study of FeP-Im.

The optimized FeP has a pure planar structure �see Fig.
1�. The core size was found to be 1.988 Å. The frequencies
of the identified �4, �7, and �7 modes, 1403.3, 739.6, and
360.8 cm−1, respectively, and the derived relaxation time
constants are summarized in Table I. The time evolution of
the excited density matrix element of the �4 and �7 modes is
shown in Fig. 3 �lower panel�. The relaxation of the excited
�4 and �7 modes is slower than that in FeP-Im or the heme,
consistent with the fact that there are fewer bath modes in
FeP relative to FeP-Im and the heme.

For the excited �4 mode, most of the important energy
transfer pathways are formed by porphine oop modes, al-
though 2/3 of the FeP normal modes are in-plane motions
�see norm contribution analysis result of each mode in the
supplemental material52�. The pathways consisting of por-
phine in-plane motions, 55+17, 56+16, and 57+18, have
relatively small Fermi resonance parameters as a result of
weak coupling. No mixed porphine oop/in-plane pathway
was found to be important. For the excited �7 mode, only one
important energy transfer pathway was identified, the over-
tone of the �7 mode. No important energy transfer pathway

to the low frequency modes was observed for the excited �7

mode �13+4, with the largest rS�� value 0.010, was shown in
Fig. 5�. The Fermi resonance parameter for the �7+�7 to �7

channel was found to be 0.258, indicating that it is an effec-
tive pathway essential to the mechanism of energy transfer to
and from the �7 mode. No direct energy transfer between the
�4 and �7 modes was observed.

Our results for FeP are similar to those derived for
FeP-Im.42 This is consistent with our prior study of FeP-Im,
demonstrating that the imidazole-related motions form the
important energy transfer pathways for the relaxation of the
excited Fe oop motions but contribute little to the VER of the
high frequency �4 and �7 modes.

F. Energy flow kinetics from the excited �4 and �7
modes in FeP

It has been reported previously that the heme cooling
process following photodissociation of a diatomic ligand in
MbCO has a time scale of 5–7 ps.14,15,25–27,31 However, the
mode-specific experimental studies on the same protein by
Mizutani and co-workers revealed the VER time scales of
1–2 ps for the �4 and �7 modes.32,33,35 One possible reason
for this difference in the time scales is that the initially ex-
cited �4 and �7 modes do not dissipate their excess energy
directly to the environment. Rather, our calculations indicate
that the excess energy is redistributed within the heme before
being fully dissipated.

We have used the third order Fermi resonance param-
eters rS�� to explore the nature of VER pathways, where
larger rS�� indicates a more effective pathway. If we consider
the initially excited system mode to be the reactant and the
VER process a multistep reaction, the VER kinetics can be
studied by solving a master equation with the third order
Fermi resonance parameters as the reaction rate constants. To
simplify the solution of the master equation, we only con-
sider the transfer of energy from high frequency modes to
low frequency modes or, in other words, reactions such as
A→B+C with frequencies �A��B and �A��C. We find

�P

�t
= RP , �10�

where P is the population of each mode and

Rij = �
k

rjik for j � i , �11�

Rii = − �
ji

�
k�j

rijk, �12�

where rijk are the third order Fermi resonance parameters.
With the boundary conditions P�S�=1 and P���=0 at t=0,
Eq. �10� can be solved and ideally �in the absence of a “dead
end”� the “reaction” will end at the lowest frequency mode.

For the optimized FeP, the third order Fermi resonance
parameters rijk for each mode i were calculated from har-
monic frequencies and third order anharmonic coupling con-
stants using Eq. �8�, the master equation was solved for the
excited �4 mode, and the energy E�i�= P�i��	��i� was cal-
culated for each mode i at given time t. The inclusion of

TABLE II. Summary of the number of modes involved in the energy trans-
fer pathway from the excited �4 and �7 modes of the heme as derived from
B3LYP/6-31G�d� calculations. For each moiety, the contribution to the norm
is noted.

Moiety

No. of bath modes

�4 mode �7 mode

Total 40 18

Porphine core �0.5 19 �47.5%� 5 �27.8%�
All side chains �0.5 22 �55.0%� 13 �72.2%�
Isopropionates �0.5 9 �22.5%� 4 �22.2%�
Other side chains �0.5 8 �20.0%� 2 �11.1%�

