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Temperature quench echoes were induced in molecular dynamics simulations of dendrimers. This
phenomenon was used to probe the vibrational behavior of these molecules by comparing
simulation results with harmonic model predictions. The echo depth for short time intervals between
temperature quenches is well described by the harmonic approximation and the fluctuations
observed are related to the vibrational density of states. The echo depth for long time intervals
decays progressively revealing dephasing due to anharmonic interactions. The density of states was
calculated from the temperature fluctuations after the first quench and high-frequency modes were
assigned by comparison with vibrational spectra of similar dendrimers. © 2010 American Institute

of Physics. [doi:10.1063/1.3353952]

I. INTRODUCTION

Computational models provide a valuable tool for the
study of motion in complex or disordered systems, such as
amorphous solids, polymer glasses, or proteins. Normal
mode analysis is an example of a method generally used for
this purpose.l_7 Although this method gives detailed insight
on vibrational motion, it neglects anharmonic contributions
and is of limited use to describe dynamics of systems with
complex potential energy surfaces. In this case, the methods
based on molecular dynamics simulations,®™® such as the
temperature echoes,'™ are better suited.

The standard procedure to induce a temperature echo in
a simulation consists of a double temperature quench. Start-
ing from a system equilibrated at temperature 7|, the kinetic
energy is instantaneously removed at instant t=0 by setting
the velocity of all particles to zero. Immediately after the
quench, the temperature is zero but then the system evolves
to equilibrium, as potential energy is converted to kinetic
energy. The new equilibrium temperature is approximately
Ty/2, in agreement with the equipartition principle. After
some time interval ¢=7, the kinetic energy of the system is
again removed causing a second temperature quench. The
echo is then observed at instant /=27 as a short decrease in
the temperature trajectory (Fig. 1).

The first quench creates a coherent vibrational state or,
using a normal mode picture, it resets each mode to a phase
0 or 7. The modes with a frequency corresponding to a mul-
tiple of /7 have zero kinetic energy at the instant of the
second quench and, therefore, are not affected by this
quench. At instant 27, these modes have again zero kinetic
energy and this contributes to the appearance of the tempera-
ture echo. The second quench acts as a filter of the energy
spectrum by selecting modes with frequencies nearby
nar/7.2* In this sense, it was originally proposed that tem-
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perature quench echoes could be used to obtain individual
normal modes and assess the density of states.

Temperature echoes were first detected in simulations of
Lennard-Jones glasses.”’]8 By applying multiple quench
steps, it was possible to isolate normal modes in these sys-
tems. The degree of localization of the modes was character-
ized as a function of mode frequency. There is a transition
between localized and extended modes, which occurs over a
narrow interval, as frequency decreases. Temperature echoes
were later observed in simulations of proteins.zz’23 These sys-
tems are more inhomogeneous than simple glasses due to
chemical bond and long range electrostatic interactions. Low
frequency modes are particularly interesting because they are
related to collective motion of several atoms across the pro-
tein. This type of extended motion could be involved in trig-
gering conformational changes, such as protein unfolding. In
this contribution, we revisit the temperature echo phenom-
enon in a different kind of macromolecular system.

Dendrimers are artificial polymers with a highly ramified
structure.”>?° These molecules are built around a core unit by
adding successive layers of repeating units, usually called
generations, according to a self-similar motif (Fig. 2). Den-
drimers with flexible repeating units have a globular shape
and their size is around a few nanometers. Such features are
comparable to small proteins, but the lack of secondary or
tertiary structure renders dendrimers much less organized
than proteins. Some dendrimers display an interesting an-
tenna effect, where efficient migration of phonon energy,
supplied by infrared radiation, occurs from the dendrimer’s
periphery to its core.””?® This behavior is not obvious be-
cause the branching structure of the dendrimer imposes an
entropic penalty for energy migration toward the core. A
plausible explanation for this antenna effect invokes aniso-
tropic vibronic coupling between repeating units due to close
molecular packing at the dendrimer’s periphery (cf. Fig. 2).
Although phonon-antenna effects are not known for the type
of dendrimers modeled in our simulations, we considered

© 2010 American Institute of Physics
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FIG. 1. Temperature trajectory from molecular dynamics simulations of a
dendrimer showing the double quench at times 0 and 7 followed by the
temperature echo at instant 27.

