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The theoretical principles underpinning the calculation of infrared spectra for condensed-phase
systems in the context @b initio molecular dynamics have been recently developed in literature.

At present, mosab initio molecular dynamics calculations are restricted to relatively small systems
and short simulation times. In this paper we devise a method that allows well-converged results for
infrared spectra fronab initio molecular dynamics simulations using small systems and short
trajectories characteristic of simulations typically performed in practice. We demonstrate the utility
of our approach by computing the imaginary part of the dielectric constén) for H,O and D,O

in solid and liquid phases and show that it compares well with experimental data. We further
demonstrate that maximally localized Wannier orbitals can be used to separate the individual
contributions of different molecular species to the linear spectrum of complex systems. The new
spectral decomposition method is shown to be useful in presenélda@yitio molecular dynamics
calculations to compute the magnitude of the “continuous absorption” generated by excess protons
in aqueous solutions with good accuracy even when other species present in the solutions absorb
strongly in the same frequency window. ZD05 American Institute of Physics

[DOI: 10.1063/1.1908950

I. INTRODUCTION convenient and accurate method to obtain optical and dielec-
tric constants of liquids. Moreover, experimental advances in
e field of nonlinear midinfrared spectrosc8imave opened

e way for ultrafast time-resolved investigations of the dy-

Understanding the structure and dynamics of aqueou
environments is essential for garnering insight into many,
processes of chemical and biological relevance. A first ste[% . . .

. amics of the hydrogen-bond network in aqueous solutions.
towards understanding the fundamental role played by water oo : .
S . . . - However, several limitations exist regarding the nature
in biological systems consists of investigating the nature and

dynamics of the hydrogen-bond patterns that water molpf the information that can be obtained via IR experimental

ecules form with their neighbors. Unfortunately, the micro- ;nxetgﬁg;n-[hri |rrl£c;rgr1]ft:1:%nno:\§2|rr;ec; I?ai(atng\:/?alrsgiif;rr?csgs%at
scopic details cannot be resolved experimentally primaril P P )

Vi -
because most experimental methods, such as diffusion &re limited at the lower bound by the wavelength of the

light, x ray, NMR, or neutron diffraction, which are so pow- external electromagnetlc_radlatlon. In the case of mid-IR
erful for the structure determination of macromolecules spectroscopy of water, this means that only the response of

; ; 0

have difficultie$ associated with localizing small and floppy the system averaggd OVer approxi mately ]rﬁ_olecules can

H,O units, be resolved. In partlcular', information regardlng the nature of
Infrared spectroscopy represents one of the most Sensﬁheshort-range‘orces acting between neighboring molecules

tive methods for the study of hydrogen boriddndeed un- N aqueous solutions must be disentangled from the total IR
til a few decades ago, the oversensitivity of the traditional |R5|gnal, an operation that is often performed using controver-

transmission spectroscopy methods to the presence of hydra'—al techniques.

gen bonds often led to catastrophic saturation effetttat In c_ontrast With experimental approaches, theoretical
limited dramatically the utility of the approach for the study calculations of the linear optical constants can be performed

of aqueous systems. However, the progress recently achievdgnd linéar response theory without explicitly including an

in the use of the attenuated total reflection technique in lineafXt€Mal electromagnetic field. Within linear response theory,

spectroscopy provides experimentalists with an extremely (€ imaginary part of the dielectric constant of a system is
proportional to the Fourier transform of the autocorrelation

function of the time derivative of the total dipole moment.
Consequently, if total dipole moments could be unambigu-
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Montréal H3C 3J7, Canada. ously decomposed into a sum of local, molecule-based di-
®Electronic mail: mt33@nyu.edu pole moments, one could define the contribution of a mo-
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lecular species to the IR spectrum by computing the timefield. In the first par{A) of this section, we will first review
dependent values of the cross correlation between the locéte relations that connect the different linear optical and di-
and total dipole moments. electric constants. In the second pd), we will propose a

In the present work it will be demonstrated thatteemi-  practical scheme for obtaining well-converged values for the
cally meaningfuldecomposition of the IR spectrum of aque- producta(v)n(v) for the entire IR spectral range. In the final
ous solutions can be performed using Car—ParriﬁeﬁlRP) part(C), the power of the method will be illustrated by com-
molecular dynamics. Recently, we derif@chew CP equa- puting different optical and dielectric constants for liquid wa-
tions of motion that intrinsically evolve maximally ter and ice icosahedrdlh) for various isotopic labeling of
localized®**Wannief orbitals, thereby preserving the rep- the hydrogen atoms.
resentation or “gauge” in which the orbitals are maximally
localized(we have termed this the preservation of the “Wan-
nier gauge®®). The Wannier gauge provides a natural defi-
nition for local dipole moments. We will first demonstrate
that a practical procedure for obtaining high-quality IR spec- The optical and dielectric constants are complex
tra from ab initio molecular dynamics trajectories of only a frequency-dependent quantities defined as
few _picosecor_ld c_an4be formulated py employing thg har- A(v) = n() + k() 1)
monic approxmatloh for the calculation of quantum time
correlation functions via classical molecular dynamics inand
conjunction with windowing techniqués for harmonic (0= 8" () + (1), 2
analysis with discrete Fourier transforms. This assertion will
be supported by comparing the absolute values of thevhere the “hat” denotes complex quantityandk are the
frequency-dependent dielectric constants for liquid and solideal and imaginary components of the complex refractive
H,O and DO with experimental data. The origin of any indexn, ande’ and&” are the real and imaginary compo-
noticeable discrepancies between theory and experiment wilents of the complex dielectric constantBoth i ande are
be quantified and explained, and remedies will be proposedomplex functions of the frequenay and their mathemati-
that are likely to improve agreement in future investigations.cal definition extends to negative frequencies by employing

