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Mechanism of Cis-to-Trans Isomerization of Azobenzene: Direct MD Study
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The thermal isomerization reaction @g-azobenzene to its trans isomer has been studied by direct molecular
dynamics. The semiempirical PM3 method was used to calculate the force field, which was verified by density
functional (PW91) calculations. The transition state for the reaction was searched by both methods. The
trajectories were started from the transition state dressed with zero-point vibration, and the transient vibrational
spectrum was collected. Two types of the vibrational modes were found to be excited at 1 ps, both of which
correspond to in-plane skeletal vibration of the benzene nig@iidvig). The lifetimes of those modes are
estimated to be 1.2 and 1.8 ps, respectively. The results indicatesthatlv;g modes of the benzene ring

play an important role in the thermal isomerization.

I. Introduction sion mechanism. Andersson et al. measured the cis-to-trans
Azob is th i ¢ ¢ " lecul isomerization rate in the gas phésand determined the
zobenzene Is the prototype of a group of aromatic molecules o .y ation energy to be 1.22 eV. They compared the value with

|nhwh|ch two benzzne_ fings are c_oEnected by arr: azo group- e cNDO-calculated activation enebggnd confirmed the
$here are trans and cis |somebr|s W'td respect to the azo group;p, e rsion mechanism. A CIPSI calculation with 3-21G basis
o e e s o SELas cone by Ciiragla and Hofrahney iso found
) : . . . that the inversion mechanism is favored and found an activation
r?ver&gn to the trags_cor:jformat_mn. 'I;]h|s %hotochrom|_cdcyclt;al energy of 1.05 eV. Much more elaborate calculations have
gtteanztioonenbzftzea;pr)}ie dlth diﬂ\é?jt;\ﬁzntaallsforrg\év:éc;:g;l;;ra erecently t_)een done. Qattaneq and Persitsed mulpireference
the notat;Ie studies, Jiang and Aida repor,ted that the cis-to-tranierturpatlon theory with a basis set of moderate size. They drew
’ otential energy curves of the ground and several excited states

Isomerization rate of_a hl_gh_-order azodend_rlmer was gr_eatly along a prefabricated reaction path and found that the potential
enhanced. by |nf.rared iradiatiérthe azodendnmer}s a treelike energy barrier was smaller for the inversion mechanism (1.45
polymer in which .the azobenzene core sits in_the center eV). Ishikawa et af. mapped the potential energy surfaces of

surrour_lded by a highly branch_e_d polymer shell. They found several low-lying electronic states with the CASSCF method,
that mild excitation on a specific infrared band, namely, a again showing the preference for the inversion mechanism. All

stret?hm? V|tl:;1rat!onal pan? fOL arorfnailc ”?gs (15?1_6)2 d of the studies mentioned above, however, were concerned with
accelerates the Isomerization by a factor of several hunareas.,; ,;,q7ane jn equilibrium, and there is little information on

Their observation strongly suggested that intermittent photon the dynamics of the reaction. Very recently, several experi-

absorppon acqum_ulates to overcome the P°te.”“‘?" energy t.’a“me'rment@10 have been conducted to resolve the short-time behavior
of the isomerization. Judging from the irradiation condition,

. . . . f the isomerization r ion, hey f n the eff f
however, the vibrational relaxation rate is well faster than the of the isomerization reaction, but they focused on the effect o

. . - reaction on the electronic excited states.
interval of photon absorption, and the accumulation of the

photon energy seems to be improbable. In an effort to shed light In the present stugjy, we have. investigated the Qynamlcal
) - - > aspect of the isomerization reaction on the electronic ground
on the subject, we have chosen to begin with the detailed

mechanism of the thermal isomerization reaction aif- state using the d|_rect molecu!ar_ o!y_namlcs (MD) mgth’obh
azobenzene direct MD calc_ulat|ons, no a priori flttlng of the potential energy
There are.t o possible mechanisms for the isomerization surface to a simpler functional form is performed. Instead, the
reaction. On VIV tPF: inlv rsion m Ih nism. in er1i h 12 I\II potential energy and its gradient are evaluated point-by-point
’\?EE’: cl))dnd ;n Sle iﬁcreaesgsoto f(()arcmathz iéomer Eeeo?: the during the course of each trajectory. In the next section, the
- 9 . - ping details of the MD calculation is described along with the method
C—N=N-C atoms planar. The other is the rotation mechanism,

