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We point out that normal modes and frequencies of molecules and molecular complexes can be
obtained directly from a harmonically driven molecular dynamics calculation. We illustrate this
approach for HOD and #D, and then discuss its potential advantages over the standard
Hessian-based approach for large molecules.2@®3 American Institute of Physics.
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Normal-mode analysis is a time-honored technique infeatures, a molecular dynamics calculation must be done for
chemistry to obtain vibrational frequencies and the corre-sufficiently long time to permit a well-resolved Fourier trans-
sponding motions of molecules, molecular complexes, adsoformation of the time correlation functidt® In recent, very
bates, etc., in the harmonic approximation. It is finding re-promising work’ “Filter Diagonalization” has been shown
newed use in the area of biomolecular simulations, whereto yield a sharper spectrum compared to a standard Fourier
however, it can be very computationally demanding due taransform method.
the large number of atonfsThe standard normal-mode An important limitation of current time-correlation
analysis is based on a calculation and subsequent diagonahethods is the absence of information about the correspond-
ization of the mass-weighted force constant matrix, alsang molecular motions, i.e., the normal modes, in the limit of
known as the Hessian. The normal-mode frequencies are démall amplitude motion. In the context of condensed matter
rectly related to the eigenvalues and the normal modes to thealculations, this limitation motivated, in part, the develop-
eigenvectors of this matrix. ment of “instantaneous normal-mode analys’&®This ap-

The order of the Hessian matrix is typicallN3 where  proach requires the calculation and diagonalization of the
N is the number of atoms in the system of interest. TheHessianactually many such diagonalizatiorend so is sub-
computational procedure to obtain the eigenvalues angbct to the limitations of the Hessian-based method men-
eigenvectors of the Hessian matrix is anNd) process, i.e., tioned above.
the computational effort scales likdl®. For small and In this paper, we propose and demonstrate a method to
moderately-sized moleculels,is of the order of 100 or less perform a full normal-mode analysis that does not require a
and the Hessian-based approach is easily carried out. Howalculation of the Hessian. We show how normal modes can
ever, as recently stressed by Li and €tiiis approach be- pe obtained using a straightforward molecular dynamics
comes very difficult to implement for biomolecules where (\D) approach. The method employs an external, harmonic
the number of atoms can approach and even exceed 10 0Q§kiving term that can be used to scan the spectrum in a con-

A full normal-mode analysis, as described above, yieldsinyous wave fashion to determine resonant absorptions,
both frequencies and normal modes. Another, quite differenjyhich for weak signals are the normal-mode frequencies.
approach is based on the calculation of certain time correlarhe molecular motions, induced by driving at resonant fre-
tion functions® This approach, however, only yields the fre- quencies, argby definition the normal modes. This ap-
quencies and requires the Fourier transform of an appropriaigyoach follows from a basic characteristic of normal modes,
autocorrelation function, e.g., the velocity or dipole correla-j e | that a classical system executing small amplitude motion
tion function. The quantum version of the mettiodhen  apout a minimum can be driven resonantly at the normal-
applied to vibrational motion, yields, in principle, the exact mode frequency of the unperturbed system. It is also clear
excitation frequenciegin contrast to a normal-mode analy- that the system will respond to a given resonant driving fre-
sis, which is based on the harmonic approximatiothe  quency by executing the corresponding normal-mode vibra-
classical version of this theory is widely used in both isolatedjon. To our knowledge, this approach has not been used in
molecule and condensed matter applicatitifshowever, b simulations to obtain normal mode¢we note that
most often not within the small amplitude, harmonic limit. It harmonically-driven, MD calculations have been reported
is well known that in this limit the method does yield the yreyiously to simulate multiphoton absorption of ligfin
correct normal-mode frequencies. To obtain sharp spectrg},oge studies, a single bond was coupled classically to an

