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We describe a theory for the calculation of the generalized dynamic structure $§ktar) as measured by
an inelastic x-ray scatterin@gXS) experiment on single-component molecular or polyatomic molecular fluids.
IXS spectrum of a simple fluid is proportional to the dynamic structure factor of a single species of atom. In
the case of a molecular fluid, however, IXS spectrum is a weighted sum of partial dynamic structure factors of
pairs of atomic species. The weighting factors are products of the atomic form factors of the pairs. We call this
weighted average dynamic structure factor the generalized dynamic structure factor. We extend the formalism
of a three effective eigenmode thedfyEE) developed previously for simple fluids to derive an approximate
evolution equation for the generalized dynamic structure factor, which can be considered as a generalized
hydrodynamic equation for molecular fluids. As examples, we first study the contributions of the partial
dynamic structure factor to the generalized dynamic structure factor computed from molecular dynamics
simulation of SPC/E model water. We found that the generalized dynamic structure factor of water measured
by IXS can be well approximated by the center of mass or the oxygen atom dynamic structure factors. The
generalized TEE model was then employed to analyze IXS spectra of nearly fully hydrated dilauroylphosphati-
dylcholine. The theory is able to fit all of the spectra in kn@nge from 5 to 32 nm! quantitatively and gives
their deconvoluted generalized dynamic structure factors.

DOI: 10.1103/PhysReVvE.64.021205 PACS nunider61.20.Ja, 64.70.Pf

I. INTRODUCTION space time correlation function. It has been shown that the

mode description can be derived directly from the general-

Collective density fluctuation of simple fluids has beenized kinetic theory by expanding the phase-space correlation
studied extensively both experimantally and theoretically infunction into a series of momentum dependent eigen func-
the past two decaddd—3]. It is well known that, in Born tions [3,4]. While the generalized kinetic theory requires a
approximation, the double differential cross sections of botdnowledge of interparticle potential and also involves an ex-

inelastic photon and neutron scattering from simple fluids aréensive computation, the mode description is a more practical

proportinal to the dynamic structure fac®(k, ») wherek is method and can be easily applied to interpret experimental

the magnitude of the wave vector transfer @ndthe energy measyrements. Among various_ modg descriptiqns, the three
transfer in the scattering experiment. Owing to theeffectlve eigenmode mod€éTEE) is a direct extension of the

fluctuation-dissipation theorem, valid for an equilibrium Sys_macroscopm hydrodynamm _theory. It includes three
tem, S(k,w) is also the spectral density of the equilibrium k-dependent quasihydrodynamic modes, namely, the number

A S or . o . density, the longitudinal current, and the energy density. The
atomic density fluctuation in the fluid. This gives an incen-

Ve for f Iati q ical th £ fluid th " TEE model has been applied to analyze the dynamic struc-
tive for formulating a dynamical theory of fluid that contains v, e factor at finitek values for a hard sphere systdBi, a
explicitly the dynamic structure factor. There are two known| annard-Jones fluige], classical simple fluids like AF7],

asymptotic forms of the dynamical structure factor: the shorNe, Kr, “He at high temperatures, super flutéie [8], and
wavelength(large k) limit where the free streaming or the pyik water[9].

ideal gas limit can be taken ar8{k, w) is a single Gaussian  The study of atomic collective dynamics at large wave
peak centered around=0 in the classical limit; the long vector transfers and energies is, traditionally, the domain of
wavelength(smallk) limit where the macroscopic hydrady- inelastic neutron scatterindNS) spectroscopy. Recently, a
namic equations can be used to show B, w) consists of  high-resolution inelastic x-ray scatterifxS) technique has
three Lorenzian peaks, one Rayleigh peak, centered arourgten developed at European Synchrotron Research Facility
w=0, having a widthl'y, and two symmetrically sifted (ESRP, in Grenoble, France. As a complementary method to
Brillouin peaks, centered around()¢, having a widthl'. INS, the advantages of IXS can be summarized as follows:
QO andT'g are, respectively, the frequency and damping oflXS can investigate a much larger frequency and wave vec-
the propagating ordinary sound. The so-called generalizetbr transfer ranges at a constant scattering angle; IXS is able
hydrodynamics theory is intended to describe correlationso maintain a constark (magnitude of the wave vector tras-
between a set of quasiconserved slow dynamical quantitieer) measurement at a constant scattering angle for the en-
(modes. It extends the macroscopic hydrodynamic descrip-ergy transfer up to the order &£ T, which is impossible for
tion to density fluctuations with wavelengths comparable tdNS; the absence of multiple scattering processes allows di-
interparticle distances. On the other hand, the so-called gemect measurement of the dynamics structure factor without
eralized kinetic theory of liquids employs an idealized hardhaving to use sophisticated procedures for the reduction of
sphere potential to give evolution of the microscopic phaseraw data. To interpret IXS data, one may directly extend the
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method for the analysis of INS data. The analysis is straight- d?o 5 ke 1