The second part of the present work will present thethe following relations:
details of the spectral decomposition approach based on s
maximally localized orbitals and illustrate the method in a N=v=n 3)
study of completely dissociated mineral acids. It will be and
demonstrated that the absolute spectrum of the excess proton o
in water obtained by subtracting the spectrum of bulk water e-v)=¢e (), (4)
from that of an aqueous solution of HCI compares well withwhere the star denotes a complex conjugation. The optical
experimental data as well as with that of a solution containand dielectric theorié of the interaction between an applied
ing H30;, and FHE, from which the spectra of the bulk electromagnetic field and matter demonstrate that the index

water and FHE, have been extracted. This ‘in silico” experi- of refractionfi and dielectric constar& are related by the
ment will serve as a proof of consistency for the method dentity

since both IjO and FHE, form hydrogen bonds with large

A. The Kramers—Kronig relations

A2 _~
proton polarlzabllme% and generate“continua of absorp- h(v) =&(v), (5)
tion” in IR spectra that would be otherwise difficult to sepa- gnd that the(Neperian Beer—Lambert absorptivity coeffi-
rate. cient a(v) can be related t&(v) via the equation
Il. COMPUTING ABSOLUTE FREQUENCY- a(v) = 4mk(v)lc, (6)

DEPENDENT OPTICAL AND DIELECTRIC CONSTANTS
IN AB INITIO MOLECULAR DYNAMICS
SIMULATIONS

wherec is the speed of light in vacuum. The real and imagi-
nary parts of an analytic function such a&’) that can be
written as the Fourier transform of a linear and causal pro-

Several experimental setups can be currently employedess are not mdependent but obey the so-called Kramers—
to measure the response of a macroscopic system to the a€ronig relationd®*?

tion of an external electromagnetic field the spectrum of 1 " )

which extends from the microwave to the visible regions. In n(y) = —pf = a7,

a typical optical experiment, for example, one could measure ™ )P0

the index of refractiom(v) of the system. In an absorptivity (7)
experiment, on the other hand, the quantity being measured -v_[* n®)

would be the Neperian Beer—Lambert absorptivityv), (n=—P jxﬂd;

while in a dielectric relaxation experiment it is the dielectric

constants(v) that would be reported. These quantities, how-where P indicates that the principal value of the integrals is
ever, are not independent, all of them being representatiortaken. Using the antisymmetry relations from E8), it can

of the same physical phenomenon, that is, linear re-  be demonstratéd?! that the Kramers—Kronig relations are
sponse of matter to the action of an external electromagnetiequivalent to the following Hilbert transforms:
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derlying Hamiltonian generating the classical and quantum
dynamics. Nevertheless, Bader and Béfneave demon-
. (8)  strated that when the classical and guantum systems are both
k(v) = '_1p f n(@) dv. characterized by identicaffective harmonidHamiltonians,
o

1~ k@) a classical one. The precise relationship depends on the un-
n(v)=—P| ———d,
o

—o VTV

e VY and when the total dipole moment can be written as a linear
combination of effective normal modes of the system, the

In practice, t%)eﬂprincipal_ value of each Hilbert transform cangantum correlation function can be computed from the clas-
be calculate by taking two successive Fourier trans- gj.a| one by means of the identity

forms, namely,

n(v) = 4 f ’ J " K@)sin(2ar)cos 2mvr)didr, f _drexp2aivriM(0) - M (m)gn
0Jo
(9) B Bh2my on drex .
Y = Texp2mivT)
k(v) = 4] J n(v)cog 27 v7)sin2mvrdidr. 1-exi- ph2my) ) .
070 X{M(0) -M (1)), (12)

Similar equations can be written for the real and imaginary hich. in th | b L
components of the complex dielectric permittivity, which, 'in the general case, becomes an approximation
termed the “harmonic approximation.” Here, cl indicates a

classical ensemble average, i.e., phase space integration.
It is important to note that a similar result can be ob-
(10) tained, this time for general Hamiltonians, if one assumes the
w po validity of the centroid molecular dynami¢€MD) theory of
e"(v) = 4J f ¢’ (v)cod2mrnsin(2mvndudr. Cao and Votf and if the total dipole moment can be written
0 Jo as a linear function of the nuclear cartesian coordinates
and/or their moment#?’ The only difference between the
fCMD result and Eq(12) consists in replacing the classical
ensemble average by a “centroid” averdy€. In fact,
Ramirez et al”® have recently demonstrated that explicit
CMD calculations can actually improve the harmonic ap-
B. Linear response theory and the “harmonic proximation calculations, but at the expense of increasing the
approximation” computational cost by at least an order of magnitude. More-
) ) ] . 9223 ) over, in the case ddib initio electronic structure calculations
Using the time correlation formalistfi*” of linear re- subject to periodic boundary conditions, the electronic dipole
sponse theory, the value of the frequency-dependent Beefmoment isnot a linear function of the nuclear coordinates, a

e'(v)= 4f°° f‘” &"(v)sin(27vr)cod2mvr)drdr,
0 Jo

Equations(9), (10), and(5) will be used later to compute all
the optical and dielectric constants from a knowledge o

a(v)n(v).

