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Molecular Dynamics Simulation of Heat Conduction through a Molecular Chain
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This work deals with a molecular dynamics simulation analysis of the intramolecular vibrational energy transfer
in a system of two chromophores, azulene and anthracene, bridged by an aliphatic chain and is motivated by
corresponding laser experiments. After selective excitation of the azulene chromophore, the subsequent
intramolecular vibrational energy redistribution is monitored by analyzing the transient temperatures of the
two chromophores and the chain between them. The main focus concerns the heat conduction process in the
chain. Therefore, the chain length was varied from 0 to 19 CH, units. In addition, methoxymethyl, 1,2-
dimethoxyethyl, and a thiomethoxymethyl chains were studied. The investigation of the intramolecular
vibrational energy process was decomposed into a temporal analysis and a spatial analysis. For short alkyl
chains, the time constant of energy relaxation increases proportionally to the chain length. However, for
longer chains, the time constant characterizing the energy decay of the azulene chromophore saturates and
becomes independent of the chain length. This behavior is consistent with experimental findings. The spatial
analysis shows more or less exponential decay of the temperature along the chain near the excited chromophore.
In additional simulations, the two chromophores were thermostatted at different temperatures to establish a
constant heat flux from the azulene to the anthracene side. The steady-state temperature profiles for longer
alkyl chains show strong gradients near the two chromophores and constant but weak gradients in the central
part of the chain. Both simulation methods indicate that strong Kapitza effects at the boundaries between

each chromophore and the molecular chain dominate the intramolecular energy flux.

Introduction

Both intramolecular vibrational energy redistribution (IVR)
and intermolecular vibrational energy transfer (VET) are of
fundamental importance in gas- and condensed-phase chemical
dynamics. These nonreactive elementary processes determine
the rates, pathways, and efficiencies of chemical reactions.
Whenever a polyatomic molecule is locally excited by some
chemical or electromagnetic activation process, IVR provides
the basic mechanism of energy exchange between different
vibrational degrees of freedom (i.e., normal modes). Here, the
term “local excitation” applies to the preparation of some zero-
order eigenstates or superpositions thereof or even to a local
distortion of the molecule. In the presence of a solvent bath,
excess energy is transferred irreversibly to the bath degrees of
freedom."? In addition, the solvent might affect the intramo-
lecular redistribution of energy, which is usually taken into
account by the notion of “solvent-assisted” IVR.!*~® Whereas
the assumption of rapid IVR (on the time scale of reactive
processes) is at the heart of statistical unimolecular rate
theories,”® intermolecular equilibration determines the ap-
plicability of canonical transition state theory.? Often, a separa-
tion of time scales for IVR and VET is assumed, such as in
Rice—Ramsberger—Kassel —Marcus Theory.” In the gas phase,
where the average time between collisions is rather long, this
assumption is usually correct, at least for low densities.!®!! In
solution, however, it is questionable in general.!>!? Because
IVR is driven by state-specific anharmonic couplings and
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because dissipative intermolecular energy transfer is a strongly
frequency-dependent phenomenon, favoring VET by low-
frequency vibrations, [VR might be incomplete on the time scale
of energy-transferring collisions. In fact, in recent molecular
dynamics simulations, this phenomenon was demonstrated for
CH,I, in CDCl; solvent.'? For large molecules, where, because
of the high density of states, IVR is often no longer strictly
state-specific but statistical, the separability of time scales can
usually safely be assumed even in liquid solution.®!*!4

Traditionally, IVR is discussed by reference to the eigenstate
space of some zero-order molecular Hamiltonian.'>~!7 The study
of IVR has been extended to the investigation of vibrational
energy transport between different chromophore parts of a large
molecule through a flexible molecular chain.*!31%% In such a
case, in addition to the energy and normal-mode picture, a
(Cartesian) spatial dimension of IVR comes into play. In a series
of experiments,*'® two chromophores are attached to an alkyl
chain as illustrated in Figure 1. The first optical chromophore,
azulene, is excited by a femtosecond laser pulse into its first
excited singlet state, S;, from which it returns via internal
conversion within <1 ps to the S, state,?!"?> creating a vibra-
tionally highly excited ground-state azulene moiety. Subse-
quently, the excess energy flows through the alkyl chain to the
second chromophore (e.g., benzene, 1-methylene anthracene,
or anthracene).”> The overall process can be monitored via
transient absorption of photons from a second laser pulse tuned
to the red edge of the azulene or the second chromophore (e.g.,
anthracene) spectra. From the change in the optical density,
AOD, of the chromophores, the temperatures of the azulene
and anthracene can be calculated.*?} In addition to IVR, the
intramolecular energy flow is also characterized by a “harmonic
dephasing” process of the eigenfrequencies of the used com-
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Figure 1. Definition of atom types in the azulene (azu) and anthracene
(ant) moieties, as well as in the alkyl chain (alk). Hydrogen atoms are
assigned the same Greek indices as the carbons to which they are bound.

pound. In a strict sense, this process is not IVR because,
theoretically, no energy is transferred between the normal modes
of the compound. However, because of the time scale of the
experiment and the anharmonicities, the initial excited state is
not restored. As a result, the harmonic dephasing (which occurs
on a subpicosecond time scale) contributes to the energy transfer
between the two chromophores within the experimentally
accessible observation time. The IVR time constant is in the
range of 1—5 ps depending on the length of the chain and the
second chromophore,” whereas VET occurs with a time
constant of approximately 20—50 ps in the molecular solvent
used.*?3 Because of the observed separation of time scales
between IVR and VET, it can be assumed that IVR is complete
on the time scale of VET. However, the VET time is remarkably
close to the energy relaxation time of bare azulene in the same
solvent,”! which suggests that low-frequency vibrations of the
bridged compounds are not significantly populated.??

Initial experimental data on azulene—anthracene compounds
with short molecular bridges showed a linear dependence of
the IVR time constant on the alkyl chain length.* These findings
were confirmed by molecular dynamics simulations in which
the interchromophore IVR time was found to be proportional
to the alkyl chain length for up to four CH, units.'® In principle,
the linear dependence of the IVR time constant on the chain
length can be explained by the Fourier law of heat conduction.?*
The two chromophores can be regarded as heat baths, which,
however, because of their finite heat capacities, change their
temperatures as a result of energy exchange with the bridge
degrees of freedom. For a homogeneous one-dimensional spatial
grid with end points that are held at different temperatures,
Fourier’s heat conduction equation yields a stationary solution
with a linear temperature profile and, thus, a constant flux at
all grid points. If the heat reservoir (end-point) temperatures
vary in time but the reservoir heat capacities are still large as
compared to that of the one-dimensional bridge, a similar
nonequilibrium stationary state with an approximately linear
temperature field is established, with a slope that decreases in
the course of temperature equilibration.* As a result, Fourier’s
law predicts temperature equilibration times proportional to the
length of the intervening spatial grid. Recent results, however,
suggest a saturation of the interchromophore energy-transfer
time for greater bridge lengths,'® pointing to a possible
breakdown of Fourier’s law of heat conduction.