forward if the scatterer consists of only a single species of dOdE Nro(e;- Sf)k N

atom, such as simple fluids. In this case, both INS and IXS

measure the dynamic structure factor of the system. The only _ 2
difference is that the prefactor is related to nuclear scattering X > P <Fn|2 fi(k)e™ il )

length for INS and the atomic form factor for IXS . When the !

scatterer consists of multiple types of atoms, such as molecu- X S(E—E;+E;), 2.2

lar fluids, the inelastic scattering spectra are not given by

dynamic structure factor of any single atom, but by a generwhereE denotes the energy transfer of an x-ray photon to the
alized dynamic structure factor defined as weighted sum ovefiedium in the scattering process andhe polarization of
partial dynamic structure factors of all pairs of atomic spe-the x ray. The indices, f denote the incident and scattered x
cies. The weights are dependent on the scattering prefactesys, respectively., ,F,, are the initial state and final state of
and number denS|ty of atoms. In the literature, the generall-he system under StUd?| is the probab|||ty that the system

ized dynamic structure factor has been shown to be the SUR i1 the initial statel , One can define the generalized dy-
over partial dynamic structure factors by the authors deallng]amlc structure factor as

with binary mixtures in computer simulatiofs0]. However,
the inclusion of the form factors into the generalized dy- 1 N 2
namic structure and its applications to analyze the IXS spec- S(KE)=— > Pul(Fal> fi(k)e'™ i1 )
trum have, to the best of our knowledge, never been carried N Fnin j
out until this paper. In this paper, we develop a generalized _ _
three effective eigenmodéGTEE) model to analyze IXS X OE-EHE) 23
spectra of polyatomic molecular systems. We shall show that N
the TEE model for smple fluids can be extended to the case 11 iEt/f

: uids | dte=" 2, (f(0 ()
for polyatomic molecular fluids in a straight forward way. As " 27k N
examples, we present the GTEE analysis of computer gener-
ated dynamic structure factor of SPC/E model water and IXS
spectra of fully hydrated dilauroylphosphatidylcholine
(DLPC) bilayers.

Xe'k‘rl(t)e"k"’j(o)>_ (24)

The double differential cross section can then be written as

d?o
J0dE Nro(s, sf) S(k E). (2.5
Il. GENERALIZED DYNAMIC STRUCTURE FACTOR
Consider an ensemble consisting Mfparticles(atomg, ~ In the following we shall use the notatiors(k,w)
with the Liouville operator, =hS(k,E). The generalized intermediate scattering function

is the inverse Fouriour transform of the generalized dynam-
ics structure factoB(k,w),

N N
LZE VA.__ Eﬂi , (2.1

1 . )
barg o omy {7 oar ov F(MFN% (f;(kf (ke ek (2.6

Define now the generalized density fluctuatiofk,t) as
wherem; is the mass of the particie ¢;; is the pair poten- g y fofk.t)

tial between particlé andj. The Liouville operator defined
this way is an anti-Hermitian operatfs]. n(k,t)= E fi( ye ik (2.7