dendrimers with different number of repeating units (or gen-
erations) to investigate possible effects from molecular pack-
ing in the vibrational behavior of these systems. Indeed, we
have noticed in our temperature echo simulations that the
vibrational density of states of the simulated dendrimers
shows frequency shifts and peak broadening with increasing
dendrimer generation. Some of these results maybe experi-
mentally confirmed, by measuring infrared spectra or inelas-
tic neutron scattering spectra, of a series of dendrimer gen-
erations. More generally, this paper illustrates the potential of
temperature echo simulation technique in the study of soft
matter. Previous studies with protein model systems had al-
ready suggested the potential of this technique for studying
motion in macromolecular systerns.zz’23 In this sense, den-
drimers are interesting model systems because they are
chemically simpler and less organized than proteins, but
have a well defined branching structure that can be grown in
a self-similar scheme. This allows to probe size effects in
disordered soft systems with a high degree of chemical bond-
ing and supramolecular interactions, as dendrimers are.
Other systems, such as hyperbranched or star polymers,
could also be interesting probe systems for temperature echo
studies.

Our interest in dendrimers was motivated by previous
spectroscopic studies of photoinduced electron-transfer in
porphyrin-dendrimer supramolecular systems.29 The role of
conformational changes and dielectric relaxation associated
with electron transfer in these systems was investigated be-
fore using molecular dynamics simulations.” In this contri-

Bys

GO0.5 G1.5 G2.5

FIG. 2. Scheme illustrating the self-similar structure of dendrimer genera-
tions GO0.5, GI1.5, and G2.5 (each segment represents
—CH,—CH,—CO—NH—CH,—CH,—NH< except for the core
>N—CH,—CH,—N< and the terminal segments
—CH,—CH,—COO"). Notice the more compact packing near the periph-
ery as the dendrimer generation increases, perceptible even in this simple
schematic form.
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bution, we further explore the behavior of dendrimer systems
by using the temperature echo simulation technique.

Il. MODEL AND METHODS

The dendrimer model used in our simulations is de-
scribed in Ref. 31. Briefly, it is an atomistic model of poly(a-
mido)amine or PAMAM dendrimers based on OPLS and
AMBER force fields. Five dendrimer sizes or generations
were considered with a total number of 148, 356, 772, 1604,
and 3268 atoms. These generations are abbreviated as Gn.5
with n=0,...,4, respectively. Initial configurations for each
generation were selected from equilibrated structures of pre-
vious simulations with duration of several hundred
picoseconds.31 Distance constraints imposed before on bonds
involving H atoms were lifted and the simulation time step
was decreased to 0.5 fs. During the initial stage of equilibra-
tion, which lasted several tens of picoseconds in a NVT en-
semble, the temperature was maintained around 300 K by
coupling the system to a Nosé—Hoover thermostat. Then, the
thermostat was disconnected and the simulation was ex-
tended for a similar period as a microcanonical, NVE, en-
semble. From the last 5 ps of simulation, six configurations
were sampled at equal time intervals and were used for the
temperature echo simulation runs. The double-quench proce-
dure described before was used for inducing the echoes and
the results presented here are the average from the six
sampled configurations. The simulations were performed
with DL_POLY program. No explicit solvent was introduced,
but the dielectric constant of water was used for calculating
electrostatic interactions. These were handled with the Ewald
method using a cutoff distance of 50 A. The radius of gyra-
tion calculated for the dendrimers in our simulations®' is
comparable to values obtained in other simulations with im-
plicit solvent.*® The introduction of explicit solvent leads to
swelling of the dendrimer and to better agreement with ex-
perimental values of dendrimer radius.> However, the use
of implicit solvent allows to define simulation cells with
larger sizes (which are more comparable to experimental
conditions) and, thus, to reproduce more realistically the spa-
tial distribution of counterions around the dendrimer.”'

Temperature echoes can be predicted from a classical
harmonic model, as it was originally shown by Rahman and
co-workers'"™° and later reformulated by Xu et al.” Here
we briefly outline some of their results. For a system with N
particles or atoms, each of the 3N—6 internal normal modes
is described by a harmonic oscillator with a frequency w; for
the ith mode. The evolution of temperature after the first
quench (0=t<7) is

70 =201 - eos(2o)] (n

where T, is the equilibrium temperature of the system before
the quench and the angle brackets indicate the average over
all normal modes, (f(w;));=(3N—-6)""2.f(w,).