Lambert absorptivity coefficieni(v) can be written as fact that serves to complicate matters significantly. Although
w1 - exp(- Bh2mv)] [ . the problem of computing time correlation functions involv-
a(v) = 3hVen(v)e exp(2iv) ing nonlinear operators in the CMD theory has recently
0 - found a formal solutiofd? it is not clear how one should
><<I\7|(0) -|\7|(T)>qmdr, (11) perform the calculation of the dipole-moment centroid sym-

bols as well as that of the multiple-time centroid correlation

where gm indicates a quantum mechanical ensemble avefunctions required by the formalism without rendering the
age, a has Neperian units is Planck’s constanty is the  simulation prohibitively expensive.
sample’s volume, and, is the vacuum permittivity. In Eg. Our approach in the present work is to adopt the com-
(11) M(0) and M (7) represent the values of the quantum- putationally less expensive harmonic approximation first and
mechanical total dipole-moment operator written in thetest its accuracy in a series of calculations of the IR spectra
Heisenberg representation at timesO and t=7, respec- of aqueous solutions. Our tests will include calculations of
tively, and are defined using Systéme Internatio(@l) the absolute frequency-dependent optical and dielectric prop-
charge units. erties of liquid water and ice Ih, as well as the IR difference

For condensed-phase systems involving many degrees spectrum of the excess proton in wateee Sec. Il It is
freedom, such as those of interest in this paper, explicitmportant to note that there is no overwhelmiagpriori
eigenstate calculations have a far too high computationadvidence that any of these systems should behave as a col-
overhead to be carried out while direct path integral aplection of effective harmonic oscillators. On the contrary,
proaches suffer from such severe phase oscillations that coBakker and Nienhuy? using an ultrafast mid-IR nonlinear
vergence cannot be achieved on any realistic time $éafe.  spectroscopy approach, have recently concluded that proton
contrast, classical molecular dynamics can often be used tabrations inside the hydrogen-bonded network of liquid wa-
obtain the analogous correlation functions for a correspondter are very anharmonic to the point where “in the second
ing classical system. However, there is no general prescripexcited state of the O—H stretch vibration, the hydrogen atom
tion for rigorously relating a quantum correlation function to becomes delocalized between the oxygen atoms of two
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neighboring water molecules.” In the same vein, Tuckerman 23000 ¢ ===~ Theory 290 K symmetric approximation
et al®" and Marxet al®* have concluded from their first- 40000 [ OHO oo e o pproxmaton
principles computational studies of agueous solutions of dis- "g ggggg b : === Theory 290 K effective atomic masses
sociated acids that the excess proton moves in a double-well= 25000 | 20000 | AN
potential if zero-point vibration effects are neglected andina % '7‘2333 i foooo - N 4 \
shallow, almost flat potential when zero-point effects are in- ¥ 10000 f ) AT A
cluded. Both pictures suggesting that strong anharmonic ef- 5000 [z - N
. 0 p T (" |
0 700 1400 2100 2800 3500 4200
fects are present. 24000 :
—=—- Experiment 250 K
_ 20000 | 4000 Theory 290 K ]
L. X T b) D,O 3000 | ===+ Experiment 290 K
C. Results for H ,0 and D,0 liquid water and ice | , g 16000 [ ®)P, 2000 y
= 12000 | I >
. . . . . > 4
Using the harmonic approximation in E(L2), a com- £ o0 | 1000 | \
putationally more convenient expression fetr)n(») and T 4000 [ 0 200 200 605 800 \ ]
consequently for 0 . A A S\
0 500 1000 1500 2000 2500 3000
-1
8”(1}) _ C a(V)n(V) (13) Wavenumber [cm™]
27y

FIG. 1. Comparison between theory and experiment for liquid wéa&r:
HZO and (b) D,O. The experiment and the simulation correspond to data

can be obtained via Integration by parts. The final result ca obtained at different temperatures. The simulation was performed at

be written as =290 K, while the experimental spectra were extrapoldss® text at T
1 % ) ) =250 K. A comparison between the results obtained using two different
a(vn(y) = ——— drexp2mivr)(M(0) - M (7))u, guantum cqrrections'see text is inc!uded for HO. Sca}ling thg abscissa of _
( ) ( ) GCVGOKBT f_w [i )< ( ) ( )>°| the theoretical OH stretch absorption spectrum obtained using the harmonic

approximation by 1.11%Refs. 53 and 60brings theory and experiment in
(14) very good agreemefisee inseta)]. This suggests that the mass of the OH
) ] o ] stretch vibration mode is effectively increased by 450 a.u. in our Car—

where M (t)=dM (t)/dt is the time-derivative of théclassi-  Parrinello simulationgsee text A comparison between theory and experi-
cal) total dipole moment at time The form of the right-hand mental data at different temperatures is included fg®DThe inset in(b)
side of Eq.(14) suggests that there are two main sources oﬂ'rﬂg::gwhgsvghneur;ebﬂgkab'e agreement between theory and experiment at
error that affect the accuracy of the simulation: First, system-
atic as well as random errors caused by a quasiergodic be-

havior of the dynamics and finite simulation time affect thelﬁe IQ contflgl;ratlgn. Tlhf:hS|%JlﬁglonsL\;vggsgerformelq uglng
calculation of the correlation function € densily functional theory, the generaiize