Porphine core �0.8 6 �15.0%� 1 �5.6%�
All side chains �0.8 10 �25.0%� 4 �22.2%�
Isopropionates �0.8 5 �12.5%� 2 �11.1%�
Other side chains �0.8 0 �0.0%� 0 �0.0%�
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nonresonant energy transfer with significant frequency mis-
match and the small frequency mismatch for the “resonant”
energy transfer implies that the total energy is not exactly
conserved in this approximate model that is allowed by en-
ergy uncertainty associated with finite lifetime of the bath
modes. The dissipation of the “reactant,” or the relaxation of
the excited �4 mode, followed a single-exponential decay as
shown in Fig. 6 �upper panel�. The decay time constant was
found to be T1=0.5 �arbitrary time units�. For most “inter-
mediate” modes, the maximum energy was reached within
t=10 and decayed subsequently. The maximum value and
the corresponding time of a mode depend on the “rates” of
population transfer to and from this mode. For example, the
time evolution of the �7 and the �7 modes is shown in Fig. 6
�inset of upper panel�. The �7 mode has a maximum energy
0.1 kcal /mol at t=1.3 whereas the �7 mode has a maxi-
mum energy �0.25 kcal /mol at t=10.2, consistent with our
observation that the relaxation from the �7 mode is less ef-
ficient. The time evolution of the energy of the five lowest
frequency modes is shown in the lower panel of Fig. 6. At
t=1000, a time scale much longer than the relaxation time
constant of the excited �4 mode, equilibrium is still not
reached. The explicit inclusion of protein and solvent modes

is expected to facilitate relaxation to equilibrium. However,
slower relaxation than that observed for the initially excited
mode is expected.

When the �7 or �7 mode is treated as the system mode,
similar kinetics are predicted by solving the corresponding
master equation model. The relaxation time constants were
found to be T1=1.7 for the �7 mode and T1=24.4 for the �7

mode, in agreement with the results of the time-dependent
perturbation theory for the excited �4, �7, and �7 modes.

It has been established that the initial bond breaking pro-
cess in myoglobin redistributes energy into a number of
modes, with significant energy transferred to the �4 and �7

modes via mode selective coupling to the reaction
coordinate.32,53 Following that initial step, energy may be
transferred to additional bath modes that are directly coupled
to a limited number of accepting modes, such as the �7

mode, similar to the so-called regime II modes.54,55 For this
reason, the observed relaxation of the �4 and �7 modes33 is
slower than the system averaged cooling of the heme. The
good agreement with experiment derived from our isolated
heme model implies that there is only weak coupling due to
van der Waals contacts between the heme and protein.
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FIG. 5. �Color� The calculated third order Fermi resonance parameter rS�� of the important energy transfer pathways as well as the important coupling
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IV. SUMMARY AND CONCLUSIONS

The mode-specific VER of the iron-protoporphyrin IX
�the heme� was studied using the time-dependent perturba-
tion theory at the UB3LYP/6-31G�d� level. The �4, �7, and
�7 modes of the optimized structure were assigned and
treated as the system mode independently. The VER time
scales and pathways were studied in detail for the excited �4

and �7 modes.
The excited �4 and �7 modes of the heme were predicted

to relax with single-exponential time constants of 1.2�0.1
and 2.1�0.1 ps, respectively, in agreement with previous
experimental results for MbCO by Mizutani and Kitagawa.33

The third order Fermi resonance parameters rS�� were
calculated for each energy transfer pathway from the excited
system mode and the important relaxation pathways �with
rS���0.05� were identified. Similar to previous studies on
FeP-Im,42 the overtone of the �7 mode can effectively ex-
change energy with the �7 mode. No direct energy transfer
between the �4 and �7 modes was observed.

For both the excited �4 and �7 modes, more than one-
half of the energy accepting bath modes �55% for �4 and
72% for �7� are dominated by heme side chain motions.
Among these bath modes, 9 out of 22 for the excited �4

mode and 4 out of 13 for the excited �7 mode are dominated
by the two isopropionate side chain motions including modes

localized in these groups �5 for the �4 mode and 2 for the �7

mode�. Far fewer modes involved in the relaxation of �4 and
�7 �eight for the �4 and two for the �7� are associated with
motion of the other six side chains �as a whole�. These re-
sults are consistent with the conjecture that the isopropionate
side chains in the heme play an essential role in the heme
cooling process following the diatomic ligand photodissocia-
tion in carbon monoxy myoglobin,26–31 providing a deeper
and more vigorous understanding of the mode-specific en-
ergy funneling mechanism responsible for heme cooling in
Mb.

Bath modes associated with localized motion in the por-
phine core atoms are also involved in energy transfer path-
ways from the excited �4 mode. No similar coupling to core
porphine in-plane modes from the �7 mode are observed due
to the different natures of the �4 and �7 modes.

The VER properties of the �4 and �7 modes in FeP, an
iron porphyrin model without side chains or axial ligands,
were similarly studied and the results compared to previous
results for FeP-Im. It was found that the axial ligand imida-
zole has little influence on the VER process of the �4 and �7

modes. Our results for the similar study of a four-coordinate
heme model provide insight into the mechanism of VER for
the five-coordinate heme in Mb following ligand dissocia-
tion.

The excess energy flow kinetics in FeP was examined by
solving a master equation with the VER process considered
as a multistep reaction and the third order Fermi resonance
parameters the reaction rate constants. It was found that the
subsequent relaxation is slow relative to the relaxation of the
initially excited system mode, providing an explanation for
the previously observed difference in relaxation time scales
of heme models dependent on the exact mode of initial
excitation through ligand photolysis or direct excitation.
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