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Theory of the generalized dynamic structure factor of polyatomic molecular fluids
measured by inelastic x-ray scattering
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~Received 2 June 2000; published 26 July 2001!

We describe a theory for the calculation of the generalized dynamic structure factorS(k,v) as measured by
an inelastic x-ray scattering~IXS! 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 theory~TEE! 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 thek range from 5 to 32 nm21 quantitatively and gives
their deconvoluted generalized dynamic structure factors.

DOI: 10.1103/PhysRevE.64.021205 PACS number~s!: 61.20.Ja, 64.70.Pf
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I. INTRODUCTION

Collective density fluctuation of simple fluids has be
studied extensively both experimantally and theoretically
the past two decades@1–3#. It is well known that, in Born
approximation, the double differential cross sections of b
inelastic photon and neutron scattering from simple fluids
proportinal to the dynamic structure factorS(k,v) wherek is
the magnitude of the wave vector transfer and\v the energy
transfer in the scattering experiment. Owing to t
fluctuation-dissipation theorem, valid for an equilibrium sy
tem, S(k,v) is also the spectral density of the equilibriu
atomic density fluctuation in the fluid. This gives an ince
tive for formulating a dynamical theory of fluid that contain
explicitly the dynamic structure factor. There are two know
asymptotic forms of the dynamical structure factor: the sh
wavelength~large k) limit where the free streaming or th
ideal gas limit can be taken andS(k,v) is a single Gaussian
peak centered aroundv50 in the classical limit; the long
wavelength~small k) limit where the macroscopic hydrady
namic equations can be used to show thatS(k,v) consists of
three Lorenzian peaks, one Rayleigh peak, centered aro
v50, having a widthGh , and two symmetrically sifted
Brillouin peaks, centered around6Vs , having a widthGs .
Vs and Gs are, respectively, the frequency and damping
the propagating ordinary sound. The so-called general
hydrodynamics theory is intended to describe correlati
between a set of quasiconserved slow dynamical quant
~modes!. It extends the macroscopic hydrodynamic descr
tion to density fluctuations with wavelengths comparable
interparticle distances. On the other hand, the so-called
eralized kinetic theory of liquids employs an idealized ha
sphere potential to give evolution of the microscopic pha
1063-651X/2001/64~2!/021205~10!/$20.00 64 0212
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space time correlation function. It has been shown that
mode description can be derived directly from the gene
ized kinetic theory by expanding the phase-space correla
function into a series of momentum dependent eigen fu
tions @3,4#. While the generalized kinetic theory requires
knowledge of interparticle potential and also involves an
tensive computation, the mode description is a more pract
method and can be easily applied to interpret experime
measurements. Among various mode descriptions, the t
effective eigenmode model~TEE! is a direct extension of the
macroscopic hydrodynamic theory. It includes thr
k-dependent quasihydrodynamic modes, namely, the num
density, the longitudinal current, and the energy density. T
TEE model has been applied to analyze the dynamic st
ture factor at finitek values for a hard sphere system@5#, a
Lennard-Jones fluid@6#, classical simple fluids like Ar@7#,
Ne, Kr, 4He at high temperatures, super fluid4He @8#, and
bulk water@9#.