In a scattering experiment, each target particle converts
the incident plane wave into a spherical scattered wave with
a specific amplitude. The scattering amplitude of each scathen we have(k,t)=(n* (k,0)n(k,t)).
tenng part|c|e is genera”y dependent In the case of |NS The above defined generallzed dynamiC structure factor
the scattering amplitude is proportional to the scattering?an be decomposed into the weighted average of partial dy-
length of the nucleus, while in IXS the scattering amplitudeN@mic structure factor. This is accomplished by splitting the
of the particle(atom is proprtional torof;(k), with ro de- general_lzed density fluctuation into _the_sum of the density
noting the classical radius of electron, ahgk) the form  fluctuation of each type of atom, which is
factor of the scattering atom with indéxThe form factor is
normalized in such way _that it is equal to the atomic number n(k,t)= 2 f(K)w,ny(k,t) 2.9
zwhenk—0. One can find the tabulated value of the form
factors of different atoms in international tables for x-ray
crystallography[11]. In this paper, we will take IXS as ex- where« denotes the type of atonm,=+/N,/N the square
ample but the result of this section can be easily extended tmot of the number fraction of atomic type over the total
the case of INS. The double differential cross section for IXSatomic number, andh,(k,t) the density fluctuation of the
from a sample containinly atoms is formally written agl2] atom typea.
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0.9

N
1 N
na(k,t)zTZ g ik, (2.9
a )

0.8

where the prime denotes the sum only over the different
atoms within typea. By using F(k,t)={n* (k,0)n(k,t)), o7
we have,

0.6
=
k4

-—
=05

F(k)=2 fo(Kfgkw,wgFpkt)  (2.10
a,B

where the partial intermediate scattering function is defined >
as o3l

Fap(k,t)=(n%(k,0)ng(k,1)). (2.12) o2

The Fouriour pair relationship between the dynamic struc- ®\y7———% 5 20 2 @ & % & 5
ture factor and intermediate scattering function implies that k (hm™")
the moments of the dynamic structure factor determine the
short time behavior oF (k,t). In particular, the zeroth order ~ FIG. 1. Thek dependence of generalized thermal veloeig{k)
moment is the structure fact&k), which is initial value of ~ ©f fully hydrated DLPC(symbol, plotted asuo(k)/vo(k=0). The
F(k,t). The generalized static structure fac&(k) as mea- solid _Ilnes are the form factor of the atoms H,C,O,P divided by their
sured by a diffraction experiments is atomic numbez.

1 _ _ nent of the thermal velocity of the particieThe average of
S(k)=(n*(kK)n(k))=5 > (fi(f(kelknikn) the last equality is over different individual particles. One
) can calculate the average explicitly and define a generalized

(212 thermal velocity as the weighted average of thermal veloci-
Insert Eq.(2.8) into the above equation, we have ties of different types of atoms.
S(k)=a2ﬁ fo(K)f 5(K) @@ 5S,5(K) (2.13 vé(k)=<v31jfl-2(k))=§ f2(kwv3, (218

with the partial structure factds, (k) =(n}(k)ng(k)). The  where the indej is for different individual atoms, index
partial static structure factor is also the initial value of thefor different types of atoms;, the thermal velocity of the
corresponding partial dynamic structure factor. We note thaatom typea. Then the second moment &k,w) can be
the generalized dynamic structure factor or the static stuctur@ritten ask?v3(k), a similar expression of the second mo-
factor is a weighted sum over any partial dynamic structurenent of conventionaS(k, w).
factor or partial static structure factor, respectively, with the \we note that the generalized thermal veloaityk) var-
same weights determined by the number fraction and atomied with differentk values. This-dependence should be the
form factor of the pair. Each type of atom contributes to thesame as that of atomic form factor if there is only one type of
total spectra of IXS through the partial dyanmic structureatoms. In multiatomic fluids, th& dependence of (k) is
factor with other types. mainly contributed by thé dependence of the atomic form
The second moment &(k,w) can be written as the ini- factor of atoms that have large atomic numbers and atomic
tial value of the second order derivative ofkR): (w?)  number fractions in the fluid. Figure 1 shows the atomic
= —d?F(k,t)/dt?|,_o, which can be calculated explicitly,  form factor of H,0,C,P divided by their atomic number. In
the same figure, the generalized thermal velocity of the hy-