After the second quench (#= 7), the temperature is given
by
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T,(1) = % 1 —{cos[2w;(t — 7)]); + {cos(2w; 7)),
- %(cos(Zw,-t)), - %(cos[Zw,-(t - 27')])1} . (2)

The last term of this expression reaches the most negative
value at r=27 and it explains the temperature echo. Xu et
al.” have shown that, within the harmonic approximation,
the cosine terms in expression (2) are related to the tempera-
ture autocorrelation function C(¢) through

(To()Tp(0)) = (Ty(1))*
([To) ) = (To(0))*

where Ty(7) is the temperature trajectory of the equilibrated
system before any quenches. The function C(r) can be di-
rectly evaluated from molecular dynamics simulations and
the same is valid for T,(¢) by replacing the definition of C(z)
in expression (2) to obtain

(cosRu;t));=C(1t) = (3)

1 1
Ty(1) = %{1 ~ Clt=1)+ C(1) = 50 - SCli=27) |.

(4)

Furthermore, by rewriting the average over all normal modes
of the cosine terms as a continuous approximation for a large
number of modes,

o

C(1) =(cosQRu;t)); = f D(w)cos(Qwt)dw, (5)
0

it becomes clear that the density of states D(w) of a harmonic
system can be evaluated from the inverse cosine Fourier
transform of the temperature autocorrelation function. An-
other means to accomplish the same was suggested by Grest
et al.” using the following function:

T(1)
Kt)=\1-——) =
(1) < T >Z

where (...), indicates an ensemble average, T(¢) is the tem-
perature trajectory after the first quench, and T, is the equi-
librium temperature after a single quench, which is approxi-
mately 7,/2 as previously mentioned. Comparing
expressions (5) and (6), the following identity K(¢)=C(r) can
be established for a purely harmonic system. The simulated
systems are not purely harmonic due to torsional, electro-
static, and van der Waals interactions that contribute to cou-
pling between normal modes. However, the harmonic ap-
proximation can still give valuable insights regarding
vibrational motion in the simulated systems.

fm D(w)cos(Qwt)dw, (6)

0

lll. RESULTS AND DISCUSSION

Temperature echoes were monitored in dendrimer simu-
lations for time delays between quenches as short as 0.02 up
to 1.5 ps.3(’ An example of a temperature trajectory showing
an echo for a short time delay is given in Fig. 1. After each
quench, the temperature rises rapidly and within a few fem-
toseconds it almost reaches the new equilibrium value. How-
ever, there are strong temperature fluctuations that persist for
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FIG. 3. Detailed view of the temperature echoes observed for dendrimer
generation G2.5 for time delays between quenches of (a) 7=0.05 ps and (b)
7=0.5 ps. The full line represents the simulated temperature trajectory av-
eraged over six runs and the dashed line depicts the predictions from the
harmonic model calculated with Eq. (4).

much longer. These fluctuations carry information about the
density of states of the syste:m.37 A detailed view of the echo
in Fig. 1 is shown in Fig. 3(a). For short time delays, the
harmonic model gives a reasonably good description of the
echo profile [dashed line, Fig. 3(a)]. In the short time range,
the behavior of the system is dominated by the high fre-
quency modes that are usually “good” normal modes, which
explains the success of the harmonic approximation.

The width of the echo is determined by the highest fre-
quency mode of the system.38 For the simulated dendrimers,
it corresponds to the N—H stretching mode of the amide
groups with a frequency around 3330 cm™!, which agrees
with the observed echo width of approximately 5 fs.