. . gradient exchange-correlation functional, the plane-wave ba-
C(7) =(M(0) - M (7))g. (15) sis sets, and the TrouIIier—Martiﬁé,pseudopotentials. The

e . . . plane-wave basis-set cutoff was taken to be 70 Ry, and a
Second, the infinite and continuous Fourier transform in Ed¢ititious electron masg.=400 a.u., in conjunction with an

(14) must be estimated utilizing the short and discrete timemtegration time steps=0.1 fs, was utilized. The simulated

series ofC(7) obtained _at the end of _the simulation. Severaliﬁ/stemS consist of primitive cubidiquid phase and ortho-

methods to perform this transformation have been proposeff,ompic (ice Ih) boxes containing 32 molecules subject to
in literature, but uncontrolled approximations are always in-
volved, resulting in the appearance of an additional error

term that is usually difficult to quantify. We have analyzed - oonee @HO

the merits of two of the most commonly used approaches ‘E 20000 2 - — - Experiment
that enable one to approximate the values of a continuous = Theory
Fourier transformation of an infinite signal from a finite, dis- =, .1

crete, and uniform sample of the signal. These are the maxi- %

mum entropy method (MEM) and the windowed discrete A~ .

Fourier transforrt? (WDFT) approach. A direct comparison 0 1000 2000 4000

with experimental data suggests that shoypically 10 p3 60000

trajectories of the total dipole moment sampled every 0.4 fs < ®PO | periment
can be optimally converted into IR spectra by constructing a 3 *“°®f —— Theory
relatively short time serie€(7) evenly symmetrizedbout Z |

. . . ) . . . £ L0000l kj
the origin with the right-end point removed, in conjunction = I
with the four-term Blackman WDFT methddIn the present S !

. e N | ,' \ 1

approach we typically computed 2 048 values @) or, % 1000 2050 e RR—
equivalently, imposed the restrictiof,< 7<<7max On all Wavenumber [cm"]
time correlation functions. Typical values Ofyaxmin
=+(-)409.6 fs. FIG. 2. Comparison between theofgolid line) and experiment{dashed

Figures 1 and 2 show a Comparison between the valué?e) for ice Ih: (@) H,O and(b) D,O. The experiment and the simulation
correspond to data obtained at different temperature. The simulation was

of 0‘(”)”(7_/) thained frpm CP simulations and eXp?rimentalperformed afT=230 K, while the experimental spectra were extrapolated
data for liquid and solid KD and DO, the latter using the (see textat T=150 K.
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periodic boundary conditions. As noted abovginmaxy Was It is important to realize that the small differences that
taken to be +)409.6 fs. The dimensions of the primitive exist between experiment and simulation appear to be sys-
boxes were calculated using experimental values for the deriematic. In particular, the OH stretch frequency spectrum is
sity. The systems were first equilibrated for a period of 10 psonsistently redshifted in our simulations with respect to ex-
using a Nose—Hoover chain thermo&tain each degree of periment. The observed 10% shift is similar, however, to that
freedom, after which the thermostats were removed and dysbserved in a previouab initio MD simulation of the IR
namical trajectories were collected for another 10 ps. Thepectrum of liquid 90.50 This redshift artifact could be
average temperature during the production runs was approx¢aused by a slight drag on the nuclear degrees of freedom
mately 290 K for the liquid-phase simulations and 230 K fordue to the fictitious electronic mass parameter used in the CP
the ice |, systems. All the calculations were carried out usingmethod® The use of an incomplete plane-wave basis consti-
the PINy_MD*® package. tutes another possible cause for the redshift observed in the
The experimental numbers used to construct the plots icomputed spectra. According to Spekal,>* the stretching
Figs. 1 and 2 were taken from the most recent and reliabl&equency peak could shift to larger wave numbers by as
measurements reported in literature and, in the case of liquichuch as 100 cnt if one uses a plane-wave energy cutoff of
water, were extrapolated to 250 K using the empirical rela150 Ry instead of the 70-Ry value that was used in the
tions suggested by MarécHar*In the case of liquid water, present work.
the original experimental data consists of tabulated values Another important observation consists of the fact that
for k(v) and n(») obtained by Bertieet al**** and by the computed absolute IR intensities compare favorably with
Maréchaf®*! using mid-IR attenuated total reflectance spec-experimental data dower temperature$250 K instead of
troscopy, by Zelsmarffi using far-IR transmission spectros- 290 K for liquid water, and 150 K instead of 230 K for ice
copy, and by Wiliams and co-workéfs' using near- Ih). This is consistent with recent theoretical stutfie®
normal-incidence reflectance spectroscopy. The data for io&hich conclude that the room-temperature struct(iral, ra-
I, was taken from the works of Bergrest al.*® and Bertie  dial distribution functionsand dynamicali.e., diffusion co-
et al*® who employed a transmission spectroscopy with exefficienty properties of BLYP water are similar to those
plicit correction for a thin-film approach. A visual inspection measured in experiments performed in the supercooled
of Figs. 1 and 2 suggests that the use of the harmonic apegime®® In addition, it should be mentioned that the pres-
proximation in combination with windowing techniques pro- ence of a nonzero electron mass following the nuclei has the
vides a powerful practical approach for computing accurateffect of renormalizing the mass of the latter and causes a
IR spectra of condensed-phase systems from siipihitio  small decrease in the effective simulation temperattre.
simulations. In particular, the values of the frequencies at The redshift artifact observed in the computational IR
which IR absorption occurs are predicted by our computaspectra can easily be corrected by employing smaller masses
tional procedure with a relative error that is always smalleffor the nuclei. In particular, an examination of the isotope
than 10%. A similar conclusion can be drawn for the abSO'Ut%ﬁectS suggest that the combined effects of emp|oying a fic-
IR intensity if the comparison is made with experimentaltitious electron masg =400 a.u. and a basis-set cut-off of
data at lower temperatures. In addition, the computed inte7g Ry has the effect of increasing the effective mass of the H
grated area under the absorption peaks matches almost &¢om by 450 a.u. Indeed, one can see by examining the inset
actly the experimental value. from Fig. 1(a) that the theoretical and the experimental ab-
The agreement between the computed and measured i§orption peaks are almost identical if the abscissa of the the-
tensities obtained using the present approach constitutes getical spectrum is scaled by(1840+450/1840:1.115.
marked improvement over previously reported spéttod  seyeral empirical methods have been proposed for obtaining
BLYP water, which employed different quantum gych frequency scaling&®°both of which yield scaling fac-
correction8”*! and a maximum entropy inversion method. org (or effective massé<lose to 1.115450 a.u), although
For comparison, Fig. (&) shows the IR spectrum that would  they parse the error differently between finjiteand basis-set
have been obtained using the “symmetrized approximationgontributions. Note that changing the definition of the instan-
on the quantum correlation function, which cons& of  taneous temperature to take into account the renormalization
approximating the symmetrized quantum-mechanical dipolepf the nuclear masses is also likélyo improve the accuracy
moment correlation function by the corresponding classicapf the computed absolute IRtensities It should be men-