. . : X . used to calculate the vibrational spectra from the trajectories.
in which the C-N=N—C dihedral angle changes to isomerize, P J

as is common in the photochemistry of olefins. Both experi The results are shown in section lll, followed by discussions.
; - . ) " Section V is devoted to conclusions.
mentally»# and theoretically; 8 it is evident that the thermal

cis—trans isomerization of azobenzene proceeds via the inver- .
[I. Calculation
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Figure 1. The stationary structures of azobenzene: (agislazobenzene; (b, djans-azobenzene; (c, f) the transition state connecting them.
Structures ac were optimized at the PM3 level, while structuresfdvere done at the DFT (PW91/6-31G(d)) level. The deviations of the€C

bond length from those in benzene (1.391 and 1.402 A for PM3 and DFT, respectively) are indicated in millangstrom units, if they are larger than
5 mA. The arrows in structures ¢ and f indicate the normal mode with imaginary frequency, which is the reaction coordinate for the isomerization
reaction.

calculated with the density functional theory (DFT), where calculated from the velocity autocorrelation function. The origin
PW91 exchange/correlation functioridland 6-31G(d) basis sets  of time,t = 0, was taken to be the time of passage through the
were used. The vibrational frequencies and the indices of thetransition state, that is, at the start of the trajectory calculation.
normal modes, ascending order starting from 1, discussed belowThe transient spectrum at tinhevas calculated from the segment
were calculated at PM3 level, unless otherwise noted. t + 0.39 ps (1024 steps) of the trajectory.

The numerical integration of the equations of motion was  The vibrational spectrum was calculated from the Fourier
performed by using the fourth-order symplectic integrator by transformation of the mass-weighted velocity autocorrelation
Martyna and Tuckerman (MT).1# In the present MD calcula-  function,
tions, an integration step of 0.76 fs was employed, instead of
the typical value of 0.5 fs used with Verlet method. The me it w2
preparation of extended phase-space coordinates, sutk-as E(v) = Z—I Jut)y e 2™ 1)
dF/dt, K = dJ/dt, and L = dK/dt, whereF is the force, are =t
required in the M-T algorithm. Those auxiliary variables were
obtained numerically from five-point polynomial interpolation. WhereE(v) is the kinetic energy density as a function of the
Two forward and two backward trajectory points were generated frequency ti andt; mark the period used for the analysig,
using the velocity Verlet method with one tenth of the andmare the Cartesian velocity and the mass, and the subscript
integration step width. Note that the calculation cost for one kruns over the 72-dimensional coordinate. Thus-obtatt(@)
integration step in the MT algorithm is the same as it is in IS @ transient vibrational spectrum at tirhefter the trans-to-
Verlet method, except for the preparation at the startup and extraCis isomerization reaction takes place, or in reverse, at time
storage for the auxiliary variables during the calculation. before the cis-to-trans isomerization reaction.

The initial conditions were selected such that the trajectory ~ The calculation of the transient spectrum is intended to search
starts from the transition-state structure of the cis-to-trans for the conditions under which isomerization takes place.
isomerization reaction. After preliminary tests, it was found that Needless to say, large amplitude motion is required. Preliminary
isomerization typically requires trajectories that are too long to MD calculations starting from the cis F:onformat_lon, howgv_er,
be practical if started from a cis stable structure. Either an demonstrated that large amplltude motion alone is not sufflc!gnt.
artificial setup of the initial conditions or very high temperature Even though the molecule is deformed to near the transition
was needed to force reaction. For this reason, we limited State, it readily slips into other cis structures. The present analysis
ourselves to the half-reaction from the transition structure to Will find out which assisting modes, if they exist, must be excited
the cis conformation. The velocity to simulate zero-point tO induce the system to cross the transition barrier.
vibrational motion was added to each bound mode at the
transition state. The direction of the velocity was taken
randomly. There are 65 bound vibrational modes at the transition A, Stationary Points. The stationary structures of azobenzene
state, so the possible directions of the initial velocity & 2 were located by both PM3 and DFT. The stable structures for
The sum of the zero-point energies at the transition state wascis and trans isomers, as well as the transition state connecting
5.10 and 5.01 eV for PM3 and DFT calculations, respectively. them, were located. All stationary points were verified by
Another velocity of 50 meV was imparted along the reaction frequency analysis. The structures are depicted in Figure 1, and
coordinate for the half-reaction to proceed toward the cis their energies and structural parameters are summarized in Table
conformation. 1. We have also calculated DFT stable structures with diffuse