J°F(k,t=0) . drated DLPC is shown. We calculate this quantity by taking
ot2 ={n(k.0*n(k,0) (2.14 the weighted ratio of water in DLPC to be 20%. Tkele-
pendence oby(k) of hydrated DLPC is almost the same as
_ —(h(k 0)*h(k 0) 2.15 that of atomic form factor of Carbon.
1 N lll. GENERALIZED THREE EFFECTIVE EIGENMODE
Z_NZ ((k-vj)?F2(k)) (2.16 THEORY
]

A mode is ak and time dependent function, which is a
=— k2<v§’jfj2(k)>, (2.17  sum over all particles and each sum component is a function

of the phase-space coordinaté' (pV). Each mode describes

where the second equality follows from the anti-Hermitian ofone type of microscopic fluctuation at a specific time inkhe
Liouvillian, andvq;= VkgT/m;, is a single cartesian compo- space. The variations and interplays of these modes are de-
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scribed by their time-dependent correlation functions. The Agz  Agy
evolution of these correlation functions is governed by a set A= A A , (3.7
of coupled first order differential equations that have their M3 MMM —>c

roots on the evolutional equation of the phase-space coordi- o . .
nates. The mode correlation functions in the frequency do2n€ can fgrther decom_pose thg mﬂmte. ma_\trlx equatlon 36
main are defined as into four different matrix equations, their dimensions are 3

X 3,3XM,M X3 MXM, respectively. After a few algebra,
1 one can get a 8 3 matrix equatiorf9]:
Gaﬁ(k,z)=<b§(k)ﬁbﬂ(k)>, (3.9
2G33(k,z) =H33(k,2)G3a(k,2) + 133 (3.9

whereb (k) are the microscopic fluctuations with the first

with a z-dependent matrix
three defined as P

Hsa(k,2) = L33(k) + Lan(K)[Zlum—Lum(K) ]~ Lwa(k).
J_E f(ke (3.2 (3.9
k) We note that the first term of E¢3.9) corresponds to the
frequency matrix, and the second term to the memory func-

tion in the generalized Zwanzig-Mori projector operator for-
malism[3]. By using the fact

by(k)=n(k)=

is the generalized microscopic density fluctuation.

~ 1 Kevp o
by (k) =T (K)=—= 2 fi(k)—e ™1 (33
N ] kvo —ikvg(k)
Lb;(k)= ——==—b,(k), (3.10
is the generalized microscopic longitudinal velocity fluctua- VS(k)
t(lzo_qg)\flth the generalized thermal velocity, defined in Eq. wherevy(k) is the generalized thermal velocity, one finds
from the above equation that the elements of the first column
1 3—mv?(ksT) and the first row of the infinite Liouville matrix. are all
ba(k)=8(K)= — > S B Te-ikry (3.4)  zero, except the two elements

VN T V6
. . . . _ —ikvg(k)
is the microscopic temperature fluctuation. The above modes Loy(K)=Lqo(K)=—if yo(K) = ——=— (3.11)
are generalized three hydrodynamic quasiconserved modes VS(k)

defined in the way such that they are orthornomal. One ca
also generally define a set of microscopic dynamic quantitie
b,(k) with «>3, so that they are orthonormal
(b} (k)bg(k))= 6,5 and completeZ ,|b,(k))(b,(k)|=1.

We note that the first matrix element of the correlation
matrix in Eqg. (3.1) in the time domain isGy;(k,t)
=F(k,t)/S(k), with F(k,t) given by Eq.(2.6). The Eq.(3.1)
can be rewritten asG,g(k,z)=(b}(k)bs(k,2)), with
bg(k,z)=[1/(z—L)]bg(k). We then have,

his makes the second terffmemory function in Eq. (3.9
not contributing to the first column and first row of the ma-
trix Hzz. The matrix Ha; contains only three unknown
z-dependent guantities: H.o(K,2),Hy3(k,2)
[ =H3xk,2)],H35(k,2), which come from the memory func-
tion and are generally dependent. The dependence can be
dropped by invoking the Markovian approximation when the
decay times of the memory matrix are shorter than those of
the correlation functions between hydrodynamic quantities.
In the interpretation of experimental data, we treat the three
unknown quantities as fitting parameters, which vary with
only. In the remaining part of the paper, we will omit the
indices of matrixHs; and write it asH. Using the symmetry
properties of the modes and the Liouville operator, one finds
out that the diagonal elements in matkixare real for allk