An “anomalous” thermal transport has also emerged from a
large number of simulation studies on heat conduction in one-
dimensional chains.®?% A major problem with these studies,
however, is that the results strongly depend on the methods and
the boundary conditions used.
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Another type of anomalous thermal transport arises from the
so-called Kapitza effect and has been examined experimentally
and theoretically.”’~3* This effect appears at interfaces when
system parameters are changing considerably, for example, at
solid—liquid interfaces or at the contact of two crystallites in
polycrystals.

In macroscopic theory, heat transfer across interfaces is taken
into account by choosing proper boundary conditions,*>* such
as by including a thermal resistance of the interface. In a
microscopic description, the Kapitza effect is considered through
a coordinate-dependent thermal conductivity that is larger in
the bulk than in the boundary layers.

The aim of the present work is to investigate the heat
conduction through an aliphatic chain between an azulene and
an anthracene chromophore by means of nonequilibrium mo-
lecular dynamics simulations. This process is determined by
anharmonic couplings between the vibrational degrees of
freedom in the molecules. The electronic contribution to the
heat transport can safely be ignored.

Two approaches are usually used for MD calculations of
transport coefficients. One of them is based on linear response
theory and the Green—Kubo relations that represent the transport
coefficients through time integrals of the corresponding time
correlation functions.?'¥-3 This approach is appropriate for
spatially homogeneous systems because averaging over the
system volume increases statistics by orders of magnitude. For
spatially inhomogeneous systems, it is usually prohibitive
because of problems with statistics.

In the other approach, a nonequilibrium system state is
created, and transport coefficients are calculated as constants
of proportionality between fluxes and gradients of the corre-
sponding (thermodynamic) variables. In this approach, either
time evolution of the system is considered, or a nonequilibrium
steady state is created. Just nonequilibrium MD simulations were
chosen in this work to investigate the energy-transfer problem.

This article is organized as follows: The next section describes
the details of the simulations used to mimic the experimental
situation. To reproduce the experimental data'®? for the
azulene—anthracene system as closely as possible, a new
molecular dynamics force field (presented in Appendix A) is
introduced for these bridged compounds, which fits the experi-
mental spectral information very well. The emphasis of this work
lies on the spatial characterization of the IVR, that is, the IVR
time constants of the two chromophores and the temperature
profile within the alkyl chain. After a short introduction to the
general concept of temperature and Fourier heat conduction,
the necessity of introducing spatially dependent heat conductiv-
ity coefficients due to the “Kapitza” effect is explained. The
presentation of the results is subdivided into two parts: First,
the transient temperature relaxation is discussed, including the
dependence on the chain length and chain composition. Ad-
ditionally, one simulation series of azulene—(CH,);—anthracene
in Xe is presented. The spatial analysis deals with the spatial
temperature profile in the case of the nonequilibrium simulations
(emulating the laser experiments) and steady-state simulations
with thermostatted chromophores. Finally, we summarize the
results.

Simulation Details

In the present work, intramolecular vibrational energy
redistribution in a model series of azulene—(CH,),—anthracene
compounds (cf. Figure 1) with varying alkyl chain lengths (0
=< n = 19) is simulated via nonequilibrium classical molecular
dynamics, mimicking the experimental pump/probe investiga-
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tions performed on the same type of model systems.*!® In

accordance with the interpretation of the experiments, the model
systems are assumed to be equilibrated at a given heat bath
temperature of the sample (usually 300 K, unless explicitly
stated otherwise) prior to excitation by a subpicosecond visible
light pulse. The latter is used in the experiments to locally excite
the azulene chromophore into its lowest excited singlet state,
S, from which the azulene unit returns to its S, state within
=<1 ps by internal conversion. Because local energy redistribu-
tion in the azulene chromophore cannot experimentally be
separated from the internal conversion process, it is assumed
that—on the time scale of through-bridge azulene-to-anthracene
energy transfer—the initial vibrational excess energy is random-
ized among the azulene vibrations. Because of the relatively
large number of local chromophore vibrational degrees of
freedom, this local energy equilibrium (which is, in principle,
microcanonical, with additional dispersive contributions due to
canonical equilibrium prior to excitation) can be interpreted in
terms of an initial nonequilibrium temperature applying to the
local azulene degrees of freedom. Therefore, the initial mean
excess energy of 2.23 eV (18000 cm™!) is statistically distributed
among the azulene vibrations according to a local canonical
equilibrium. When vibrational degrees of freedom are treated
classically, this heats the azulene to a temperature of ap-
proximately 850 K. Shortly thereafter, a coherent dephasing
process transfers energy to the rest of the molecule on a
subpicosecond time scale.*® The delocalized energy heats the
alkyl chain and anthracene by approximately 20—80 K and
decreases the azulene temperature to 750 K.

Initialization of configurations in phase space was thus
performed as follows: Starting from the minimum-energy
geometries of model systems, the azulene was thermostatted at
750 K and the rest of the molecule at 320 K for a simulation
period of 100 ps using a Nosé—Hoover algorithm of
CHARMM.* This thermostatting avoids the “flying icecube”
problem.*! In other words, the thermostat does not introduce a
translational drift. After this thermostatted phase, all thermostats
were switched off. This ensured that there were no artificial
Kapitza effects caused by the link between thermostatted and
nonthermostated atoms in the system. The trajectory was
propagated for an additional 150 ps using a time step of 0.1 fs.
For each alkyl bridge length, an ensemble of 2000 such
nonequilibrium trajectories was produced to ensure the statistical
quality of the data.

The time scales of intramolecular energy redistribution will
certainly depend on the shape of the potential energy surface.
For large molecular systems as investigated in the present work,
with more than 120—300 degrees of freedom, ab initio informa-
tion on the energy surface even at low energies is beyond reach.
Although simulation with ab initio forces calculated “on the
fly” using efficient electronic structure methods have become
increasingly popular,*>* the typical time scales covered are still
in the lower picosecond range, which is too short for slow IVR.
Therefore, we chose to rely on a local analytical force field, as
traditionally employed in classical molecular dynamics simula-
tions, parametrized to reproduce, as closely as possible, the
spectrum of vibrational frequencies obtained from a combination
of density functional theory (DFT) calculations and experimental
information. As a result, the anharmonicity of the potential
energy function and thus the detailed mode-to-mode couplings
are, to some extent, “accidental”. However, the usual functional
forms of bond, angle, and torsional potentials are realistic
enough to obtain a physically reasonable parametrization of the
potential energy surface. Experience from previous simulation
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projects on IVR and VET in solution,'? in particular the time
scales obtained from molecular dynamics simulations as com-
pared to experimental values, seems to justify our approach.
The parametrization of the chromophores azulene (denoted as
azu in the equations and tables) and anthracene (ant) and the
alkyl chains (alk) is described in detail in Appendix A.