The Gaussian 98 packa§evas used to calculate energy, function added to the basis sets (PW91/6-8&F), but no
force, and vibrational frequencies, as well as to locate the notable changes were observed.
transition state. The semiempirical MO program MOPACZ2600 Comparing the PM3 results with DFT, the PM3 method
was also used in part to calculate the PM3 forces. works fairly well considering its minimal calculation cost. The

B. Transient Vibrational Spectrum. The transient vibra- stability of the trans isomer is underestimated by PM3, which
tional spectrum after isomerization to the cis conformation was would be a problem if we were studying isomerization from

Ill. Results
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TABLE 1: Relative Energies and Structural Parameters for T 1o

cis- and trans-Azobenzenes and the Transition State 076 051 4
between Then?
i WM.I oo
energy N=N C—N N=N-C C—N=N-C N=N-C-C 3 M Wi At
method (eV) (A) (A (deg) (deg) (deg) € 11 W ;
cis:Azobenzene 4
PM3 0.000 1.216 1451 128.2 0.0 67.4
DFT 0.000 1.261 1.433 123.9 12.0 47.5
trans-Azobenzene
PM3 —0.093 1.231 1.447 119.8 180.0 13.2 F (b)
DFT —0.588 1.276 1.417 114.2 180.9 0.0 1oL Verlet M-T
Transition State 1.02
PM3 1.179 1.210 1.380 176.¢ 90.2 e e
1.46F 120.9 43.7 -
DFT 1.010 1.238 1.331 178.9 72.9 e <
1.454 116.5 1.0 %
@ The structures obtained by PM3 and the density functional theory Mm
(DFT; PW91/6-31G(d)) are comparetklipping side. Spectator side. - .
d Dihedral angle of & C(flipping)—(N=)N—C(spectator)¢ Indefinable. 0 0.2 0.4 0.6 0.8

Time / ps
the trans side, but the barrier height from the cis side is Figure 2. Comparison of numerical integrators, velocity Verlet method
acceptable. There is a marked difference in the rotation angleand Martyna-Tuckerman method. The numbers within the figures
of benzene rings (8N—C—C dihedral angles listed in the last indicate the integration step in femtoseconds. In panel a, the total energy
column in Table 1). However, these angles are associated With(potential-i— kinetic) is plotted as a function of time. In panel b, The

. . discrepancy from the reference trajectory is plotted as a function of
low-frequency vibrational modes, all below 110 chand an time. The distance in the 72-dimensional conformation space is used

exact value would require a much higher level of calculation. in the plot. The reference trajectory was calculated by the velocity Verlet
Indeed, the nonplanar structure ¢fansazobenzene was  method with an integration step of 0.1 fs.

obtained at the MP2/6-31G* level 718 and it agrees well,

perhaps fortuitously, with the PM3 result. Differences in the application, however, the integration step of 0.76 fs was chosen
low-frequency modes are likely to be irrelevant in the MD to enhance the energy conservation.

calculations because the exothermicity of the half-reaction is C. Transient Vibrational Spectrum. One hundred trajec-
more than 1 eV 4 8000 cnt?). tories were calculated, starting from the transition state for as

B. Verification of Integrator. The accuracy and efficiency ~ 10ng @s 10.7 ps, and the transient vibrational spectra were
of Martyna and Tuckerman'’s integrator (the-\I method) was denved _from them. The deviation of the total energy of the
verified against the velocity Verlet method by the present MD trajéctories is between 30 and 70 meV. .The transient spectra,
simulations. The test trajectory starts from the cis stable E(v), were calculated at= 1 ps for each trajectory. The segment
structure, and velocities were set up to force the isomerization rom t = 0.61-1.39 ps was used, which roughly corresponds

reaction. That is, about 2 eV of kinetic energy was deposited 10 the second cycle of the large amplitude vibration, namely,
into each of the second and fifth vibrational modes, besides the fl2PPINg of the benzene rings. The spectra were averaged over

velocities simulating the zero-point vibration. Because the zero- 100 trajectories and are shownﬁiir; Figure 3a. The resolution of
point energies ofis-azobenzene/PM3 sum to 5.15 eV, the total 1€ SPectrum is as low as 40 cirbecause of the short period

kinetic energy of the molecule amounted to 9.17 eV. Isomer- ©f 0-78 ps used to calculakgy). The ergodic spectrum, in which
ization occurred at = 0.4 ps the available energy is distributed equally among all of the

. . . normal modes otis-azobenzene, is also plotted. To simulate
Trajectories were calculated by both methods with three P