The depth of the echo varies significantly with the time
delay between quenches. This quantity is defined as, AT,
=T5,,—T,(27), where T, is the equilibrium temperature after
the second quench and T,(27) is the temperature at the time
of the echo. The values “measured” for one of the simulated
dendrimers in the range of short time delays are represented
in Fig. 4 (open symbols). The fluctuations observed here are
related to the density of states of the system. This relation
can be derived from the harmonic approximation by noticing
that 7,.,=T,/4 and rewriting T,(27) from expressions (2) and
(5) to obtain

AT} = %ll " f ) D(w)cosmm)dw]. )

0

The echo depth for a harmonic system can be estimated from
expression (7) by replacing the integral with either C(27) or
K(27) function (see Fig. S1 in supplementary material™). A
good agreement is found between the measured echo depths
and predictions from the harmonic model for time delays up

50

eq. 7 w/ K(t)
—c¢q. 7w/ C(t)

echo depth (K)
5
1

FIG. 4. Echo depth observed in simulations of dendrimer generation G2.5
(open symbols) and comparison with predictions from the harmonic model
calculated with Eq. (7) using function C(¢) (full line) or function K(7) (thin
line).
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to about 50 fs (solid and thin curves, Fig. 4). For longer time
delays, the measured values begin to deviate significantly
from the harmonic model due to buildup of anharmonic con-
tributions.

The effect of anharmonicity in the temperature echoes is
exemplified in Fig. 3(b). As the time delay between quenches
is increased, there is a progressive decay of the echo depth
relatively to harmonic model predictions [dashed line, Fig.
3(b)]. In this time range, the double-quench procedure
probes low frequency modes, which typically involve the
collective motion of several particles across the system. An-
harmonic coupling between these modes is promoted by tor-
sional, electrostatic, and van der Waals interactions in the
simulated systems. This phenomenon destroys the vibra-
tional coherence created by the double-quench procedure
and, as a consequence, the temperature echo fades.

The echo depth in the dendrimer systems decays expo-
nentially for long time delays between quenches (see Fig. S2
in supplementary material®®). This feature was also observed
for Lennard-Jones glasses and proteins.”_zo’zz‘23 Xu et al.”
proposed an explanation based on a model which assumes
that anharmonic interactions introduce a random phase in the
motion of each oscillator and that the time evolution of this
random phase is described by a diffusion equation. Accord-
ing to this model, the echo depth decays as AT, pam
=T,/8 exp(—7/7.), where the characteristic decay time is
given by 7.=(3y,ksT,)~" and 7, is a mobility constant re-
lated to dispersion of the random phases.40

The decay times 7, obtained for the dendrimer systems
vary between 0.52 and 0.69 ps. These values are comparable
to the value of 0.83 ps obtained for the protein bovine pan-
creatic trypsin inhibitor (BPTI).” Some speculative remarks
can be put forward to explain the slightly lower 7. of the
dendrimers in comparison to BPTI protein. The dendrimers
are less organized than proteins and this could favor anhar-
monic coupling through torsional interactions. The total
charge of these macromolecules can also differ significantly.
Each terminal group of the dendrimer can be potentially
charged, which means structural charges of 8, 16, 32, 64, and
128e for generations G0.5 to G4.5. However, the effective
charge is lower due to counterion condensation that renor-
malizes the dendrimer charge to estimated values of §, 13,
16, 20, and 23e for the same generations.31 The charge of
BPTI in the simulation model is not known, but the experi-
mental value of 6e¢ is relatively lower than that of
dendrimers.*' This difference in effective charges may sug-
gest that there are different contributions of electrostatic in-
teractions to anharmonic coupling in the dendrimers, as com-
pared to those in BPTI protein.

The values of 7, for the dendrimers seem to correlate
inversely with the volume density of oscillators (Fig. 5). In-
tuitively, the anharmonic contributions from electrostatic and
van der Waals interactions should be proportional to the
number of interacting particles and, inversely, to the distance
between them. The volume density of oscillators seems to
account for this simple reasoning.42

The conformation of dendrimers changes with increasing
generation. Lower generations have more open structures
and an ellipsoidal prolate shape. Higher generations are more

J. Chem. Phys. 132, 114901 (2010)
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FIG. 5. Characteristic decay times of the echo depth at long time delays
between quenches as a function of the volume density of oscillators for the
several dendrimer generations simulated (open circles). The error bars rep-
resent the estimated standard deviation. The value of 7, for BPTI given in
Ref. 23 is also shown for comparison (closed square).

compact and spherical due to stereochemical restraints im-
posed by molecular packing of an exponentially increasing
number of repeating units with each generation.”’ This con-
formational change is likely to affect anharmonicity in den-
drimers and, indeed, the value of 7, obtained for generation
0.5 dendrimer (0.69 ps) is clearly higher than for the remain-
ing generations (0.52-0.59 ps). Other factors that affect den-
drimer conformation are the pH and salt concentration.*** Tt
would be interesting to study how these influence anharmo-
nicity in the simulated dendrimers through their effect on
decay time 7,.