external driving term with the object of creating a highly
dElectronic mail: bowman@euch4e.chem.emory.edu excited molecule. The external driving was not aimed at de-
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termining normal modes, nor was that possibility men- If, as assumedy,, is a normal-mode frequency, then the
tioned) system should respond to the driving force by executing mo-
We give the details of one implementation of this ap-tion that is a normal mode, provided the driving is not too
proach and validate the method by applying it to two mol-hard, i.e., the motion remains in the small amplitude limit.
ecules. We note some advantages this method may have ovEhis is easily achieved by choosing suitably small values of
the conventional Hessian-based approach for very large sythe coupling constants. In addition, it should be clear that the
tems and conclude with some comments about extensions twrmal-mode frequency spectrum can also be determined by
anharmonic motion. doing the analog of a continuous wave absorption experi-
Let w, be a given normal-mode frequency, obtained ei-ment. That is, the driving frequency can be varied through a
ther from a standard time-correlation calculation, or by afrequency range and energy absorption should maximize lo-
method we illustrate below. The suggestion is to perform aally at the normal-mode frequencies. An examination of the
MD calculation, with the system initially at rest at a station- molecular motion at a given “resonance” will provide the
ary point, with a weak, harmonic, driving force at the fre- corresponding normal mode. We now illustrate this approach
quency w,. We investigated several forms for a driving for HOD and the molecular complexs9, .
force, including one that is linearly coupled to the Cartesian  Consider HOD first. This triatomic represents this sim-
coordinates of each atom. This form does work, but it doeplest nontrivial example of a molecule with normal modes.
require additional constraints in order to avoid mixing trans-We chose to present results for HQbstead of HO) be-
lational and rotational modes into the conventional normakause of its low C;) symmetry, and thus there are no sym-
modes of vibratiort’ Here we present results using a driving metry conditions on the coupling matrlx; . A realistic po-
force that depends only on internuclear distances. This drivtential was used the equations of motion were integrated
ing is obviously rotationally and translationally invariant, using a standard integrator, and the coupling constgniall
and thus the center of mass translation and overall rotatioaqual 0.0001 Hartre€22 cmi t). Note the choice of equal
will not be excited by it.(Of course, other forms of the coupling constants is not necessary and was made for con-
driving that are translationally and rotationally invariant arevenience.
possible; however, we chose to use this particularly simple The absorption measure we adopt is the average total

form here) internal energy of the molecule, which is given by
The Hamiltonian for driven molecular dynamit@MD) 1

of a molecular system consisting bfatoms is given by (E)= ?Z Ho(t)), (4)
H(p,q,t)=Ho(p,q) +U(t), (N

_ _ _ whereT is the total driving time. The resulting spectrum for
whereq andp represent the 8 atomic Cartesian coordinates T equal to 20000 atomic time units, which corresponds to
and conjugate momenta, respectively. In this equation, theo00 time integration steps, is shown in Figa)l As seen,

molecular HamiltonianH,, is given by there are three absorption peaks. The maxima of these peaks
2 are at frequencies that are in excellent agreertiess than 1
Ho(p,a)= >, £+V(q), (2a) cm ! differencé with those from a Hessian-based, normal-
ro2m; mode analysis. It should be noted that these “absorption”

features are fairly broad and better resolution can be obtained
using the more conventional correlation function method.
Also, note that the energy absorbed is of the order of 1.0
) cm 1, which indicates very mild driving.

U(UZZ Ajjfij Sinwpt, (2b) The molecular motions corresponding to each resonant-

! driving frequency are given in Figs(d—1(d). As seen, the

wherer;; are internuclear distances, akg are the(smal) lowest-frequency mode corresponds to a bend, followed by
coupling constants. Hamilton’s equations of motion are the local OD-stretch, and finally the local OH-stretch, in
agreement with the normal modes from the conventional

whereV is the molecular potential, and(t), the driving
term, is given by

.(0) = Pai(t) ’ analysis. Indeed, the no_rmalized, mass-scaled Qartesian dis-
' m; placement vectors are in perfect agreement with the ones
from the standard normal-mode analysis. We prefer to show
p,i(t)=— o -> )\ijﬁsinwnt the time dependence of the molecular modes because they
' i T da; clearly indicate that the system is monotonically absorbing
oV v a energy with increasing time. _Ot_)viously, as the molepule con-
=— - 2 )\ij;Sinwnt; tinues to absorb energy, deviations from small amplitude har-
i T Fij monic motion will occur and anharmonic motion will de-

velop. Such motion would be expected to detune the
() :

resonant frequency from the harmonic drend could be
Thus, the only modification to standard MD codes is theexploited to study anharmonic deviations from harmonic mo-
addition of the harmonic driving term, which, as seen, istion.
quite simple to evaluate. More details about the coupling The second example is the complex®j (the proto-
constants are given below. nated water dimer This is an interesting and challenging

i=1,..N, a=Xx,y,z
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FIG. 1. Absorption spectrum from driven molecular dynamics calculation for H&Dand time dependence of the two bond stretches and the bond angle
relative to the equilibrium values, measured in bohrs and radians, respectively, for the three normal modes with indicated fréguécies