Temperature and Heat Conduction

In this work, many nonequilibrium MD simulations of
azulene—anthracene systems were performed in order to jux-
tapose computational results and experimental data.*'®3° Because
we want to concentrate on IVR within the molecule in this work,
most of the simulation results deal with the pure azu—alk—ant
derivatives without a solvent. Consequently, VET processes are
neglected and not discussed here. The original experimental data
consist of absorption—time profiles of the azulene and an-
thracene chromophores as a function of the length of the alkyl
chain that bridges the two chromophores, as illustrated in Figure
1. This measured change in optical density, AOD(¢), was been
related to the temperature relaxation of the chromophores.” An
assignment of individual temperatures 7,(¢) to each subunit i €
{azu, ant} assumes that IVR in the chromophores is much faster
than the energy redistribution between them through the aliphatic
chain.

T«(1) is calculated in our simulations by summing the kinetic
energies of the corresponding atoms j belonging to that
subunit>>#

_ 15 [doT
Ti(r)—snikBgm,- o (1)

where n; is the number of atoms in the corresponding subunit.
In accordance with the experiments, the chromophore temper-
atures T,,,(f) and T,,(?) in the simulations relax, to a good
approximation monoexponentially, to an equilibrium tempera-
ture Teq

() = AT() + T, 2)

= AT(0)e "™ + T, ©)

The time constants 7; characterize the energy equilibration within
the molecule and can be directly compared with experiment.
After initial excitation, the local temperature of the azulene is
far above T.q. Hence, AT, (t) is positive. In contrast, AT,(t)
is negative, because anthracene gains energy until T, is reached.

To elucidate the mechanism of heat transfer in detail, spatial
temperature profiles through the molecular chain were calcu-
lated. To this end, the temperature T(k,t) = T(xy,t), with x;, = kil
for each CH, unit k, 0 < k < n, was analyzed separately (/ is
the carbon—carbon bond length in the chain).

Based on a classic energy conservation equation for a chain
in continuum representation

0T, | D) _

Lt 0x @

the heat flux J(x,7) distributes the local excess temperature until
an equilibrium is achieved. In this equation, ¢, is the specific
heat per unit length. The classical way to describe the heat
conduction is according to Fourier’s law of heat conduction,?*
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which states that the heat flux, J(x.f), is proportional to the
temperature gradient

AT(x, 1)

Jx,t) = —« ox

&)

The heat conduction coefficient « and its inverse, the heat
resistance r = 1/k, are usually considered as constant. In this
case, eq 5 results in a diffusive process of heat transfer with a
uniform thermal diffusivity o = «/c;.. However, the molecular
systems treated here are characterized by spatial inhomogeneities
and hence require spatially varying heat resistances r = r(x)
and thermal diffusivities o(x) = [r(x)c.]”". In our classical
system, the heat capacity can be approximated by ¢; = 9kgl ™.

The heat flux can be determined by the power acting from
one part of the molecule to another, i.e.:

J= Y F-v, ©6)
J

Here, v; is the velocity of the jth atom, and F; is the sum of all
forces acting on atom j due to the intramolecular potentials
(bond, angle, dihedral, improper torsions) at the corresponding
interface. Equation 6 can be used to calculate the heat flux at
any bond in the alkyl chain.

Results and Discussion

We present our results in three sections. The first covers the
transient temperature relaxation of the two chromophores after
the initial excitation of azulene. This part closely resembles the
experimental situation, and the corresponding time constants
can be directly compared. The second part is concerned with
the temperature profiles of the chain during relaxation. Finally,
we discuss the results of simulations with chromophores
thermostatted at different temperatures to establish a steady-
state energy flux.

Time-Variant Temperature Relaxation. Because the at-
tached optical chromophores azulene and anthracene are rela-
tively large and the energy flux through the chain is relatively
slow, local microcanonical equilibrium among their respective
vibrational degrees of freedom can be described by an effective
temperature, as in eq 1. The temperature was calculated for each
subunit at each simulation step and averaged over the corre-
sponding ensemble of trajectories.

We start our analysis with nonequilibrium simulations of
azu—(CH,);—ant in a bath of 225 Xe atoms. After initial
excitation of the azulene, the energy was redistributed among
all atoms of the azu—(CH,),—ant compound via IVR and finally
transferred to the heat bath. The corresponding temperature
relaxation T(f) is depicted in Figure 2. Likewise, we also
calculated the temperature of the alkyl chain. However, as shown
below, during relaxation, the vibrational degrees of freedom of
the chain were not at all equilibrated, which makes the
assignment of a temperature questionable. Rather, it can be
understood as a measure of the internal energy of the chain.

The temperatures of azulene and anthracene can be well fitted
by means of biexponential functions with equilibrium temper-
atures of 300 K. The longer time constant of approximately
Tver = 100 ps is attributed to the transfer of vibrational energy
to the bath (VET) and is in reasonable agreement with the
experimental Tygr value of 35 ps.?® The faster time constants,
T1yR, attributed to the intramolecular energy flow turn out to be
very similar to the values calculated for the isolated molecule
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Figure 2. Ensemble-average temperature equilibration of

azu—(CHy);—ant dissolved in Xe. The temperature 7;(f) was averaged
over all atoms belonging to the subunit i. The dashed, dotted, and solid
lines represent i = azu, alk, and ant, respectively.

without solvent; that is, the environment does not seem to
influence the intramolecular process significantly. This is
consistent with the experimental observation where no depen-
dence of tvg on the solvent was found.?® Therefore, most of
the calculations were done for the isolated molecules.

The results for the isolated azu—(CH,),—ant model systems
with n = 0—19 methylene units are presented in Figure 3.
During IVR, the excess energy is transferred from the azulene
to the rest of the molecule. Consequently, the temperature of
the azulene decreases, and the temperatures of the chain and
anthracene increase until T, is reached. Because the excess
energy is redistributed solely among the atoms of the
azu—(CH,),—ant unit and not transferred to a heat bath, the
equilibrium temperature T, is significantly higher than 300 K
(cf. Figure 3). It decreases with chain length because of the
increase in the heat capacity of the alkyl chain. For n > 2, the
temperature dynamics of each azu—(CH,),—ant compound in
Figure 3b—f can be fitted monoexponentially according to eq
3. Molecules with directly linked chromophores or with just
one methylene group between them (n = 0, 1) require a
biexponential fit to model the energy equilibration. This is
clearly visible in the case of azu—ant in Figure 3a. The time
constants are summarized in Table 1. From the viewpoint of
the intramolecular MD potential of these molecules, the azulene
atoms are directly coupled to anthracene atoms by angle and
dihedral potentials for n < 2. The number of potential terms
affecting both chromophores is larger for n = 0 than for n = 1.
This might explain why the time constant 7, is smaller for the
species with n = 0. Experimentally,* a slow IVR component
was not detected. However, the absolute value of 7, is in the
same range as typical VET times, so that, even if present in the
real molecular systems, it might be difficult to detect. Therefore,
in the following discussion, only the faster component is
considered and used for comparison with experiment.

In addition to the alkyl chains, a methoxymethyl chain and
1,2-dimethoxyethyl chain, as well as a thiomethoxymethyl chain,
were analyzed. The substitution of a CH, unit with oxygen slows
the IVR and increases the corresponding time constant by
roughly 40%. This is consistent with the experimental data for
the propyl and dimethylether compound.'®?3 Doubling the mass
of the second unit in the chain by exchanging oxygen through
sulfur further increases the IVR time constant by 40%. In one-
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Figure 3. Ensemble-average temperature equilibration for isolated systems azu—(CH,),—ant with varying n. The temperatures 7i(f) of the units i
= azu, alk, and ant are illustrated by dashed, dotted, and solid lines, respectively.