2by(k,2)=Lb (K, 2) + b (k). (3.5

After multiplying b* (k) to the above Eq(3.5), and averag-
ing over the ensemble, one gets

zGaB(k,z)zz L‘;y(k)Gyﬁ(k,z)Jr Sap s (3.6 and the nondiagonal elements are imaginary. We finally re-
4 write H as
where the element of the infinite symmetric matrix is 0 if,n(K) 0
L7 5(k) = (0% (K)Lbg(K)). | j
The above infinite matrix equation is an exact equation H(k) =] 1Tun(k)  zy(k)iTyr(k) (3.12
governing the evolution of the mode correlation functions. 0 if y1(k)  z1(k)

Because of the anti-Hermitian of Liouvillian, the eigenvalues

are all imaginary, the general solution of this equation is awith f,,=kv(k)/VS(k). The eigenvalues of the matrid
weighted sum over an infinite set of oscillations with differ- consist of one real numbes, and a couple of conjugate
ent frequencies. The weight is related to the power spectruroomplex numberd's+iwg. We can therefore write the so-
density at each frequendgigenvalug After decomposing lution of the normalized dynamic structure factor in a hydro-
the infinite matrix into four blocks as dynamiclike form[1,13],
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1 z; Lt b(o+ ) ' ' I
S(k,w)/S(k)=—1 Ag 5 T As 2 — 0-0 .
T 0wtz (w+wg)“+T'g o CM - CM %‘“’ o '-'.. ]
I''—b(w—w ® HO-HO * o. ®e00,
PG ~ Sz (3.13 o oe0ee.
(w—wgs)*+T'g

with b=—Im(A)/Re(A),A;=Re(A), and

B(z,)
= 5 ¢ 3.1
° (Fs_zh)2+w2 ( 4)
B(T's—iws) 1
A= : 3.1
2|ws(Zh—(Fs—|ws)) ( 5)
0 . A ) ) .
B(X):_XZ—(Zu+ZT)X+ZuZT+fL2,-|—. (3.16 0 10 20 k(ns:}]q) m m o

Equation(3.13 has six parameters, but they are depen- g, 2. The static structure factor of SPC/E water: O-O partial
dent only on four independent parameters in the madrin  gtrycture factorfull line), center mass structure factétash line,
GTEE model. When the static structure factor is known, theéand intermolecular structure factor measurable by an x-ray diffrac-
number of free parameters can be further reduced to three. libn (symbo). The intermolecular structure factor was calculated by
the Rayleigh-Brillouin scattering, the width of the central dividing the generalized structure fact®fk) [Eq. (2.12), shown in
peak is determined by the heat diffusion dampig The the insef by the molecular form factor given by RéfL8].
density fluctuation associated with sound propagation is ma-

niested as a pair of inelastic peaks, whose position and widthtructure factor can be decomposed into the multiplication of

are determined byws andI's, respectively. the molecular form factor and intermolecular structure factor.
The derived intermolecular structure factor is very similar to
IV. SPC/E WATER the partial structure factor of O atom or center of mass.

) . From the stored trajectories one can calculate the density

We first take SPC/E model water as an example of appligy ey ations of O atom, center of mass, and also the atomic

cation of GTEE model. In calculating molecular dynamics¢qy, ¢actor weighted density fluctuation. From these, the re-
(MD) trajectories, we use 4096 water molecules interacting o tjve intermediate scattering functions are genef&ad

with SPC/E model potentidll4,19 and enclosed in & cubic (5 21 These intermediate scattering functions are shown in

box n"%’ith periodic boundary conditiqns. The density ) is Fig. 3. At smallk values, the three normalized intermediate
1g/cm and the temperature is approximately 250 K, whichgeaiering functions are almost identical. Rincreases, the
is the temperature of maximum density for SPC/E water. The

electrostatic long-range interactions are taken into account
with the reaction field method described by Steinha{isé}.