system in several respects. First, there are a number of lovenergy absorption spectrum for tiemodes is shown in
frequency, torsion-type normal modes that require no overalfFig. 2. As seen, there are seven peaks, and the corresponding
rotational mixing to describe properl§This condition is met frequencies agree very well with the normal-mode frequen-
by the form of the driving usefiSecond, the system is quite cies. Note, these driving conditions are much milder than in
floppy, with two equivalent minimgf C, symmetry which ~ the HOD example. This was necessary owing to the very
are separated by a second-order saddle point 97 @move  shallow minima in this example, compared to HOD.
the minima. The minima are for a slightly nonlinear As an illustration of the normal modes obtained from the
O-H"-0 configuration, and the saddle point is at a linearDMD calculation, we show the lowest frequendy78
configuration. Thus, these stationary points are separatemn 1), counter-rotating torsional normal modehich is of A
from each other by a small variation in the OZHO bend- symmetry in Fig. 212 The mode obtained using the Hessian
ing angle. approach is also shown, and, as seen, there is excellent
We did a standard, Hessian-based, normal-mode analyseégreement with the DMD mode. We note that this type of
at one minimum using the full-dimensional potential of torsional mode is of interest in conformational studies of
Ojama et all? There are seven normal modesBRbymme-  biomolecules, and we are gratified that DMD can yield a
try and eight of A symmetry. These sets of modes can becorrect description of it.
driven separately with a coupling-matrix that transforms ac-  These two examples clearly demonstrate that a normal-
cording to the appropriate irreducible representation of thenode analysis can be done using DMD, without recourse to
C, point group. The driving was done for 20 000 atomic timethe Hessian. Thus, the method provides a viable alternative
units with all\;; equal in magnitude to 0.000 01 Hartree butto the standard Hessian-based method. In comparing the
with signs chosen to conform #® symmetry. The resulting computational effort of the two methods, it must be stressed
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normal modes is of interest, then the DMD could be signifi-
cantly faster than the conventional approach. It should also
be noted that the memory requirement of DMD is much less
than the conventional approach fdrgreater than 1000. Fur-
ther, it should be obvious that a DMD calculation for many
frequencies is “embarrassingly” parallel.

Several issues clearly need further investigation for ap-
plications to biomolecules. One is the choice of internal co-
ordinates to drive. It seems intuitive that different choices
could result in more or less efficient driving of certain
modes. For example, if the interest is in low-frequency tor-
sional modes is it sufficient and perhaps even most efficient
to drive nonbonded internuclear distances? Another issue is
L J the “resolving power” of the method, i.e., the ability to dis-

. L . tinguish modes that are very close in frequency. In principle
0 500 1000 1500 2000 2500 3000 3500 4000 4500 driving can be done with arbitrary precision; however, it may

o (em™) be necessary to drive for longer times to separate modes with
nearly the same frequency. Driving for longer times must be
done with care of cours@.e., by choosing smaller coupling
constants because as the energy absorbed increases so may
the deviation from harmonic motion.

In a different context driving the system beyond the har-
monic limit may be of great interest since this opens a win-
dow on the study of coupled, anharmonic motion. To the
extent that classical dynamics accurately describes this mo-
tion, it would be interesting to apply DMD to a system that is

executing motion exceeding the harmonic limit. In theCHl
/ example, we explored this in a preliminary way. We noticed
that driving the twoB-normal modes of frequencies 553 and
FIG. 2. Absorption spectrum from driven molecular dynamics calculation580 cni ™ with slightly larger values of the coupling con-
for modes of HO; of B-symmetry(upper plo} and comparison of normal ~ stants led to sidebands in the absorption line shapes. Further
mode _for the lowest frequ_ency moc{e&-_syn_ﬁmetry from conventional investigation revealed that driving these two modes
analysis(left) and present driven calculationsght. “pushes” the system in the direction of the second order
saddle point. Indeed a normal-mode analysis at the saddle

that because the two methods are quite different, they hayRPINt reveals two imaginary mo_d(_as with motions_ qui_te simi-
different computational demands. As already noted, the coH—ar t.o theseB-modes of the minima. Clea_rly this km_d of
ventional Hessian-based analysis requires the calculation &ROton is well beyond the normal-mode picture and in fact
the 3N X 3N matrix (of second derivatives of the potential at points to a breakdown of it ,DMD does poite_ntlallly offgr a
a stationary point followed by diagonalization to obtain ei- W& to understand this m.ot|on as yveII driving it Th|s. IS
genvalues and eigenvectors. Thus, the effort to calculate thgearly' a topic for future investigations as are the points
Hessian is OK?), and the effort to obtain eigenvalues and Made in the preceding paragraph.

eigenvectors is A{®). So clearly this is not favorable scal- We thank the National Science Foundati¢GHE-

ing for largeN. 0131482 for financial support and also the ONR through a

The DMD approach requires @ gradients of the po-  pyR|p grant (N000140210629 for support of computa-
tential per time step. A trajectory O thus is ON tional facilities.

X Ngiepd, and to scanNgg,, frequencies is QX Ngieps

X Ngcan- If the frequencies are already known, say from a

time-correlation function calculation, then per frequency the

effort to obtain the corresponding normal mode is jusNO(

< Nster)g' Atyp_lcal value forNstepS'S 1000, so th_g eﬁorF INa& 1g B wilson, Jr, J. C. Decius, and P. C. Crodolecular Vibrations
DMD calculation does not become competitive with the (Dover, New York, 1955
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