correlation function tioned at this point, however, that improved agreement be-
1~ - - - tween theoretical and experimental observables will likely
2LM(0) - M ([)gm + (M (1) - M(0))q] = (M(0) -M (1)) involve a development of a different exchange-correlation

(16) functional as suggested by a series of recent detailed com-
parative studies of structural and dynamical properties using

The results displayed in Fig(d) demonstrate the superiority the Born—Oppenheimer dynamics with the BLYP
of the harmonic approximation over the entire frequencyfunctional®®>®
range. The symmetrized approximation can be improved in  Using Eqgs.(5), (6), (9), and(10) and the computed val-
the small frequency region by adopting the so-called “Egelues fora(v)n(v), we have been able to calculate all the op-
staff correction® as demonstrated by Silvestredii al**and  tical and dielectric spectra of the systems under investiga-
by Guillot,>? but its behavior at large wave numbers remainstion. The infinite double integrals in Eq&) and (10) were
practically unchanged. approximated by performing discrete Fourier transforms up
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25 total absorption on the concentration of the species is ful-
filled, the total spectrum of the imaginary dielectric constant
¢” can be written as a linear superposition of two speeffa,
andej, corresponding to the two species. Consequently, the
method most often used by experimentalists to separate over-
lapping spectra of solutes and water consists of subtracting
the partial volume-corrected spectra of pure water from that
of the aqueous solution. However, the Beer—Lambert law
often breaks down at large solute concentration. In addition,
the experimental spectra are often incomplete, which intro-
duces uncontrolled errors in the spectragifr) that are
obtained via Kramers—Kronig transformations. Finally, even
for relatively simple solutions such as those of mineral acids
) ) . in water, it is not clear how many individual species should
0 1000 2000 3000 4000 be considered to participate in the total absorption spectrum
observed. For example, given that anomalous proton trans-
port causes a continuous interconversion between the Eigen
FIG. 3. Comparison between the computedlid line) and experimental (HQOZ) and ZundeKH5O§) cation species, should these spe-
(dashed lingindex of refraction for HO in liquid (top panel phase and ice  cies be treated separately? This question becomes even more
In (bottom panel subtle when considering the results of Maek al,** who
suggest that these species are only limiting forms of a more
to a cutoff wave number GF.,=v.,/c=8000 cm? and tak-  complex fluxional defect.
ing the values ok(v.,) andn(v.,) from experimental data. Progress in this area has been recently reported by Max
To illustrate the power of the computational approach, theand Chapaddé who pioneered the use of attenuated total
theoretical and experimental index of refraction for hydro-reflection (ATR) spectra, instead of the less reliable spectra
genated liquid water and icg bre depicted in Fig. 3. It is of &”, in conjunction with statistical methods such as princi-
important to emphasize at this point that the simulated IRpal factor analysf?’64 to overcome some of the aforemen-
spectra are uniformly accurate for the entire infrared regiortioned difficulties. However, using the ATR spectra instead
down to wave numbers as small as 40 énwhich is our  of the ¢” spectra has no theoretical basis as ATR intensities
spectral resolution. The reliability of the simulation resultscan be obtained from dielectric spectra via nonlirfé@om-
for the entire IR frequency region stands in sharp contrasplex transformations. Clearly, a theory of these spectral de-
with that of most of the experimental methods. Transmissiortomposition approaches is needed to justify and complement
experiments for icey| for example, requirAé’ the use of ice  the empirical methods.
films about 1xm thick if the sample is not to be black at the The mathematical form of Eq$13) and (14) suggests
peak near 3300 ci, whereas at 30 ci films several mil-  that a theoretical approach to the spectral decomposition
limeters thick are requiretf.In the same vein, the reliability problem could be formulated, provided that an unambiguous
of attenuated total reflection spectroscopy experiments dewolecular decomposition of the dipole moment can be ac-
creases dramatically below some cutoff wave number due toomplished. More precisely, consider expressing the total di-
an intense absorption from the crystal used in thesgole momentM of a system as the sum of chemically mean-
experiment® (=660 cn1 for ZnSe crystals Computed op- ingful molecular dipole momentg,, i.e.,
tical or dielectric infrared constants could therefore help ex-
perimentalists extend their experimental data to spectral re- M = > ma, (17)
gions that would otherwise be challenging to investigate, A