. . . the spectrum, Gaussian line shapes of 40 tmidth were
d'ffere“F Integration steps, .0'51’ (.)'76’. anq 1.02 1s. The total placed at each vibrational frequency @s-azobenzene. The
energy is plotted as a function of time in Figure 2a. The ™

. ” . . ; . available energy of 6.32 eV was divided into 66 normal modes,
method gives a satisfactory result if the integration step is less

h 76 fs. Indeed. th | . db ; and half was assumed to go into the kinetic energy. The ergodic
than 0.76 fs. Indeed, the total energy is conserved better forgneqrym thus obtained is proportional to the vibrational-state

M—T/0.76 fs than for Verlet/0.51 fs. If the integration Step i yensity distribution at the cis stable structure. The averaged
increased to 1.02 s, however, the energy fluctuation in theM  gpetrym is almost identical to the ergodic one, except that it is

method becomes worse. Nevertheless, the total energy fluctuategnghﬂy shifted to lower wavenumbers and enhancements are
in a limited regime and does not increase or decrease with time, ‘e noted at around 0, 500, 1500, and 1700 crithe red
because of the symplectic property of the integrator. shift is due to the anharmonicity of the normal mode, while the
The accuracy of the integrator is examined in Figure 2b, in enhancements may result from transient effects.
which the discrepancy of the calculated trajectory from the  Though the averaged spectrum is close to ergodic, spectra
reference is plotted as a function of time. The discrepancy is calculated from individual trajectories are far from ergodic. Also,
defined as distance from the reference structure in the 72-not all of the enhancements in the averaged spectrum can be
dimensional conformational space. A Verlet trajectory with seen in each trajectory. The spectrum calculated from one
integration step of 0.10 fs was used as a reference trajectory.trajectory is shown in Figure 3b. The 14th, 4th, 26th, and 50th
Much better results were obtained for the-W algorithm if trajectories were selected, which are the typical spectra peaking
M—T/0.10 fs trajectory was used as a reference; Verlet/0.10 fs at 0, 500, 1500, and 1700 cr respectively. Note that the
was chosen to provide severe test. It is obvious from the figure vertical scale is different from that used in Figure 3a.
that the M—T method is much more accurate than the Verlet  To assign peaks in the reference spectra to the normal
method. Even the MT/1.02 fs trajectory is more accurate than vibrational modes of the cis isomer, harmonic reference analysis
Verlet/0.51 fs, despite the large energy fluctuation. In the presentwas introduced. The detailed procedure of the analysis is
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TABLE 2: The Assignment of the Spectral Peak in Figure 3

(@) to Normal Modes of cis-Azobenzené
5 T T T T T v PM3 DFT
4 wavenumber frequency frequency
£ i (cm™) mode (cm™%) mode (cm?) description
8} n
> | 500 12 508 12 493 Bzs (+v16)
2 ' 13 532 13 531  Bws(+vig +
= 1 C—N=N bending
> 1 1500 48 1537 48 1450 Bas
@ .: Y 49 1546 49 1457 Bz1g
3 Ak 50 1578 50 1476 Bryo+
jS aH C—N stretch
' '-‘ 51 1579 51 1482 Bz +
L C—N stretch
L L 1700 52 1772 53 1587 Bz
0 1000 2000 3000 53 1778 54 1593 Bzg
o 54 1787 55 1607 Bzg +
Wavenumber / cm C—N stretch
(b) 55 1788 56 1611 Bzg +
C—N stretch
8 14 4 08 2 The location of the peak (wavenumber), the assigned normal mode,
6 L 06 and its frequency are listed. The corresponding normal mode and
frequency calculated at the DFT (PW91/6-31G(d)) level are also listed.
4 ] 0.4 The characters of the modes are described with respect to the normal
g mode of benzene in the last column.
> 2 0.2 §
[} o
g, Moo é— The result of the analysis is also shown in Figure 3b. Bearing
-‘g 26 50 S the spectral shift in mind, it is possible to assign peaks in the
g e 08 < velocity autocorrelation spectrum to the normal modes. In this
T 0.4 way, the 0 cm! peak in the 14th trajectory is assigned to mode
o 3, the 500 cm! peak in the 4th to mode 13, the 1500 Tm
2 i peak in the 26th to mode 48, and the 1700 ¢énm the 50th to
0 0 1000 2000 30000 1000II 2000 3000 00 mOde 53
Wavenumber / e After examining several other trajectories, the peaks at 500,