TABLE 1: Characteristic Intramolecular Energy-Transfer
Times in Bridged Azulene—Anthracene Compounds®”

azu ant
(CHa), 71 (ps)  Ta(ps) T (ps) T2 (ps)
0 1.1 (0.8) 14.1 1.0 14.3
1 2.4 (2.0) 18.7 1.9 18.6
2 5.0(3.7) 5.6
3 5.8 (3.7) 7.1
4 6.8 9.6
5 6.9 8.3
6 7.1(4.2) 11.5
7 7.9 11.6
8 7.3 12.6
9 7.4 14.0
10 8.2 14.0
13 8.1 15.1
16 7.9 15.0
19 8.8 17.0
methoxymethyl (n = 3) 8.2 (5.0) 10.7
thiomethoxymethyl (n =3) 12.3 (5.1) 14.5
1,2-dimethoxyethyl (n =6) 9.5 (5.1) 15.5

“Time constants for the azulene (azu) and anthracene (ant) sides
were obtained from exponential fits. ” Values in parentheses are
experimental data.*'8

dimensional chain models, the mass effect was observed to be
much more pronounced.”> However, in our results, the interac-
tion potentials of adjacent CH, units seem to attenuate the mass
effect, and the deceleration of IVR seems to be caused by the
smaller number of local modes transporting the energy through
the chain and the reduced amplitudes of the local modes at the
chromophore—chain interfaces.®

In Figure 4, the determined IVR time constants, 7y, are plotted
as a function of the alkyl chain length n and compared with
experimental data. For long chains, the IVR rates derived from
the simulations are roughly 50% slower than the experimental

values. Nevertheless, the overall trend in the chain length
dependence of 7, at least for the azulene component, is well
reproduced by showing a saturation of 7; at alkyl bridge lengths
with n > 4. For the anthracene moiety, this effect is less
pronounced. We merely observe that the rise of 7; with n slows
as the chain length continues to increase.

Transient and Steady-State Temperature Profiles. The
observed plateaus in the experimental and simulated 7, values
of azulene in Figure 4 suggest that they are dominated by similar
energy-transfer mechanisms. The latter is analyzed here by
studying the temperature profiles in the molecular chains during
relaxation. This is exemplified in Figure 5 by means of the
compound azu—(CH,),9—ant. The first and last circles in each
graph refer to the azulene and anthracene temperatures, respec-
tively. The circles between them belong to successive CH, units
in the alkyl chain. The profiles were obtained 0.5 ps (black
circles), 5 ps (gray circles), and 20 ps (white circles) after
azulene excitation. The simulation data show that, during the
whole relaxation process, a strong temperature gradient at
the azu—alk interface persists, whereas in the chain and at
the alk—ant interface, this gradient vanishes. Only for shorter
chains (not shown here) are strong temperature gradients
observed also at the alk—ant interface, indicating that the
coupling of the chromophores to the alkane chain is limiting
the energy transport. In the chain, the flux is obviously much
faster. The strong temperature gradient at the azu—alk
interface in Figure 5 extends to the fourth methylene group.
This explains why the azulene relaxation time in Figure 4
reaches a plateau at n > 4.

Analogous nonlinear temperature profiles have often been
found in computer simulations*®31434¢ of thermal conducting
solids, for example, across grain boundaries in diamonds,? and
are closely related to the so-called Kapitza resistance.?”-*® To
investigate this effect in more detail and also determine a
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Figure 5. Transient temperature profiles of the alkyl chain of
azu—(CHy)9—ant including azulene (left) and anthracene (right) after
0.5 ps (full circles), 5 ps (gray circles), and 20 ps (white circles).
Monoexponential fits (dashed lines) provide the characteristic width
of the Kapitza region at the azu—alk interface of 1.2 C—C bond length.

quantitative thermal transport parameter of the chain, steady-
state simulations with thermostatted chromophores turn out to
be more advantageous than calculations with transient excitation
as presented so far.

For this purpose, the temperatures of azulene and anthracene
were maintained at 7T,,,(f) =~ 750 K and T,,(t) ~ 320 K,
respectively, using a Nosé —Hoover thermostat with a response
time of 0.1 ps. These values correspond to the chromophore
temperatures of the simulations with transient excitation after
harmonic dephasing before IVR starts. The steady-state tem-
perature profiles are shown in Figure 6 for various values of n.
In contrast to Figure 5, even for the longer bridges, temperature
gradients in the chain and, in particular, at the alk—ant interface
appear. We show below that the temperature gradient at the
azu—alk Kapitza region is slightly larger than that at the alk—ant
interface. Obviously, when a steady-state flux is not enforced,
as is the case for the simulations with transient excitation, only
the interface with the strongest gradient limits the energy flux
and appears in the temperature profile (see Figure 5).

Because the steady-state heat flux J is independent of time
and position, the spatially dependent heat resistance is easily
derived by means of eq 5. The temperature profiles of Figure

6 suggest that the CH, chain be considered as being composed
of three parts: two regions close to the chromophores, where
the Kapitza effect is pronounced, and a central part, where
the heat resistance is constant and equal to r, the resistance
of the homogeneous chain far from its ends. The central part
is absent for short chains, for which the Kapitza regions are
superimposed on each other. Theoretical estimations®’#’
suggest that the Kapitza resistance decreases exponentially
with the distance from the interphase. Thus, we model the
heat resistance by

—x/Ay —(L—x)/lb]

r(x) = [re T 1€

(N

where r,, 4, and ry, 4, are constants corresponding to azu
and ant, respectively, and L = (n + 1)/ is the total chain
length.

We require the heat resistance to be a continuous function
of the coordinate x. Then, the temperature is a continuously
differentiable function of x, and it is a simple task to find the
boundaries, x, and x, of the region with constant resistance r.
They are defined as the points of the Kapitza regions where the
spatial derivatives of temperature are equal to the constant
temperature gradient in the central region.

The temperature profile is calculated by integrating the Fourier
law

ar _
= ®)

at constant flux J. The results can be written for the three regions
as

e*x//'L:l _ e*xallla
Ta]k(x) = ATal—ﬂC//1 + Ta,
— e a'ta
o ef(fo)//lb _ ef(fob)//lb
T, + VIx —x), T, — AT, =T ©)
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Figure 6. Steady-state temperature profiles of azu—(CH,);9—ant with n = 3, 5, 7, 9, 13, 16, and 19. The temperatures of the two chromophores
were stabilized at 750 and 320 K, respectively, using Nosé —Hoover thermostats. The first circle (x = 0) corresponds to the azulene temperature;

the last circle of each curve corresponds to the anthracene temperature.

where T, and T, are the temperatures of the boundaries of the
constant-resistance region and

AT, = JA[1 — exp(—x,/A)]r,,
AT, = JA[1 — exp(—(L — x)/A)]r, (10)

VT = —Jr

C

(1)

ATa = Tazu - T,

a

AT, =T, —T

ant®

It is worth to noting that the S-shaped steady-state temperature
profiles cannot be explained by a temperature dependence of
the heat conductivity. In this case, the derivative of eq 5 yields

2
%[Km ﬁ‘ET] = SV + (D f‘;{ =0 (12

The second derivative of the temperature has opposite signs
near the chromophores. Thus, to satisfy eq 12, the temperature
derivative of the thermal conductivity has to change its sign on
the way from one chromophore to the other, which seems to
be unrealistic.