The vibrational density of states for the simulated den-
drimers was calculated from C(r) or K(7) using expressions
(5) and (6), respectively. The spectral features obtained from
either function are comparable between them, although slight
differences in peak position or intensity can occur. The den-
sity of states for some of the simulated generations is shown
in Fig. 6. Experimentally, this quantity can be evaluated from
inelastic neutron scattering. This technique has been em-
ployed to characterize the vibrational behavior of
proteins,‘mﬁ47 but, to the best of our knowledge, it has not yet
been used for dendrimers. On the other hand, there are sev-
eral studies that report on infrared spectroscopy of poly(ami-
do)amine dendrimers similar to those simulated here, and at
least one on Raman spectroscopy.m_5 ® It is also known one
computational study that reports on calculated infrared spec-
tra of poly(amido)amine dendrimers, but it employs ab initio
methods and is limited to dendrimers of the lowest genera-
tion 0.”” These studies provide a basis for comparison with
our simulation results, although infrared and Raman spectra
reflect specific selection rules and, thus, are not directly com-
parable to the calculated density of states. Furthermore, we
notice that simulations with implicit solvent do not account
for specific solvent effects, such as hydrogen bonding. Mo-
lecular dynamics simulations with explicit water solvent
molecules could give some insight about these effects and
might complement the results presented here.

The highest frequency mode in Fig. 6 appears at
3330 cm™! and, as previously referred, corresponds to
N—H stretching of the amide groups. The next peak occurs
around 3000 cm™! and its assignment is not clear [peak (a)
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FIG. 6. Vibrational density of states for selected dendrimer generations
GO0.5, G2.5, and G4.5 calculated from the temperature fluctuations after the
first quench using Eq. (6) with function K(r). The arrows indicate the fre-
quency shift observed with increasing dendrimer generation for some of the
identified modes: (a) N—H stretching, (b) C—H stretching, [(c) and (d)]
amide I, (e) CH, rocking, and (f) amide V and VL.

in Fig. 6]. In the infrared spectra of poly(amido)amine den-
drimers, there is a band at 3080 cm™! that has been attrib-
uted to an overtone of the amide II mode™ (i.e., a combina-
tion of N—H in-plane bending and C—N stretching) or,
alternatively, to N—H stretching.50 Close to the peak at
3000 cm™', there is another one around 2940 cm™' that has
contributions from symmetric and asymmetric C—H
stretching of methylene groups [peak (b)]. This peak shifts
slightly to higher frequencies (about 10 cm™') with increas-
ing dendrimer size or generation. There are at least two other
peaks that show similar behavior: one at 1620 and another at
620 cm™! [peaks (d) and (f), respectively]. The former is
attributed to amide I mode (i.e., C=O stretch with some
in-plane C—N—H angle bending) and the latter to a com-
bination of amide V and VI modes (i.e., respectively, N—H
and C=O0 wagging). Another example, although not so
clear, is the peak at 1030 cm™' [peak (e)] that is assigned to
CH, rocking or, alternatively, to C—C stretching. This peak
shifts only 6 cm™' to higher frequency from generation G0.5
to G4.5, but this shift is accompanied by broadening. Yet
another example is the double peak structure around
1720 cm™ [peak (c)] that is attributed to amide I mode.
With increasing generation, the peak at higher frequencies
diminishes and becomes only a shoulder. The peak changes
just described are qualitatively identical for both density of
states calculated from C(r) and K(r). These changes occur