and, therefore, avoid compromising the accuracy of some Afjhere the sum extends over all molecules present in the so-
the reported optical or dielectric constants obtained via aftion. Then the dipole-moment correlation functiétr) de-

nv)
o
(=38
1=}
S
N
Qt
=1
=1
w
=43
=1
=]
'S
o
=1
1S3

Wavenumber [cm™']

incomplete Kramers—Kronig transformation. fined in Eq.(15) can be decomposed into molecular compo-
nents by means of the equation

I1l. USING MOLECULAR DIPOLE MOMENTS TO _ ’ .- _ . Ny

SEPARATE SOLVENT AND SOLUTE CONTRIBUTIONS C(n) = EA: (M(0) - (7)) = EI: (a0)-M(7)a,  (18)

TO IR SPECTRA OF AQUEOUS SOLUTIONS
and the contributiore;(v) of the moleculeA to the total

A. Defining molecular dipole moments . ;
g P dielectric spectrunz”(v) becomes

The limited scope of experimental IR investigations of

f[he strgcture and dynamics of aqueous so'lutlons bgcomes el(v) = f drexp2mi vn)(M(0) - jaa(7)q.
immediately apparent once the system studied contains sol- 1277VegksT J _..
ute molecules that absorb radiation in a spectral range where (19)

pure water is not transparent. The‘?}r}'ndicates that when
two species are at the origin of absorption of an electromag- The development of a first-principles theory that relates
netic field and the Beer—Lambert linear dependence of thempirical but very useful atom, bond and molecule-based
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chemical concepts, such as atomic charges, bond orders, tion algorithms, including multiple time-step methdds.

molecular dipole moments, to measurable quantities such &uch algorithms allowed us to reduce the computational

the total charge density remains a largely untapped area @iverhead of the methdéhcluding the calculation of the total

theoretical chemistry. In the case of molecular dipole mo-dipole momentto =~10%, a significant improvement over

ments, for instance, the primary challenge of the theory conether methods'"®%that have appeared in recent literature.

sists in defining a series of possibly overlapping but chemiThe maximum-localization principle that we employed in the

cally meaningful “molecular surfaces,” not necessarilypresent work is the condensed-phase exten%ithof the

defined in the 3D physical space, that would enable one toriginal Boys?4 principle.

partition the electron density or the electron orbitals between

the various molecules present in the system. Several solu- ) _ ) )

tions to this molecular boundary problem have been sugB: Dynamical generation of Wannier orbitals

gested, including the use of the origiffaland the The procedure described in the previous subsection for

extendef®" versions of the Mulliken population analysis, of generating and decomposing IR spectra requires that the

the Voronoi polyhedré® of the atoms-in-moleculéAIM)  maximally localized Wannier orbitals be determined at each

theory®™ of the natural bond orbital€,and of the maximally  step of arab initio molecular dynamics simulation. In the CP

localized orbital™"* In addition, a different approach has approach, the nuclear trajectory is generated with forces de-

been recently pioneered by Pasquarello and Réstet  termined from electronic structure calculations performed on

avoids the partitioning of the static dipole moment altogethethe fly as the simulation proceeds, employing a density-

and suggests that “dynamic molecular dipole moments” b&unctional description of the electronic structure. In addition,

used to compute molecular IR spectra. an initially minimized set of orbitals is “propagated” from
However, in the absence of fast-principles coherent  one nuclear configuration to the next via a fictitious dynam-

theory of atomic and molecular chemical descriptors such aigs as opposed to an explicit minimization or diagonalization.

those mentioned earlier, the merits of any of the previouslyrhis dynamics is generated by a Lagrangian of the form

mentioned partition approaches can only be determined by n N

comparing simulation results with experiment and checking _ Y " < 52 _

for consistency with chemical intuition. In the present work, L= ,;1 ’uf drgi (T, Ous(r. 0 + Zgl MiR7 - Bl {R)]

we employ maximally localized Wannier orbitals. Maximally

localized V\/_ann|er.orb|tal(s|\/ILWO) can be obtained through +> (f dr w?(r,t)w,-(r,t) _ fi@,), (21)

an appropriate unitary transformation of the commonly used i

Kohn—-Sham orbitals and represent condensed-phase analogs ) ) _ )

of localized molecular orbitals known from the quantum“erenis the number of orbitald\ is the number of nuclei,

chemistry works of BoyZ* Edmiston and Ruedenbefjand ~ #1(r:0. ... .#n(r,) are  the  electronic  orbitals,
Pipek and Mezey? R(t), ... ,Rn(t) are the nuclear positiond,, ... .f, are the

set of orbital occupation numbers, ang are a set of La-

hence the densilyamong the molecules can be performedgrangia” multipliers used to maintain the orthogonality of
using the centers of these MLWO. According to a basic tenethe orbitals via a constraint. Note that the time label on the
of the theory of polarization formulated by King-Smith and orbitals, although the same as that of the nuclei, designates
Vanderbilf® and Restd® the change in macroscopic polar- the fictitious orbital dynamics and should not be interpreted

ization of a condensed-phase system is exactly determinedf an actual tru_e dynamical evolutlon_of the elgctrons. The
by the displacements of the nuclei and of the Wannier funcfictitious dynamical parametge determines the time scale
tion centers, suggesting that the latter provide a classical coP? Which this fictitious evolution occurs. The equations of
respondence to the location of an electron pair. Using thighotion generated by this Lagrangian are