The study of atomic collective dynamics at large wa
vector transfers and energies is, traditionally, the domain
inelastic neutron scattering~INS! spectroscopy. Recently,
high-resolution inelastic x-ray scattering~IXS! technique has
been developed at European Synchrotron Research Fa
~ESRF!, in Grenoble, France. As a complementary method
INS, the advantages of IXS can be summarized as follo
IXS can investigate a much larger frequency and wave v
tor transfer ranges at a constant scattering angle; IXS is
to maintain a constantk ~magnitude of the wave vector tras
fer! measurement at a constant scattering angle for the
ergy transfer up to the order ofkBT, which is impossible for
INS; the absence of multiple scattering processes allows
rect measurement of the dynamics structure factor with
having to use sophisticated procedures for the reduction
raw data. To interpret IXS data, one may directly extend
©2001 The American Physical Society05-1
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method for the analysis of INS data. The analysis is straig
forward if the scatterer consists of only a single species
atom, such as simple fluids. In this case, both INS and I
measure the dynamic structure factor of the system. The
difference is that the prefactor is related to nuclear scatte
length for INS and the atomic form factor for IXS . When th
scatterer consists of multiple types of atoms, such as mol
lar fluids, the inelastic scattering spectra are not given
dynamic structure factor of any single atom, but by a gen
alized dynamic structure factor defined as weighted sum o
partial dynamic structure factors of all pairs of atomic sp
cies. The weights are dependent on the scattering prefa
and number density of atoms. In the literature, the gene
ized dynamic structure factor has been shown to be the
over partial dynamic structure factors by the authors dea
with binary mixtures in computer simulations@10#. However,
the inclusion of the form factors into the generalized d
namic structure and its applications to analyze the IXS sp
trum have, to the best of our knowledge, never been car
out until this paper. In this paper, we develop a generali
three effective eigenmode~GTEE! model to analyze IXS
spectra of polyatomic molecular systems. We shall show
the TEE model for smple fluids can be extended to the c
for polyatomic molecular fluids in a straight forward way. A
examples, we present the GTEE analysis of computer ge
ated dynamic structure factor of SPC/E model water and
spectra of fully hydrated dilauroylphosphatidylcholin
~DLPC! bilayers.

II. GENERALIZED DYNAMIC STRUCTURE FACTOR

Consider an ensemble consisting ofN particles~atoms!,
with the Liouville operator,

L5(
i

N H vi•
]

]r i
2

1

mi
(
j 5” i

N
]f i j

]r i j
•

]

]vi
J , ~2.1!

wheremi is the mass of the particlei , f i j is the pair poten-
tial between particlei and j. The Liouville operator defined
this way is an anti-Hermitian operator@3#.

In a scattering experiment, each target particle conv
the incident plane wave into a spherical scattered wave w
a specific amplitude. The scattering amplitude of each s
tering particle is generallyk dependent. In the case of INS
the scattering amplitude is proportional to the scatter
length of the nucleus, while in IXS the scattering amplitu
of the particle~atom! is proprtional tor 0f i(k), with r 0 de-
noting the classical radius of electron, andf i(k) the form
factor of the scattering atom with indexi. The form factor is
normalized in such way that it is equal to the atomic num
z whenk→0. One can find the tabulated value of the for
factors of different atoms in international tables for x-r
crystallography@11#. In this paper, we will take IXS as ex
ample but the result of this section can be easily extende
the case of INS. The double differential cross section for I
from a sample containingN atoms is formally written as@12#
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d2s

dVdE
5Nr0

2~« i•« f !
kf

ki

1

N

3 (
Fn ,I n

PInU^Fnu(
j

N

f j~k!eik•r j uI n&U2

3d~E2Ef1Ei !, ~2.2!

whereE denotes the energy transfer of an x-ray photon to
medium in the scattering process and« the polarization of
the x ray. The indicesi , f denote the incident and scattered
rays, respectively.I n ,Fn are the initial state and final state o
the system under study.PI n

is the probability that the system

is in the initial stateI n . One can define the generalized d
namic structure factor as

S~k,E!5
1

N (
Fn,In

PInU^Fnu(
j

N

f j~k!eik•r j uI n&U2

3d~E2Ef1Ei ! ~2.3!

5
1

2p\

1

NE dteiEt/\(
j ,l

N

^ f j~k! f l~k!

3eik•r l (t)e2 ik•r j (0)&. ~2.4!

The double differential cross section can then be written

d2s

dVdE
5Nr0

2~« i•« f !
kf

ki
S~k,E!. ~2.5!

In the following we shall use the notationS(k,v)
5\S(k,E). The generalized intermediate scattering functi
is the inverse Fouriour transform of the generalized dyna
ics structure factorS(k,v),

F~k,t !5
1

N (
j ,l

^ f j~k! f l~k!eik•r l (t)e2 ik•r j (0)&. ~2.6!