. ) I . . 1500, and 1700 cri were assigned as shown in Table 2. These
Figure 3. Transient vibrational spectra derived from the velocity . -
autocorrelation function. The vibrational kinetic energy spectra are modes ar(_a mOS“Y composed of the skeletal vibrations of the
calculated from a time interval from 0.61 to 1.39 ps of the trajectories Penzene ring. Taking the normal modes of the benzene molecule
after the passage of the transition state to the cis side. Panel a show#&s a referenc® the 500 cn! peak corresponds to in-plane
the averaged transient spectrum. The ergodic spectrum, in which thebending mode 1) and the 1500 and 1700 crh peaks
availablg energy_is distributed' equally among all of the vibrational correspond to in-plane stretching modess(and vs, respec-
frpgr?\eisr{dlilipcﬁgle?rg}etgfog?ske?rige}hgs;% ft’trslgc’t‘;‘;sjetgfofg?gtﬁiﬁz%”';ted[ively). These relevant modes in benzene are depicted in Figure
the right top. The result of the harmonic reference analysis is shown 4, along with the calculateq and experimental frequencies. Note
in the stick spectra, in which the total vibrational energy is assigned to that PM3 method overestimates the frequencygly nearly
each normal mode dfis-azobenzene. 200 cnTt, as it also does the modes assigned to the 1706 cm

peak.
summarized in Appendix A. Briefly, it is a method to locate The transient spectra were also calculatet=at2, 3, ..., 10
the molecular structure and velocity in the phase space with ps and averaged. Those spectra are almost identical to the one
respect to a reference structure. The reference structure is usuallatt = 1 ps, except for the decrease of the 0, 1500, and 1700
taken at one of the stationary points. The displacement from cm™! peaks and overall increase in the 5AM00 cn1? region.
the reference structure and the atomic velocities of the MD The peak intensities are plotted as a function of time in Figure
snapshot are decomposed into normal modes defined at theb. The intensities are obtained by integrating the spectrum over
reference structure. The vibrational energy is thus assigned toan 80 cm! range for 0 and 500 cm peaks and over a 120
each normal mode on the basis of the harmonic approximation.cm~ range for the 1500 and 1700 cfpeaks. Those intensities

Vi9 Vg

Vie

PM3 336 cm-l 620 cm-1 1547 cm-! 1785 cm-!
DFT 400 cm-! 603 cm-1 1488 cm-! 1614 cm-!
Exp. 410 cm-! 606 cm-! 1486 cm-! 1596 cm-!

Figure 4. The normal vibrational modes of the benzene moleaulg vs, v19, andvs. The normal mode coordinate is indicated by arrows, and the
molecular structure is deformed along the coordinate. The experimental vibrational frequency of the mode is also shown below the figure, along
with those calculated by PM3 and DFT.
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0 1000 2000 3000
Wavenumber / cm-1

Figure 6. The transient vibrational spectrum calculated from the DFT
trajectory. The ergodic spectrum, in which the available energy is
distributed equally among normal modes, is plotted in a broken line.
Figure 5. Integrated peak intensities plotted as a function of time for The stick spectra shown in thin lines are the result of the harmonic
0, 1700, 1500, and 500 crhpeaks from top to bottom. Baseline of  reference analysis, in which the vibrational energy is assigned to each
the curve was shifted such that the averaged intensities for irbe normal mode otis-azobenzene. The normal modes were calculated at
ps becomes zero. The fitted exponential decay curves are also plottecthe DFT level.

in thin lines for the 0, 1500, and 1700 cicases.

Time / ps

B. Force Field. Though the PM3 force field reproduces the
decay almost completely at arouner 5 ps, and fluctuation in global landscape of the potential energy surface for azobenzene
the intensity is observed after that. The asymptotic limit of the adequately, there are, of course, limitations. As shown in Table
intensity was thus determined by averaging aver6 ps to be 2, errors in the vibrational frequencies are about4200 cnt 2.