Wannier picture of electron pairs, molecular dipole moments . SE

can be computed by summing over the coordinates of the ~A¥i(rt) == S + 2 Ajgy(r.0),

nuclei and of the electron pairs that belong to a particular Y !

molecule, i.e., (22
-
M= 2 (ZJR] - 22 Ra>, (20) o &R| '

jeA aej

A meaningful partitioning of the electronic orbitaland

known as theCar—Parrinello equationsAn important prop-
where the first sum is taken over all the atojrthat belong erty of the Lagrangian is that the orbitals are invariant with
to moleculeA and the second sum comprises all Wannierrespect to an arbitrary unitary transformation among the oc-
centers that are closer to the atgtinan to any other atom in cupied orbitals
the system. ,

We have recently deriv€d new Car—Parrinello equa- A :E Uij¢5(r.0), (23

tions of motion that intrinsically evolve maximally localized .
orbitals, allowing one to compute the positions of the Wan-provided A transforms asA’=U'AU. This condition is
nier centers “on the fly.” We have exploited the fact that theknown in quantum-field theory aglobal gauge invariance
CP equations of motion in our dynamical localization ap-The invariance constitutes an invariance with respect to the
proach constitute an exact scheme to derive efficient integragroup SUn), i.e., the group of alh X n unitary matrices with
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unit determinant. The unitary freedom can be used to gener- 1N )
ate maximally localized orbitals for a fixed electronic con- L=,uf dr(Doy(r, 1) T(Doir 1)) + 52 M|R|2
figuration via a minimization of the so-callespread func- 1=1

tional, which, for systems subject to periodic boundary .
conditions, takes the fortfi 28! - E[{y}{R}] + 2 (f dr g (r,0)¢(r,t) = fi5ij)’
I
1 ) (29
QY] = (277)2; % Q1 (1Zi o, wherey(r ,t) = ((r 1), ... ¢ (r,D)T. In Eq.(29), the gauge

(24) fields A(t) need to be treated as dynamical variables. How-
ever, if a set of conjugate momenta for these variables is
Zyi = J dr 5 (r)€Ca"yy(r), computed according teL/JA?, it is straightforward to show
that these momenta are 0. Hence, although(E§). is now
) o ) L . invariant with respect to Eq26), it containsn?-1 unspeci-
with f(|z|_)-1—|z| - The minimization condition can be ex- fieq variables inA(t), a fact that reflects the unitary freedom
presse_d ina convenlent'manner by wnt.mg the unitary transy, he choice of the orbitals. We now have complete freedom
formation U as U=exi~i7-@], where 7 is a vector ofn® {5 choose the gauge fields so as to affect a particular choice
—1 Hermitiannxn matrlcczs known as thgeneratorsof o the ynitary matrix, a procedure knowngauge fixing For
SU(n), and@ is a vector ofn“~ 1 arbitrary real numbers. The qynamical generation of Wannier functions, the gauge-fixing
minimization of(} is then expressed as condition required is simply tha be a minimum on the
gauge surface, i.e., the surface on whidkt)=1. Writing

JQU{y'}] 0 25 U(t)=exd-i7-6(t)], the required condition is expressed as
LA a0Ly']
XLv]= ) o 020- (30
t)=

which yieldsn?-1 equations for the particular set of compo-
nents of@ that lead to maximally localized orbitals. The gauge-fixing condition is imposed using a technique de-
In order to generate maximally localized orbitals at eachveloped by Dira¢>®The details of this method are beyond

step of a simulation, we seek a set of CP-type equations th&lte scope of this paper; however, the result is a new set of CP
propagate the maximally localized orbitals from one configu-equations of motion for propagating the maximally localized
ration to another. This can only be achieved by requiring thaerbitals from one nuclear configuration to the next. These
the CP Lagrangian be invariant with respect totime-  equations, written in Hamiltonian form, red
dependentnitary transformation of the form

W =100 S S 07 e
W D=3 Uy (r.0. (26) Y
! o 5E - aJ . a H
mi(r,t) =- W - % EJ: [D™1Px* Hph i m(r,t)

The invariance under such a transformation is known as local
_(in time) gauge invariance. Unfortunately, the CP Lagrang- +> Ayy(r,0), (31)
ian, as formulated, does not possess this symmetry because j
the fictitious kinetic energy originally proposed by Car and
Parrinelld does not remain invariant under the transforma- R = Py b= JE
tion in Eq. (26). M TR,
Our solution to this problem is to modify the fictitious ) o _
kinetic energy by the introduction of a covariant derivative Where the matrix D is given in

D, defined in D= {2 72, (32
with

[
D=5 ~im AL, @0 =3 Al - (nlw), (39
1)

where A(t) is a vector ofn~1 (spatially uniform) gauge where{...,...} is the classical Poisson bracket dfgp is the
fields that transform according to CP Hamiltonian. The momentunm(r,t) conjugate to the
orbitals is given by the usual formula(r ,t)= 8L/ 8¢ (r ,t).