The heat conduction equations (eqgs 4, 5, and 7—9) are written
for a continuous system, whereas we deal with a discrete chain
model. Its grid points represent heat sources and reservoirs, and
the bonds can be considered as heat resistances. The bond heat
resistance is equal to the integral of r(x) over the bond length.
In the region of constant resistance, the bond resistance is R, =
Ir.. The Kapitza bond resistances near the azulene take the form

Rio= [, ) dx
= r Al — exp(—=l/A)] exp[—(G — DI/A] (13)

Because the Kapitza region extends up to five CH; units, a
meaningful value of the bond resistance of the central chain
can be evaluated only for alkyl chains with n > 12. The
temperature profiles of Figure 6 for these long bridges show
well-separated central segments with constant temperature
gradients of —1.3 4 0.1 K//. The heat flux J was computed by

means of eq 6 between every methylene unit during the steady-
state simulations and averaged over all interfaces. Consistency
of the data analysis was verified by comparing the different
interfaces with respect to constant J. In Figure 7, the heat flux
is plotted versus the total number of CH, units. With increasing
chain length, the heat flux decreases up to a chain length of
seven CH, units. Beyond this length, the heat flux is almost
constant and reaches an average value to 21.6 nW. The
qualitative trend of J(n) is in accord with the dependence of
the relaxation time on chain length found after transient
excitation of azulene (see Figure 4). With J and the temperature
gradients at hand, the central chain bond resistance and the total
chain resistance can readily be calculated as R. = 1.3 K/J =
0.06 K/mW and R = (T,,u — Tan)/J = 20 K/nW, respectively.
For long chains, both quantities are independent of n.

Exponential fittings to the long-chain Kapitza regions yield
Al = 1.15 £ 0.02 at the azulene side and A/l = 0.97 & 0.02
at the anthracene side. The temperature differences depend on
the chain lengths: For n = 19, 16, and 13, respectively, we find
AT, = 253.3, 240.2, and 226.3 K at the azulene side and AT,
=174.3, 189.3, and 206.9 K at the anthracene side. Thus, the
asymmetry between the two sides of the chain is evident. It
can be explained by the different natures and mode spectra of
the two chromophores. A second reason might be the direction
of the heat flux. To separate these two effects, steady-state
simulations with identical chromophores on the two sides are
in progress. The fitting constants are used to calculate the heat
resistance of those bonds connecting the two chromophores with
the chain. From eq 13, for n = 19, 16, and 13, respectively, we
obtain values of 6.9, 6.5, and 6.2 K/nW at the azulene side and
5.2, 5.7, and 6.2 K/nW at the anthracene side. These numbers
are 2 orders of magnitude larger than R. in the center of the
chain.

The thermal diffusivity of the chain in the region of constant
heat conductivity is o, = 1/(R.cp) = 3 x 107® m%*s (a C—C
bond length of 0.15 nm was taken into account). This quantity
can be compared with the thermal diffusivity of highly oriented
polyethylene parallel to the draw direction, for which o, = 9
x 107% m?/s was measured.*® The reason for the difference might
be that, in classical simulations, all vibrational modes are excited
and contribute equally to the heat capacity whereas, in the
polyethylene chain, high-frequency modes are not excited.



14046 J. Phys. Chem. A, Vol. 113, No. 51, 2009

Schroder et al.

32 T T T T T T T T

30

28—

J/nW
b
o

I

24—

22+ O

4 6 8 10

12 14 16 18 20

n/CH ,-units

Figure 7. Average steady-state heat flux during the simulation with thermostatted chromophores as a function of alkyl chain length.

Hence, the average heat capacity ¢, of a methylene unit is
significantly smaller than assumed, such that o is underestimated.

Molecular dynamics simulations of heat conduction in
solids*'#6473! have shown strong Kapitza effects at the interface
between thermostatted and nonthermostated regions. In principle,
such artificial Kapitza effects could also be present in our
simulations when the chromophores were thermostatted to
establish a steady-state heat flux. The importance of this effect
can be estimated by comparing the heat flux values of these
simulations with those of our time-variant simulations, where,
in the course of relaxation, no thermostats were used. The latter
can be calculated according to J = IdE,,,/d#l = 51(kg/T)AT,,,(1),
where the 51 degrees of freedom of azulene are considered and
AT, = 250 K is the temperature difference between azulene
and the alkyl chain in the steady-state simulations. With 7 = 8
ps for the long chains (cf. Figure 4), the heat flux is calculated
to be approximately 22 nW, which is very close to the value of
21.6 nW derived from the steady-state simulations. Therefore,
we can conclude that, in our case, artificial Kapitza effects are
of minor importance.

For heat transfer in strictly one-dimensional chains, another
type of anomaly was reported.? In computer studies, the thermal
conductivity of long but finite chains was found to diverge as
n, where the coefficient 3 varies between 0.35 and 0.44. In
our case, however, the chain is embedded in three-dimensional
space. This might be the reason that the heat diffusivity and
heat conduction coefficient for the long chains are constant and
this effect is not observed.

Summary and Conclusions

In this study, vibrational energy transfer between the two
chromophores azulene (azu) and anthracene (ant) connected by
a molecular chain of variable length was investigated by classical
MD simulations. The chain involves 0—19 methylene units;
likewise, ether and thioether compounds were examined as well.
In a first series of simulations, the relaxation toward intramo-

lecular equilibrium after selective excitation of the azulene side
was investigated. Analogous to a recent laser experiment, an
excess energy of 18000 cm™' was statistically distributed among
the vibrational modes of the azulene unit. The subsequent energy
flux through the bridge to the anthracene side was followed by
monitoring of the temperatures of the two chromophores and
each methylene unit. Comparison of the relaxation of
azu—(CH,);—ant in liquid xenon and under isolated conditions
reveals that the influence of the solvent in the intramolecular
energy flow is weak. Therefore, further analysis concentrated
on simulations of these molecules in the gas phase.

For most of the molecules, the temperature drop at the azulene
side could be modeled exponentially. The corresponding time
constants are in the range of a few picoseconds and show a
similar dependence on the number of methylene units n of the
alkyl chain as in the corresponding laser experiments: For short
bridges, the relaxation time increases proportionally to n,
whereas for n > 4, it levels off and becomes independent of 7.
A closer analysis of the temperature profiles in these molecules
indicates a pronounced Kapitza effect at the azulene—chain
interface characterized by strong thermal resistances of the first
few methylene units. As a result, the interface and not the
remaining chain acts as a bottleneck for the energy drain of the
excited azulene such that the corresponding time constants above
n = 4 are independent of chain length.