127, 103, 165, and 161 meV for the 0, 500, 1500, and 1700 The worst case is the frequency of=INl bond, which PM3
cm! peaks, respectively. Taking these values as baseline, the(1968 cnt?l) overestimates by more than 400 chtompared
lifetimes of the decay curves were estimated to be 2.0, 1.8, andwith the DFT result (1528 cmi). These errors disturb the
1.2 ps for 0, 1500, and 1700 ctpeaks. The lifetimes are  ordering of the vibrational modes and may mangle coupling
considerably shorter than those reported by Tanaka &P al., among the modes.
which may be due to the large amount of the vibrational energy To assess the reliability of the PM3 force field, two
employed in the present study. trajectories were calculated under the DFT force field. Arm-
The assignment of the soft modes is somewhat awkward with Strong et aP! state that a diffuse basis function is necessary on
the present analysis, but the 0 thpeak may be assigned to the nitrogen atom to describe thesNl bond in their MP2 study.
modes 1 and 3, which are the rotations of the benzene ringsOn the other hand, Biswas and Umapatyave shown that
about the &N axis. As can be seen in Figure 3b, there is a the density functional theory with 6-31G(d) basis set reproduces
peak at 0 cm? for almost all of the trajectories, though they the vibrational frequencies fairly well. In the present study, we
are not so prominent as that in the 14th trajectory. Most of them used PW91 functionals with 6-31G(d) basis sets. The trajectories
were assigned to mode 2, the flapping motion of the benzenewere started from the DFT transition structure and ran for 1.58
rings. These assignments of the soft modes accord well with pS. The deviations in the total energy were less than 125 meV.
the visual intuition from the MD trajectories. The transient spectrum at around 1 ps was calculated from one
of the trajectories and is shown in Figure 6. The ergodic
spectrum is also plotted by distributing the available energy of
6.07 eV equally among normal modes calculated at the DFT
A. Transition-State Structure. At the transition state, one level.
of the C-N bonds is aligned with the &N bond, forming a By comparing two spectra, we notice the enhancement of
linear structure (see Figure 1). The structure, as well as thethe transient spectrum at the 1500 ¢npeak. It was assigned
direction, of the reaction coordinate supports the idea that to normal modes 48, 50, and 53 through the harmonic reference
isomerization proceeds not by the rotation mechanism but by analysis, which is also depicted in the figure. In agreement with
inversion, in agreement with previous wotk€ The inversion the PM3 result, the assigned modes are mostly composed of
mechanism is also confirmed in actual MD calculations; we wvi9andvg of the benzene ring (see Table 2). The similar features
have selected a candidate for the transition state from thecould be observed for the other trajectory (not shown in the
trajectory that was set up for the isomerization reaction to take figure). As shown in Figure 4, the frequenciesve§ andvg are
place and optimized it to obtain the same structure. Observationsshifted by about 100 and 200 cfj respectively, if the level of
of the high-temperature trajectories (see section IV.C) also theory is improved from PM3 to DFT. It is also true in the
support the mechanism. As shown in Table 1, theNCbond azobenzene molecule, so thg related peak (1500 cm) and
aligned with N=N bond is shortened, indicating that the lone vgrelated peak (1700 cm) in PM3 are merged at around 1500
pair electrons on N contribute to the-®l bonding. Because  cm™ in the DFT calculation.
the C—N bond has nearly double bond character;Cbonds The observation above was derived from only a few trajectory
directly connected to it are elongated considerably, as showncalculations and is thus far from definitive. Looking at Figure
in Figure 1c,f. The same deformation of the benzene ring is 1f, however, we see the deformation of the benzene ring to be
observed at the cis stable structure if normal modes 50, 51, 54,more prominent in the DFT calculation. Because the deformation
or 55 or a combination of them are excited, which are related is closely related to;9g andvg modes of the benzene molecule,
to vig andvg modes of the benzene molecule. It is our conjecture the localization of the vibrational energy into those modes will
that the deformation of the benzene ring at the transition-state become more probable.
structure brings about localization of the vibrational energy into  C. Full Reaction. The analysis thus far has been limited to
these modes. And in reverse, excitation of these modes maythe half-reaction starting from the transition state. In the real
assist the molecule to reach the transition state. system, however, isomerization does not necessarily proceed

IV. Discussions
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8 - - - . - . which may explain the enhancement of those modes. Some
trajectories were also calculated with high internal energy to
accelerate isomerization, but such enhancement could not be
seen in those trajectories.

The present study indicates thagys and vg modes of the
benzene ring play an important role in the thermal isomerization
reaction of the azobenzene molecule. The similar modes are
known to accelerate the isomerization reaction of azodendémer.

. . . N . In the latter case, however, the vibrational modes seem to
0 1000 2000 3000 survive for several microseconds, while the lifetime of the modes
Wavenumber / cm’? in azobenzene are on the order of picoseconds. The effect of

Figure 7. Transient spectrum at 1 ps before the isomerization reaction. the steric restriction posed by the dendrimer shell on the
Full-reaction trajectories were used to calculate the spectrum. The yiprational lifetime is now under investigation.

vibrational spectrum calculated at arbitrary points on nonreactive

trajectories is also plotted in a broken line.