The MD code used here to generate the trajectories is the oe "~ Oatom ]
same as that in Ref14]. A heat batt{17] has been used to - g::gfg?f;’;g |
allow for heat exchange. The time step for the integration of
the molecular trajectories is 1 fs. We saved the trajectories o o7f 1
each atom every 10 fs up to 100 ps. Figure 2 shows thE,c.;O‘e_
structure factor for O-O correlation, center of mass correla-<
tion and water molecule-molecule correlation, respectively.L_\_LO-s-
The curves are obtained by averaging different directions ofﬁ"0
k-vectors. The structure factor of O-O atom was calculated
asSyo(K) = 1INy, jexdik-(ro—ro;)], wherer,,,r,; are o3
the coordinates of oxygen atoms of different moleculs,

is the number of oxygen atoms. The structure factor of centel
of mass was calculated by the same definition, except tha o1t
the atomic coordinate was replaced by that of the center of
mass of each molecule. The generalized structure factor de
fined in Eq.(2.12 shown in the inset is proportional to the
structure factor measurable by an x-ray diffraction experi- F|G. 3. The generalized density-density correlation function
ment. The distribution of electron density in a water mol-termediate scattering function 156f SPC/E watexfull line) with
ecule is very nearly spherical, and orientational correlatiorpartial ISFs of O atom(dash-dot ling and center of masé&ash
between molecules in the liquid is weak and cannot be seeline). The ISFs are normalized to have unity initial values and av-
in x-ray diffraction[18]. Therefore, the generalized dynamic eraged over independekivector directions.

1

0.2

0

Time (ps)
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7 2 16
181 14
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) 129 P
54_:4' b FIG. 4. Comparison of the dynamic structure
N(D 1+ 4 factor of center of mass of SPC/E wateym-
< | bols) with TEE calculation of single atomic sys-
) tem (full line).
2
1
0 20 40

20
® (meV)

intermediate scattering functions exhibit small differenceshe transmembrane transport of small molecules or ions, and
among each other. In the interestedinge <30 nmi }) and  formation of functional enzyme complexes. The collective
energy range, one can introduce an approximation that a waut-of-plane excitation of bilayers contributes significantly to
ter molecule can be considered as a single parfieidher  the intermembrane repulsid26].

oxygen atom or center of mas§ his approximation is also The IXS experiment was carried out at a very high-
verified by the similarity of static structures discussed at thaesolution IXS beamlingBL21-ID 16) at ESRH29,30. The

last paragraplisee Fig. 2. The dynamic structure factors can undulator x-ray source was premonochromated by(413)

be calculated from the power spectrum of density fluctuadouble crystal monochromator and then followed with a high
tions. Figure 4 shows the longitudinal current correlationenergy resolution backscattering monochromdtempera-
spectral density functiod(k, w) = (w?/k?)S(k,») calculated ture controlled and scanngdperating at the §11 11 12

from the density fluctuations of the center of mass. A Han-Bragg reflection(x-ray energy 21.748 Kel The scattered
ning window has been employed to reduce the noise. Thphotons were collected by a grooved spherical silicon crystal
J(k,w) has been averaged over independerdirections. -

The full lines are the TEE model calculations witt, 25F . . . -
=kvo(k)/yS(K). The eigenvalues of the best fitted matrx
are shown in the same figure. The eigenvalues of the propa | %= 0-050 meV
gating sound frequency show a sound speed of about 330 2 T =3.744 meV
m/s, which agrees with our previous model analysis of
SPCI/E supercooled bulk watgt9].

0= 8.023 meV

V. FULLY HYDRATED DLPC BY IXS

Fully hydrated phospholipid bilayers have been employed ,
as a model membrane in many biological studies to provide
insights into the structure and function of biological mem-
branes. The structures of phospholipid bilayers have beel |
studied by a variety of methods such as x-ray and neutror
diffraction [20-22, differential scanning calorimetry
[23,24], ?H nuclear magnitude resonan{23,25, and the -
diffusion and rotation of lipid molecules have been studied o -15 -10 5
by incoherent quasielastic neutron scatterigg], nuclear
magnetic resonand&MR) relaxation[27], and Raman scat-  F|G. 5. The IXS spectra of fully hydrated DLPC and GTEE
tering [28]. Studies of collective dynamics of lipid bilayers model fit atk="5.0 nm * and T=269 K. The thick and thin solid
are scarce so far. However, density fluctuations are essentimes denote the GTEE model calculation after and before convolu-
for the functions of natural membranes. In particular, thetion with a resolution function. The dash-dot line is the resolution
in-plane collective density fluctuation provides possibility of function. Inset figure shows the whole spectra and GTEE fit.