To quantify the C—C bond resistances R, in the alkyl bridges,
additional calculations with thermostatted chromophores were
performed, providing steady-state temperature profiles with
constant energy flux. It was found that, on both sides, R.
decreases exponentially with the distance from the chromophore
and levels off at the fifth methylene unit. For long chains (i.e.,
n > 12), a domain with constant R, is observed in the center of
the bridge. Here, the bond resistance is 2 orders of magnitude
smaller than at the edges of the Kapitza regions. Contrary to
true one-dimensional chains, the heat conductivity coefficient
in the bridge center does not depend on chain length, probably



Heat Conduction through a Molecular Chain by MD

because our model systems are embedded in three-dimensional
space. The resulting heat diffusivity compares reasonably well
with that of highly oriented polyethylene in the draw direction.
It is shown that the observed temperature profiles cannot be
explained by a temperature dependence of the heat conductivity
and that artificial Kapitza effects at the thermostat—chromophore
interface are of minor importance.
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Appendix A
Parameterization

Parameterization of the force field in terms of bond, angle,
and dihedral potentials was first done separately for the two
chromophores (azu, ant) and the saturated chain (alk), taking
advantage of the smaller number of normal modes to be adjusted
for the subunits, where azulene, anthracene, and butane served
as the respective model bases. In a second step, the interfacial
bonding potentials at the azu—alk and alk—ant boundaries were
determined so as to reproduce the theoretical normal-mode
spectrum of the bridged azu—alk—ant molecule. The normal-
mode vibrational frequencies of subunits and bridged molecules
were computed by the B3LYP method within DFT using the
Gaussian 98 program package®? and scaled by the empirical
factor 0.9613.33 It turned out that neither the intrachromophore
and intrachain potentials nor the interfacial force field needed
to be changed in order to reasonably reproduce the theoretical
mode spectra. This has the additional advantage that a systematic
comparison of energy redistribution in bridged bichromophoric
molecules of varying alkyl chain length is possible without
having to consider possible effects of changes in the force-field
parameters on the time scales and mechanism of IVR.

Atomic partial charges as obtained from the Gaussian 98
program output were not used in the molecular dynamics
simulations, because (long-range) polar interactions were not
regarded as essential for IVR in the isolated molecules studied
here and for intermolecular energy transfer in xenon solvent.
The inclusion of intramolecular van der Waals interactions did
not change the simulation results significantly for a subset of
samples with varying chain length. Therefore, in the systematic
variation of alkyl chain length, these types of potentials were
omitted in order to additionally enhance the simulation speed.
However, we also simulated the azu—(CH,);—ant system in 225
Xe atoms in order to analyze the interplay of IVR and VET in
our systems. In this case, we used the Lennard-Jones parameters
0 =4.055 A and ¢ = 0.457 kcal/mol for the interaction of the
carbon atoms with Xe. Furthermore, these nonbonded interac-
tions complicate the parametrization with respect to the normal
modes because strong intermolecular potentials shift the normal
modes to lower frequencies (even imaginary frequencies were
detected). In addition to the parametrization, the interpretation
of the IVR is much more complicated. Because of the non-
bonded interactions, parts of the excess energy of the hot azulene
are transferred to the anthracene without taking the path through
the alkyl bridge. Another reason concerns the analysis of the
heat current. In future equilibrium simulations, we plan to
evaluate the heat flux through the chain directly. A detailed
Green—Kubo analysis seems far to complex if each chain atom
interacts with all other atoms in the system.
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TABLE 2: Force Field of Azulene”

Bonds
k. [keal/(mol A%)] o (A)
Co—Cp 400 1.395
Cs—C, 400 1.396
C,—C, 400 1.487
C,—Cs 300 1.386
Cy—C, 300 1.388
C.—C, 300 1.389
Hy—Cq 360 1.069
Hp—Cy 360 1.068
Hs—Cs 360 1.072
H.—C, 360 1.072
H,—C, 360 1.074
Angles
kg [kcal/(mol rad?)] 0, (deg)
Cs—Co—Cp 80.0 109.8
Co—Cs—C, 80.0 108.5
Cs—C,—C, 60.0 106.6
Cs—C,—Cs 43.3 126.2
C,—C,—C; 43.3 127.3
C,—Cs—C, 80.0 129.2
Cy—C.—C, 80.0 128.6
C.—C,—C, 80.0 130.0
H,—Co—Cp 32.0 125.1
Hp—Cp—C, 35.0 126.2
Hz—Cs—C, 35.0 125.3
Hs—Cs—C, 37.0 115.3
Hy—Cs—C, 37.0 115.8
H,—C,—C; 33.0 115.8
H—C,—C, 33.0 115.7
H,—C,—C, 30.0 115.0
Dihedrals
A (kcal/mol) m 0 (deg)
Co—Cs—C,—C; 7.0 2 —180.0
Cp—Co—Cs—C, 6.0 2 —180.0
C,—Cs—C,—C, 1.0 2 —180.0
Cy—C,—C4—C, 3.0 2 —180.0
Cs—C,—C,—Cy 1.0 2 —180.0
Cs—C,—C,—Cs 1.0 2 —180.0
Cy—C,—C,—C; 4.0 2 —180.0
Cs—C,—Cy—C, 7.5 2 —180.0
C,—Cs—C,—C, 7.0 2 —180.0
C,—C,—Cs,—C, 3.0 2 —180.0
Hp—Cs—C,—C; 1.3 2 —180.0
Hp—Cp—C,—Cp 6.3 2 —180.0
Hs—Cy—C,—Cp 2.3 2 —180.0
H;—Cs—C.—C, 1.3 2 —180.0
H,—C,—Cs—C, 53 2 —180.0
H,—C,—C,—C; 2.0 2 —180.0
H,—C.—Cs;—C, 1.3 2 —180.0
H,—C,—C,—C, 1.0 2 —180.0
H,—C,—C,—H, 2.0 2 —180.0
Improper Torsions
ko [kecal/(mol rad?)] @, (deg)
Co—Cp—Cs—H, 30.0 0.0
Cs—Co—C,—Hg 30.0 0.0
C,—C,—C,—H; 30.0 0.0
C.—Cy—C,—H, 30.0 0.0
C,—C.—C,—H, 30.0 0.0

“ Potential energy functions have the forms V(r) = 0.5k(r — r0)?,
V(0) = 0.5kg(0 — 6p)%, V(D) = A[l + cos(m® — 8)], and V(D) =
0.5ke(® — @g)*> for the bonds, angles, dihedral angles, and
improper torsions, respectively.
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TABLE 3: Fundamental Vibrational Frequencies of Azulene Extracted from Experimental Data (7.,), DFT/B3LYP