Intensity / meV cm
N
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The trajectories were started from the cis stable structure.
Vibrational quanta corresponding to 1500 K were excited for ~ Given the structure and atomic velocity, the harmonic
each normal mode. The total vibrational energy including zero- reference analysis locates the structure of the target molecule
point energy was 13.4 eV. The vibrational energy was assignedin phase space with respect to a reference point. The stationary
as initial kinetic energy, and the direction of the velocity vector structure is used as reference point, of which the normal modes
was chosen randomly for each mode. A warmup period of 7.6 are known a priori. The displacement of atoms from the
ps was employed; the trajectories reacted within the period werereference structure is decomposed into the normal modes, as
discarded. This period is long enough at least for the high- well as the velocity. The vibrational energy and phase is thus

frequency mode because the lifetime of the vibrational decay assigned for each normal mode under the harmonic approxima-
will be 1—2 ps as shown in section IIl.C. The trajectories were tjon.

then pursued for another 7.6 ps, and those reacted within the
period were picked up.

A total of 50 trajectories were calculated: 14 reacted, 14 not
reacted, and the rest of the trajectories were terminated during
the warmup period. For the reactive trajectories, the transient
vibrational spectrum was calculated at 1 ps before the reaction.
For the nonreactive trajectories, the vibrational spectrum was Cartesi dinate of the t t structume:— atomi
calculated arbitrarily at 7.6 ps to obtain the ordinary vibrational artesian coordinaté or the target s rug Uig, = atomic
spectrum as a reference. The spectra were averaged and ar(e“,artesmn velocity Of_the tf?“ge‘ structurg; = unit rotational
plotted in Figure 7. Unfortunately, the transient spectrum is vector, k :0 XY, a.ndz, P= index of normal modes, & p <
almost identical to the ordinary spectrum, except for the SN — 6; Uy 3N-dimensional normal-mode vectox] = 3N-
enhancement near 0 cf This result suggests that the story dimensional vector collected over.
for the (high-energy) full reaction might be different from the 1. Alignment. There are Bl — 6 normal modes in aN-atom
(low-energy) half-reaction. It must be noted, however, that the molecule, where three translational and three rotational degrees
vertical scale is different from Figure 3a and over all vibrational of freedom are removed. To decompose the structural displace-
excitation in Figure 7 is considerably above the former. Thus ment into the normal modes, the target molecule should be
subtle differences will be buried. Furthermore, the fluctuation aligned to the reference structure such that translational/
of the peak intensities among the individual spectra are as largerotational components are excluded from the displacement
as those in Figure 3b, indicating a similar coupling scheme vector. The exclusion of the translational modes is simple: place

Appendix A: Harmonic Reference Analysis

The actual procedure is divided into two steps: taking
alignment of the target structure to the reference and decom-
position of the displacement/velocity into the normal modes.
The following conventions are used in this sectibh= number
of atoms;i = index of atoms, 1< i < N; xi0 = atomic
Cartesian coordinate of the reference structires= atomic

among the vibrational modes. the center-of-mass of both the target and reference structures
_ at the same point. The rest of the discussion is devoted to the
V. Conclusion exclusion of the rotational modes.

The thermal isomerization @is-azobenzene was studied by First, the spatial coordinate and velocity are transformed into
the direct molecular dynamics method with a force field Mmass-weighted coordinates,
calculated by a semiempirical molecular orbital method. An
unconventional numerical integratbwas employed that en- % = \/ﬁxi (A1)
abled us to use a larger integration step. The transition-state
structure of the reaction was first_ Ioc_ated, and the _trajectories In the mass-weighted coordinate system, the normal-mode
were started from there to the cis side. The transient Spectra, . ors form an orthonormal set. They are also orthogonal to
were calculated after 1 ps, which shows that the skeletal the rotational modes
vibrational modes of the benzene ring, namelyg,andvg, are '
excited. A similar extra feature of the spectrum was observed -0 5
when a force field of higher precision, calculated by density up'[nk X Xi0] =0 (A2)
functional theory, was used. Deformations of the benzene ring
at the transition state were found to relate closely;toandvsg, Therefore, by definition, the orientation of the target structure



Mechanism of Isomerization of Azobenzene
is aligned to the reference if
0=1[% — %-[n, x X
= [%][n x ]
The rotation angléy aroundny is chosen such that eq A3 is

satisfied. If 6 is small, the atomic coordinate of the target
changes as

(A3)

X, — X + (N x X)6, (A4)
Putting eq A4 to A3, we get
X]:[n, x X
[%]-[ny x %1 (A5)

T R]IR — @ nong

Equations A4 and A5 should be iterated ufitibecomes small
enough. Starting from the moderate orientation, the alignment
condition is met within a few iterations in most cases.