E (meV)
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FIG. 6. S(k,w) of GTEE model calculated
with the best fitting parameters for the IXS spec-
tra of T=269 K and differenk values.

10 20

k=26 nm™"

0 10 20 -20 -10 0 10 20
® (meV) ® (meV)

analyzer operating at the same Bragg back reflections, and fanction before comparing with the IXS spectra that have
Rowland geometry. The net energy resolution was measurdaeen normalized to have unit area. Figure 5 is a typical fit of
by an elastic scattering of a plastic sample at its maximum ofhe IXS spectra aT =269 K, k=5 nm !, The fit gives the
structure factor. This gives an energy resolution of 1.5 meMvidth of the central peak, 0.05 meV, much less than the
full width at half maximum—FWHM). The x-ray beam size width of the resolution function. The sound propagation fre-
at the sample was 0.15 m@0.35 mm. The fully hydrated quency is about 8.0 meV, giving the sound propagating
DLPC sample was in a state of partially oriented multilamel-speed of 2440 m/s.
lar vesicles. The sample was measured at two temperatures: Figures 6 and 7 show(k, ) calculated by GTEE model
T=269 K and 294 K. Since the main transition temperaturewith the best fit parameters to the IXS spectral at269 K
of hydrated DLPC is about 272 [31], these two tempera- and T=294 K, respectively. They are plotted without con-
tures correspond to the gel phades() and liquid crystal  volution with the resolution function. A& increases, the
phase [,). sound damping becomes larger and the central peak broader.
Since a DLPC molecule has a large polar head group anlhe central peaks however become narrower lat
double hydrophobic chains, we do not expect that the mea=14 nm ! due to the deGennes narrowing at the peak of the
sured dynamic structure factor could be approximated by thetructure factor. The discussions of thdependent and tem-
center of mass dynamic structure factor for DLPC. Thereperature dependent variations of fitted parameters have been
fore, we need to use the generalized TEE model to fit thgublished 32]. One of the verifications of the GTEE analysis
data. There are four fitting parametefg,(k), z,(k), zr(k), of the hydrated DLPC can be obtained by comparing the
fut(K). The calculated®(k,w)/S(k) was multiplied by a de- experimentally determinesi(k) with the calculated structure
tailed balance factor and convoluted with the resolutionfactor from fitting parameters. Figure 8 shows such a com-

021205-7



CIYA LIAO AND SOW-HSIN CHEN PHYSICAL REVIEW E64 021205

14

10

14

>

10

x

[=] — N w

!
n
o

-10 0 10 20

x 107

[=] - N w

!
n
o

-10 0 10 20
x10™

FIG. 7. S(k,w) of GTEE model calculated
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parison. The calculate®(k) is obtained by the equation: 0 ' ' I

S(k) =[kvo(k)/f,n(k)]?, where the generalized thermal ve-  1eof ® --- T=269K -
locity vo(k) is calculated by Eq2.18, and the experimental el |
S(k) is obtained from x-ray scattering without energy analy- O — T=294K

sis at the same IXS spectrometer. In order to compare then 1o
at the same scale, the experimergék) were multiplied by
one appropriate constant factor. The two curdéses and
symbolg obtained through different methods show over all %100-
good agreement. In this figure, the structure factor ofL.the
gel phase aff =269 shows a sharp peak kt15 nm 1,
corresponding to the ordered structure formed by hydrocar- e}
bon chains in the bilayel83,34,23. Unfortunately, we did
not measure the 1XS spectrumlat 15 nm 2.