Calculations (Zppy), and the Force Field (7) of Table 2

no. g (em™')  dppr(em™')  F(em)  no.  Jeyp (em™')  fppr(em™)  f(em™!)  no.  Jup (em™)  Tppr(em™!) 7 (em™h)
1 189 157 194 17 900 842 866 33 1378 1365 1399
2 240 164 229 18 911 880 867 34 1396 1372 1420
3 304 308 318 19 941 904 914 35 1443 1429 1480
4 323 325 330 20 952 924 926 36 1448 1431 1496
5 331 395 395 21 965 937 967 37 1457 1473 1528
6 406 413 429 22 971 954 970 38 1480 1519 1578
7 486 479 434 23 987 960 1002 39 1536 1570 1598
8 542 552 514 24 1012 983 1016 40 1579 1580 1642
9 562 588 552 25 1049 1023 1027 41 2968 3008 3028
10 630 653 572 26 1058 1039 1030 42 3018 3010 3029
11 712 696 583 27 1117 1140 1042 43 3037 3018 3031
12 731 712 745 28 1160 1190 1067 44 3037 3036 3035
13 762 715 759 29 1210 1195 1130 45 3042 3045 3036
14 795 752 765 30 1216 1250 1175 46 3072 3072 3036
15 813 764 785 31 1268 1271 1224 47 3077 3090 3036
16 825 801 858 32 1300 1284 1297 48 3098 3098 3039
Although short-range repulsive potentials are certainly neces-
sary for a proper description of coiled conformgtlons at large TABLE 4: Force Field of Anthracene®
bridge lengths, in the present study, the alkyl chain was always
initialized in its zigzag-type all-trans conformation regarded as Bonds
the global conformational energy minimum,’*** where, on the . [keal/(mol AD)] o ()
simulation time scale (up to 150 ps), the conformational energy i 0
barriers effectively prevent transitions to coiled conformations Ca=Ca 292.5 1.425
: S N . Co—Cy 2925 1.367
with a sandwich-like chromophore—chromophore configuration. Co—C 2925 1.429
Exclusion of such configurations ensures that interchromophore Cffcg 2025 1.398
vibrational energy transport in the simulations must necessarily c,—C, 292.5 1.443
take place across the alkyl bridge. Although sandwich-like Ho—Cq 397.5 1.084
structures cannot rigorously be excluded in the experiments, Hy—=Cy 397.5 1.084
. . . Hs;—Cs 397.5 1.086
such conformations are entropically disfavored, and the strength
of bonding potentials as compared to van der Waals interactions Angles
suggests that, even for sandwich-like conformations, IVR is the )
basic mechanism of interchromophore energy transfer. ko [keal/(mol rad”)] Bo (deg)
DFT/B3LYP calculations of the minimum-energy geometry Co—Cs—C, 75.0 120.8
and vibrational normal-mode frequencies of isolated azulene Csp—C,—Cs 75.0 121.7
were performed using a 6-3114+-+g(3df,3pd) basis set. The C, C,—C—C, 75.0 121.0
symmetry of azulene allows for the definition of six types of gﬁ:gy:gy ;gg Hgg
carbon atoms (Greek indexes a, f3, v, 0, &, ¢) and five types of Cd—Cy—Cy 75'0 120' 4
hydrogen atoms (in@exes o, f, 0, ¢, ¢)., as illustrated in Figure HZ_CZ_C/; 38:5 121:0
1. Although connection of the alkyl chain to one of the Cz atoms Hy—Co—Cq 38.5 118.6
destroys the C,, symmetry, the atom types of Figure 1 are retained Hp—Cp—Cq 38.5 121.2
also for the bridged compounds. Table 2 contains the parameters Hp—Cs—C, 38.5 118.1
for bond, angle, and dihedral potentials of the azulene moiety as Hs—Co—C, 385 119.5
obtained from the adjustment to the normal-mode spectrum. Dihedrals
Whereas force-field parameters for bond and angle potentials were
taken from ref 56, torsional potentials were slightly refined. In A (kcal/mol) m 0 (deg)
addi‘tion to cosil}e—type Qihedral potentials, quadratic (“harmonic’) Co—Cy—C,—Cy 56 5 ~180.0
tors1qna1 potential functions had to beh employed to prevent large- Cy—C,—C5—C, 56 2 ~180.0
amplitude out-of-plane hydrogen motions. Table 3 compares the C,—Csp—Cy—Cq 5.6 2 ~180.0
theoretical vibrational normal-mode frequencies from DFT to Cp—Cy—Co—Cp 5.6 2 —180.0
the experimental fundamental frequencies. The parametrization C,—Cs—C,—C, 5.6 2 —180.0
of the isolated anthracene force field was based on DFT Cs—C,—C,—C 5.6 2 —180.0
calculations using a 6-311G** basis set in combination with C—C,—C,—Cs 5.6 2 —180.0
experimental spectral data.’’ As a result of the Dy, symmetry Co=C,=C,=Cs 5.6 2 —180.0
of anthracene, four types of carbon and three types of hydrogen Ho=Co=Cs=C, 7.4 2 —180.0
atoms suffice to define the local force field in Figure 1. Table HomCoCam Gy 74 2 ~1800
) s Hy—Cy—Cy—C,q 74 2 —180.0
4. contains the. parameters for bond, angle, and cosine-type Hy—Cy—C,—Cs 74 2 ~180.0
dlhed'ral potentials of the. anthracene mol§cule. In Table.S, the Hs—Cy—C,—C; 7.4 ) —180.0
experimental and theoretical (DFT) vibrational frequencies are H,—Co—Cy—Hy 7.4 2 ~180.0
collected. For parametrization of the alkyl-chain force field, Hy—Co—Cy—H, 74 2 —180.0

the butane molecule served as the basic model, because it is
the smallest linear alkane containing all relevant local interac-
tions and potentials relevant for shorter as well as longer alkyl
bridges, including a CC—CC internal rotation (torsion). As

@ Potential energy functions have the forms V(r) = 0.5k(r — ro)?,
V(0) = 0.5kg(0 — 6y)%, and V(P) = A[l + cos(m® — 0)] for the
bonds, angles, and dihedral angles, respectively.
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TABLE 5: Fundamental Vibrational Frequencies of Anthracene Extracted from Experimental Data (7.,), DFT/B3LYP

Calculations (Zppr), and the Force Field (7) of Table 4

no. Jgp(em™')  dppr(em™')  F(em!)  no.  Tep (em™)  Fppr(em™)  d(em™')  no. ey (em™)  Tppr(em™!) 7 (em™Y)
1 106 92 111 23 852 846 821 45 1346 1376 1422
2 126 121 174 24 858 867 837 46 1384 1414 1435
3 234 235 212 25 879 897 921 47 1400 1415 1449
4 244 236 308 26 903 913 944 48 1412 1428 1460
5 287 269 339 27 908 919 963 49 1450 1482 1465
6 380 388 353 28 916 929 991 50 1460 1487 1507
7 397 396 358 29 956 968 1018 51 1480 1517 1520
8 397 398 379 30 958 973 1027 52 1542 1579 1543
9 469 480 428 31 977 995 1053 53 1561 1594 1544
10 479 485 440 32 988 996 1074 54 1596 1625 1549
11 491 506 495 33 998 1026 1100 55 1627 1669 1551
12 522 536 538 34 1007 1031 1105 56 1632 1671 1645
13 580 591 549 35 1098 1127 1106 57 3017 3154 3180
14 603 618 594 36 1124 1159 1188 58 3022 3156 3180
15 625 642 601 37 1151 1174 1214 59 3027 3158 3182
16 652 662 602 38 1164 1189 1219 60 3048 3159 3182
17 726 741 649 39 1167 1190 1240 61 3052 3163 3182
18 743 759 659 40 1187 1210 1285 62 3054 3164 3184
19 754 763 684 41 1264 1290 1387 63 3067 3176 3185
20 760 770 769 42 1272 1291 1393 64 3071 3176 3185
21 773 783 784 43 1273 1294 1393 65 3072 3188 3187
22 809 821 796 44 1318 1339 1400 66 3084 3188 3187

indicated in Figure lc, only two types of carbon and hydrogen TABLE 6: Force Field of the Alkyl Chain®

atoms were used in the molecular dynamics force field. Terminal Bonds

carbons were denoted by the index o, whereas all other carbons ‘s .