The exclusion of translational/rotational motion from the
velocity vector is trivial. It is even not necessary if the target
structure is selected from MD trajectories of which the total

momentum and total angular momentum are taken to be zero.

2. Decomposition.The decomposition of the displacement
and velocity vector into the normal modes is reduced to the
simple projection in the mass-weighted coordinate system,

qp = l’]p' [)~(| - )’2?] (AG)

qp = up. [Vi] (A7)

whereq, and ¢, are the (mass-weighted) normal coordinate.

The vibrational Hamiltonian under the harmonic approximation
is written as

(A8)

H=Sh

;p
12,1 2
hp = Eqp + éa)p qp (Ag)

wherewy, is the angular frequency of thggh normal mode and

hp is the vibrational energy assigned to the mode. The phase

for the mode is determined as

%

¢, =tan*
P Oy,

(A10)

3. Remedy for Anharmonicity. Different from the velocity
autocorrelation function method, harmonic reference analysis
can derive the vibrational energy for each normal mode just
from a snapshot of MD trajectories. It is made possible by
utilizing the information on the harmonic potential energy

J. Phys. Chem. A, Vol. 107, No. 22, 200861

AR/A

1.16 1.17 1.18 119 12 121 1.22
Time / ps

(b)

>
()
-
>
=g
[}
c

w

0.8

Scan Range

1.20 1.22
Time / ps
Figure 8. Harmonic reference analysis for a MD trajectory. The cis
stable structure is taken as the reference. In panel a, the displacement
from the reference structurdR, is plotted as a function of time. The
orientation of the MD structure is aligned to the reference. In panel b,
the kinetic energies assigned to normal modes are plotted as a function
of time. The kinetic energies of modes 13, 36, and 52 are plotted in
broken, solid, and dotted lines, respectively. The scan range, for which
the maximum value of the kinetic energy is sought, is also indicated
in the figure.

structure. In addition, the MD structures were scanned near
there, and the kinetic part of eq A9 was maximized for each
mode.

The actual process of the analysis is depicted in Figure 8
taking the fourth trajectory shown in Figure 3b as an example.
The cis stable structure was used as the reference. In Figure
8a, the Bl-dimensional distance between the MD structure and
the reference one,

AR=|[x; — ;]| (A11)
is plotted as a function of time. The distance reaches its
minimum at 1.19 ps. The kinetic energies assigned to the normal
mode 13 (532 cmt), 36 (1122 cm?), and 52 (1772 cmt) are
plotted in Figure 8b. Centered at t#R minimum, the range
of £0.02 ps {25 steps) was selected to seek the maximum of
the kinetic energies. In this way, the vibrational energies of 0.21,
0.36, and 0.63 eV were assigned to mode 13, 36, and 52,
respectively.

Appendix B: Unit System Used in the Work

surface near the reference structure. There is a caveat, however, In the actual calculation, the following unit system was used

especially when the molecule has soft modes. The large
amplitude motion of the soft mode takes the molecule far away

throughout: for length, 1 A= 1071 m; for mass, 1 amu=
1.660 54x 10727 kg; for time, 17 =~ 1.018 05x 10~ s; for

from the reference structure. There, the couplings among thecharge, 1 e~ 1.602 18x 1071° C. With this unit system, the

modes deteriorate the set of normal mode, which is defined with

unit of energy becomes 1 e¥ 1.602 18x 10719 J. The unit

respect to the reference structure. Furthermore, the potentialsystem is designed for the convenience to describe molecular

energy term in eq A9 becomes unreliable whegés far from

systems. Some of the physical constants in the unit system are

zero because of the anharmonicity of the mode. To reduce thesdisted as follows: Planck constant, =~ 6.465 41 x 1075

defects, the application of the analysis was limited to situations
in which the MD trajectory comes close to the reference

Boltzmann constankg =~ 8.617 34x 1075; speed of lightc =
3.052 04x 10* electric constantep = 5.526 35x 1073. The
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dimensions of these values are the same as those in the MKSA (13) Perdew, J. P.; Chevary, J. A;; Vosko, S. H.; Jackson, K. A.;
unit system. The integration step used in the present work wasPederson, M. R.; Singh, D. J.; Fiolhais, Rhys. Re. B 1992 46, 6671.

actually taken to be 0.0Z5That is why it is not 0.75 fs exactly.
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