.oU
7 A'()=U@M) 7 ADUT() - |EUT(t) (28 ¢ Results
The applicability of the Wannier-center-based approach

under Eq.(26). This covariant derivative is then used to for- to the calculation of molecular infrared spectra was tested in
mulate a new CP Lagrangian according to a computer simulation in which the IR difference spectrum
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1000 T T IV. CONCLUSIONS AND PERSPECTIVES

We have formulated a practical procedure for obtaining
high-quality IR spectra fronab initio molecular dynamics
trajectories of only a few picosecond. The computational in-
vestigations undertaken in the present work strongly suggest
that IR spectra of aqueous solutions can be accurately calcu-
lated within the linear response theory framework by em-
ploying the harmonic approximatithfor the calculation of
guantum time correlation functions. Although more investi-
gations are necessary to completely settle the question, the
good agreement between theory and experiment that was ob-
tained in the present work for the IR spectra of pure water
and aqueous solutions of mineral acids suggests that the va-
lidity of the harmonic approximation extends beyond the
Wavenumber [cm™'] framework of “effective harmonic systent§"for which it

_ _ ~was originally conceived. From a practical point of view, the
FIG. 4. (Color) Com.pans'on between experimental and theoretlcal differ- present work suggests that one of the best solutions to the
ence spectrd(v) defined in Eq.(34) scaled to a concentratia=0.85 M. . . . e .
The experimental data were obtained in a spectral reflectance study of 3.6 firoblem of estimating the continuous and infinite Fourier
(black and 8.8 M(red) agueous solutions of HBr. The green curve and blue transform in Eq.11) consists in employing short, but well-
curves represent the computed spectra that were obtained usinglEgs. converged discrete dipole-moment time correlation functions

and (20) in a study of HCl(green and HF, solutions. The dashed curve . : - - - . .
includes the spectrum of the bifluoride FHIBN (see text Note that after In-conjunction with windowed discrete Fourier transform

subtracting the spectrum of the bifluoride ion from that of the&Hthe  t€chniques.
result is depicted as the solid blue and green cyntks solution agreement A molecular spectral decomposition method was formu-

with the spectra of the excess proton from the HCI and HBr systems ij5tad based on a definition of molecular dipole moments that
recovered. employs the positions of the centers of maximally localized
electron orbitals. We have utilized this method to demon-
A(v) between the absorptidm(v)n(v)]. of an aqueous so- strate that the absolute spectrum of the excess proton in wa-
lution of a strong acid of concentratiommol/L and the ter can be accurately obtained by subtracting the spectrum of
absorption a(v)n(v)], of pure water was computed; i.e., bulk water from that of an aqueous solution of HCI. We have
demonstrated that the excess proton spectrum can be accu-
rately disentangled from that of an aqueous solution contain-
A(v) =[a(»In(¥)]c = [a(¥)n(v)]o, (34 ing the bifluoride ion FHE, despite the fact that both@?,
and FHE,, form strong hydrogen bonds and absorb electro-
was calculated and compared with experimental data. Ifnagnetic radiation in overlapping frequency intervals.
should be noted that both terms on the right side of (B4) One of the most exciting aspect of the computational IR
could be computed in a single simulation of the aqueouspectroscopic approaches presented in this work is their ap-
solution using the Wannier-orbital approach. Specifically, theplicability to a host of important problems relevant to chem-
second term of the right-hand side of E84) was taken to istry, materials science, and biology that cannot be answered
be the spectra generated by those “bulk” water moleculessing today’s experimental methodology. In a separate pub-
that were never hydrogen bonded to the solutes. Simulatiorliation we will describe a comparative IR absorption study
were performed on two systems: a 0.85-M aqueous solutionf the chemical species that are formed in a solution of hy-
of HCI and a 0.85-M aqueous solution offF} in which the  drofluoric acid in water. Experimental evidefitsuggests
solute was completely dissociated. The simulation details arthat aqueous solutions of HF contain a mixture of undissoci-
identical to those reported in the previous section, except thatted structures, ion pairs, and hydrated protons as well as
the plane-wave basis-set cutoff employed here is 80 Ry. fluorine ions. However, it is challenging to devise experi-
Figure 4 shows a comparison between theoretical andhents that could isolate each of these chemical species and
experimental values of the difference specifa) defined in  record their individual properties, including IR spectra. In
Eq. (34) with c=0.85 M. The experimental values plotted in particular, the IR spectrum generated by ion pairs remains
Fig. 4 were obtained by digitizing and scaling the near-unknown despite the fact that it could prove to be a powerful
normal-incidence spectra of HBr reported by Downing andanalytical tool in the investigation of the composition of
Williams 2* The agreement between experiment and theory isqueous solutions of organic acids, including amino acids
good, which demonstrates that maximally localized orbitalsand proteins.
can be successfully employed to decompose IR spectra into  Turning to potential applications, the theoretical IR spec-
molecular contributions. In particular, the IR-decompositiontroscopy could be used to double check the reliability of the
approach based on maximally localized orbitals allowed useverse Monte Carlo techniqL?8$hat are often used to sug-
to separate the spectrum of the excess proton from that @fest typical many-body configurations of amorphous systems
FHF ion, even though both ions absorb strongly betweerfrom experimental pair-correlation functions. It is well
1200 and 3000 ci. known that the uniqueness theorem of statistical mechihics

500

A(W) [em™]
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1000 2000 3000 4000
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