120

80+

VI. DISCUSSIONS AND CONCLUSIONS % 5 10 15 2 2 30 3%

: . . k (nm™!
High-resolution IXS spectroscopy is one of the most pow- (™)

erful experimental te_chn_iques developed for the study of mo- FIG. 8. The static structure fact&(k) measured by x-ray scat-
lecular scale dynamics in soft matter in recent years. For theering (lines) and calculated(k) (symbol$ from the GTEE fitted
purpose of a quantitative analysis of IXS spectra of poly-parameterf (k). They axis is in arbitrary unit.
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atomic molecular fluids, we have, in this paper, formulated ahydrated lipid bilayers is dominated by the partial dynamic
theory for the generalized dynamic structure factor obtainstructure factor of C-C, and the dynamic quantities extracted
able directly from the double differential cross section of thefrom analyzing measured IXS spectra of lipid bilayers are
IXS. The generalized dynamic structure factor is a weightedargely reflecting movements of the hydrocarbon segments of
average of partial dynamic structure factors of pairs offipid molecules. . .

atomic species in the system. The weighting factors are the In conclusion, we would like to point out that, although
products of the atomic form factors of the pairs. Evolution ofthe GTEE theory is a very versatile and robust method for
the generalized dynamic structure factor is approximatelyitting IXS spectra of supramoleculars liquid and for extract-
given by a 3<3 matrix equation, which is an extension of Ing experimental generalized dynamic structure factors frpm
the TEE model formulated for simple fluids. Through com- them, the quel parameters so dete'rmmed have not straight-
parisons of the partial intermediate scattering function of th orward physical mterpretaﬂons at .th's stage of developmen;.
oxygen atom(or the center of magswith the generalized urthermore, the thre_e _effect!ye elgennlodes we used in this
intermediate scattering function calculated from MD of PaP€r may not be sufficiently “complete” to represent all the

SPC/E water, we conclude that IXS spectra of water can b‘glow modes of the particular system studied. If this is the

well approximated by the partial dynamics structure factor ofc3S€, the generalized dynamic structure facFor.s we extracted
the oxygen atom or the center of mass. That is because t pm thg measured §pectr§1 may be of qnly "”."ted accuracy.
Sut in view of the fairly noisy data one is getting at present

oxygen atom has much larger atomic number than the hydr X - ) : ) . !
gen, and in the practical wave vector and energy transfeime with a limited integration time at a third generation

ranges of interest, the collective movements of O and H ar ynchrotron source, it is not wise to further increase the num-
not very different., In this case, the GTEE model is reduceu%er of modes in the model and thus also increasing the cor-

to the TEE model. However, this single-atom approximationresponding number of fitting pqrameters. We are fortynate
is in general not justified for IXS spectra of polyatomic mo- for the case of SPC/E water at its temperafure of maximum

lecular systems, where the GTEE model has to be used. Igi]ensity and for lipid bilayers at moderate temperatures that

the case of hydrated DLPC, one could imagine that the |x§he three effective eigenmodes we used seems to be a suffi-

spectra are mainly contributed by the dynamics of O atom ir{:Iently go?dh ap()gp_lr_cl)zxémation, jl;dlgli';(% :‘jrom thel re_sults.l Theld
the hydration water and C atom in the hydrocarbon chains opuccess of the as a usetu ! a;a analysis toq cou
ot be fully assessed without applying it further to diverse

the lipids. However, from the structure factor measured b)’1 . ' S ;
x-ray diffraction, one can see a diffraction peak due to wwovarety of systems in the future and examining their results.
adjacent hydrocarbon segments located at about 14'nm
but one does not see the first diffraction peak of hydration
water, which should be located at about 20 tmThis is This research was supported by a grant from Materials
perhaps because hydrated water molecules are in a state ©hemistry Program of the Basic Energy Sciences Division of
less order than the hydrocarbon segments in DLPC molU.S. DOE. The authors wish to acknowledge a fruitful col-
ecules. This gives information about the relative importancedaboration with Huey Huang, Thomas Weiss, Marie-Claire
of contributions of various partial dynamic structure factorsBellissent Funel, and Francesco Sette on carrying out experi-
in the generalized dynamic structure factor. Since a structurmmental measurements of hydrated lipid bilayer samples,
factor is the total spectral area in a dynamic structure factonwhich served as a valuable test for the GTEE theory pre-
we conclude that the generalized dynamic structure factor odented in this paper.
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