were assumed to be equivalent with respect to their relevant k: [keal/(mol A%)] o (A)

local interactions and were assigned the index /. As for the Co—Cp 330.0 1.508

chromophore moieties, hydrogen atoms were assigned the same Cs—Cp 330.0 1.508

Greek indexes as the carbons to which they were bound, and H,—C, 360.0 1.093

thus all nonterminal () hydrogens were assumed to be H=Cy 3400 1.093

equivalent. See below for a justification of this assumption. Angles

Goodman™ and Allinger et al.,”> by using an MMFF force

field,’® identified the all-trans (zigzag-type) conformation as the ko [keal/(mol rad?)] 0o (deg)

global energy minimum for linear alkanes of up to 17 and 24 Cu—Cp—Cy 60.0 109.1

methylene units, respectively. Therefore, we assumed that, for Cs—Cp—Cp 60.0 109.1

alkyl chains of up to 19 CH, increments, as employed in the H,—C,—H, 80.0 108.7

present model series, the all-trans form is the most stable one, Hp—Cs—Hg 80.0 108.4

dominating the conformational ensemble. A systematic inves- Hy=Co=Cy 80.0 110.3

tigation of conformational statistics was not performed here. Hy—CpCa 80.0 109.8
& P Hy—Cy—C 80.0 109.8

Investigation of the effects of different alkyl-bridge conforma- o

tions on the interchromophore IVR is hence postponed to future Dihedrals

studies. Starting from a frans-butane geometry optimized using

DFT/6-311G**, additional methylene units were added, retain- A (keal/mol) m 0 (deg)

ing the all-trans conformation, and the resulting structure was H,—Co—Cp—Hpg 0.2 3 0.0

optimized (DFT/6-311G**). As it turns out, the geometrical Hp—Cp—Cs—Hp 0.2 3 0.0

parameters (equilibrium bond lengths and angles) changed only Co=Cp=Cs=Cy 8.0 3 0.0

Cy—Cp—Cy—Cy 8.0 3 0.0

slightly upon addition of one additional CH, increment,
especially for longer chains, and it was possible to reasonably
reproduce the theoretical (DFT) vibrational frequencies by
employing a force field as implied by Figure 1 (a- and
p-carbons/hydrogens only). For fixing the force-field parameters,
the simpler models of Jgrgensen et al.*” and Boshm et al.®° served
as starting points. To achieve a better agreement of especially
the low-frequency part of the vibrational spectrum with theoreti-
cal/experimental values, substantial parameter changes had to
be made. The resultant parameter set for bond, angle, and
dihedral potentials is collected in Table 6. In addition to CC—CC
torsional potentials, HC—CH torsions had to be included.
Despite the small amplitudes, A, of respective cosine-type
dihedral potentials (cf. Table 6), their omission would lead to
significant changes in the normal-mode spectra. The force-field
parameters of the ether and thioether groups were taken from
the standard CHARMM force field.%' Finally, the force-field

“ Potential energy functions have the forms V(r) = 0.5k(r — r0)?,
V(0) = 0.5kg(0 — 6y)?, and V(®) = A[l + cos(m® — 0)] for the
bonds, angles, and dihedral angles, respectively.

parameters for interactions at the azulene—alkyl and alkyl—anthra-
cene interfaces are summarized in Table 7. There, the atom types
are assigned superscript indexes (azu, ant, alk) indicating the
molecular subunit to which they belong, whereas the Greek
subscript indexes indicate the corresponding atom type within
the respective subunit. As mentioned earlier, the interfacial
force-field parameters were considered to be independent of the
alkyl chain length in light of the agreement with the theoretical
(DFT) vibrational spectra.

The complete force field for the alkyl-bridged bichromophoric
compounds as described above was adapted to the normal-mode
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TABLE 7: Force Field for the azu—alk and alk—ant
Interfaces”

Bonds
k; [kcal/(mol A2)] ro (A)
Cz/;)zu_c'(dllk 330.0 1.504
Cglk_cgnl 330.0 1.518
Angles
ko [kcal/(mol rad?)] 0o (deg)
H;]k_cglk_cz,zu 40.0 109.6
Cg’zufczzufcz&lk 40.0 125.3
C?,N_C;;N_Cg]k 40.0 127.2
C%zu_ca]k—c;;,lk 40.0 113.2
Halk—Calk—Cant 40.0 109.6
Cglk,caglk,cgnt 40.0 115.1
C:&]k_cgm_c';m 40.0 120.3
Dihedrals
A (kcal/mol) m 0 (deg)
ngu_C%zu_Cua]k_Czlk 2.4 2 0.0
Cg‘k—C;‘}k—Cﬁk—CS"‘ 4.8 3 0.0
C;ZU—CEZU_Calk_C%Ik 2.4 2 0.0
Cim— ngk_czlk_czlk 4.8 3 0.0
C%Ik_cuu]k_cgnt_c';nt 2.8 2 0.0

“ Potential energy functions have the forms V(r) = 0.5k(r — ro)?,
V(O) = 0.5kg(0 — 6,)%, and V(D) = A[l + cos(m® — O)] for the
bonds, angles, and dihedral angles, respectively.

spectrum only, which was calculated at a particular (all-trans)
conformation of the flexible alkyl chain unit. As a result, it is
expected to provide a fairly good description of the potential
energy surface only in the neighborhood of the (respective)
energy minimum. Whereas the quadratic bond stretch potentials
are purely quadratic in Cartesian space, the quadratic angle,
dihedral, and cosine-type dihedral potentials are not and thus
produce anharmonic couplings among the vibrational normal
modes mediating IVR. As noted earlier, these anharmonic
couplings are “accidental” (uncontrolled) but nevertheless
considered physically realistic. For later reference, we mention
here that substituting the quadratic bond stretch functions by
Morse potentials did not significantly influence the simulated
IVR.

A disadvantage of the current force field is the energetic
equivalence of trans and gauche conformations, which does
not allow for a proper description of folded chain structures.
Because of the large CC—CC torsional barriers however, the
all-trans conformation was kinetically stable during the
simulated physical time window of 150 ps, as it should be.
The kinetic stability of the all-trans chain conformation also
made it possible to analyze the energy-transfer process in
terms of vibrational normal modes defined relative to the all-
trans energy minimum.
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