J. Chem. Phys. 132, 114901 (2010)

with increasing dendrimer size (or generation) and most
likely reflect the dendrimer conformational change from a
sparse to compact structure. Conformational effects have
been observed in ab initio calculations of generation O den-
drimers that showed frequencies shifts up to 20-30 cm™!
between different dendrimer conformations. Within the same
generation, the dendrimer conformational manifold should
lead to inhomogeneous broadening due to different environ-
ments provided by the dendrimer itself to each vibrational
mode. In particular, vibrational coupling through intramo-
lecular hydrogen bonding should depend significantly on the
orientation of dendrimer branches.”’ With increasing den-
drimer generation, other effects could come into play. The
molecular crowding that occurs for higher generations can
impose a tension on the branches close to the dendrimer core
that stretch out to increase the molecular volume and accom-
modate the large number of repeating units at the dendrim-
er’s periphery. The increase of molecular strain with den-
drimer size suggests a plausible explanation for the changes
observed in the density of states with increasing generation,
but it lacks a more detailed verification by complementary
experimental and theoretical approaches.

In general, the features identified in the calculated den-
sity of states find a correspondence in experimental or calcu-
lated infrared spectra of these dendrimers. However, there
are two exceptions. One is the peak situated at 1820 cm™'
for which no correspondence was found in the infrared spec-
tra reported in the literature and that we tentatively assign to
a C=0 stretching mode. The other is a band that appears
around 2820-2850 c¢cm™! in infrared spectra from symmetric
C—H stretching of CH, groups, which cannot be accurately
determined in the calculated density of states.

The interpretation is more difficult in the fingerprint re-
gion (below 1000 cm™') due to spectral overlap and cou-
pling between modes. The region below 200 cm™! is particu-
larly interesting because it contains modes that, due to their
collective character, could be involved in conformational re-
arrangement of dendrimer branches. There remains the doubt
about enough sampling of the dendrimer conformational
space to obtain a reliable characterization of these modes in
simulations of several picoseconds. The many conforma-
tional degrees of freedom associated with the fractal chemi-
cal structure of the dendrimer suggests a rough potential en-
ergy surface with many quasi-isoenergetic minima. Low
frequency modes could be involved in crossing energy bar-
riers between minima. Some of these modes could have
imaginary frequency corresponding to saddle points in the
potential energy surface. Friction acting on these modes from
interaction with other dendrimer branches can lead to an
overdamped motion, which is more of a restrained diffusion
character than vibrational. Characterization of the motion in-
volved in these modes could be important, for instance, to
understand dielectric relaxation accompanying electron
transfer in dendrimer systems, in which case slow relaxation
components of a few picoseconds (<20 cm™!) have been
observed in molecular dynamics simulations.*
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IV. CONCLUSIONS

Temperature quench echoes were originally demon-
strated in simulations of Lennard-Jones glasses almost three
decades ago. Since then, modified versions of this method
and other related methods have been developed. An example
is the velocity reassignment echo procedure, which uses cor-
related sets of velocities to probe vibrational motion in simu-
lated systems with only a mild perturbation in their
temperature.58 Another example relies on multiple kinetic
and potential energy quenches to isolate normal modes at
low temperature and then studies energy transfer among
these modes at higher temperatures.59 In common, these
methods have the possibility to address an individual subset
of particles or vibrations in the simulated system and to fol-
low dynamics of energy transfer in a more detailed manner.
This could be an interesting possibility to investigate direc-
tional phonon energy migration due to anisotropic vibronic
coupling in dendrimer systems.

In this contribution, we revisited the temperature echo
phenomenon in simulations of dendrimers using the double
quench procedure to probe the vibrational behavior of these
molecules. This approach is better suited for dendrimers and
other complex molecules than, for instance, conventional ab
initio methods combined with normal-mode analysis, due to
the many conformational degrees of freedom of these sys-
tems. The characteristics of the echo at short time delays
between quenches are reasonably described by the harmonic
model, but with increasing time delays anharmonic contribu-
tions to motion cause the echo to fade. The echo depth de-
cays exponentially, but with slightly different decay times for
the several generations simulated. The vibrational density of
states was calculated from the temperature fluctuations after
the first quench assuming the harmonic approximation. The
peak structure of the density of states finds correspondence
to features reported in experimental and calculated infrared
spectra. Some peaks shift slightly or broaden with increasing
dendrimer size or generation. The increase in molecular
strain due to the large number of repeating units packed in
higher generations seems to be a plausible explanation for
the changes observed in the density of states, but it requires
further evaluation by other methods, like infrared spectros-
copy or inelastic neutron scattering.
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