Define now the generalized density fluctuationn(k,t) as

n~k,t !5
1

AN
(

j
f j~k!e2 ik•r j (t) ~2.7!

then we haveF(k,t)5^n* (k,0)n(k,t)&.
The above defined generalized dynamic structure fa

can be decomposed into the weighted average of partial
namic structure factor. This is accomplished by splitting t
generalized density fluctuation into the sum of the dens
fluctuation of each type of atom, which is

n~k,t !5(
a

f a~k!vana~k,t !, ~2.8!

wherea denotes the type of atom,va5ANa /N the square
root of the number fraction of atomic typea over the total
atomic number, andna(k,t) the density fluctuation of the
atom typea.
5-2
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na~k,t !5
1

ANa
(

j

N}

8 e2 ik•r j (t), ~2.9!

where the prime denotes the sum only over the differ
atoms within typea. By using F(k,t)5^n* (k,0)n(k,t)&,
we have,

F~k,t !5(
a,b

f a~k! f b~k!vavbFab~k,t ! ~2.10!

where the partial intermediate scattering function is defin
as

Fab~k,t !5^na* ~k,0!nb~k,t !&. ~2.11!

The Fouriour pair relationship between the dynamic str
ture factor and intermediate scattering function implies t
the moments of the dynamic structure factor determine
short time behavior ofF(k,t). In particular, the zeroth orde
moment is the structure factorS(k), which is initial value of
F(k,t). The generalized static structure factorS(k) as mea-
sured by a diffraction experiments is

S~k!5^n* ~k!n~k!&5
1

N (
j ,l

^ f j~k! f l~k!eik•r l2 ik•r j&

~2.12!

Insert Eq.~2.8! into the above equation, we have

S~k!5(
ab

f a~k! f b~k!vavbSab~k! ~2.13!

with the partial structure factorSab(k)5^na* (k)nb(k)&. The
partial static structure factor is also the initial value of t
corresponding partial dynamic structure factor. We note t
the generalized dynamic structure factor or the static stuc
factor is a weighted sum over any partial dynamic struct
factor or partial static structure factor, respectively, with t
same weights determined by the number fraction and ato
form factor of the pair. Each type of atom contributes to t
total spectra of IXS through the partial dyanmic structu
factor with other types.

The second moment ofS(k,v) can be written as the ini
tial value of the second order derivative of F~k,t!: ^v2&
52d2F(k,t)/dt2u t50, which can be calculated explicitly,

]2F~k,t50!

]t2
5^n~k,0!* n̈~k,0!& ~2.14!

52^ṅ~k,0!* ṅ~k,0!& ~2.15!

52
1

N (
j

N

^~k•vj !
2f j

2~k!& ~2.16!

52k2^v0,j
2 f j

2~k!&, ~2.17!

where the second equality follows from the anti-Hermitian
Liouvillian, andv0,j5AkBT/mj , is a single cartesian compo
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nent of the thermal velocity of the particlej. The average of
the last equality is over different individual particles. On
can calculate the average explicitly and define a general
thermal velocity as the weighted average of thermal velo
ties of different types of atoms.

v0
2~k!5^v0,j

2 f j
2~k!&5(

a
f a

2~k!va
2v0a

2 ~2.18!

where the indexj is for different individual atoms, indexa
for different types of atoms,v0a the thermal velocity of the
atom typea. Then the second moment ofS(k,v) can be
written ask2v0

2(k), a similar expression of the second m
ment of conventionalS(k,v).

We note that the generalized thermal velocityv0(k) var-
ied with differentk values. Thisk-dependence should be th
same as that of atomic form factor if there is only one type
atoms. In multiatomic fluids, thek dependence ofv0(k) is
mainly contributed by thek dependence of the atomic form
factor of atoms that have large atomic numbers and ato
number fractions in the fluid. Figure 1 shows the atom
form factor of H,O,C,P divided by their atomic number.
the same figure, the generalized thermal velocity of the
drated DLPC is shown. We calculate this quantity by taki
the weighted ratio of water in DLPC to be 20%. Thek de-
pendence ofv0(k) of hydrated DLPC is almost the same
that of atomic form factor of Carbon.

III. GENERALIZED THREE EFFECTIVE EIGENMODE
THEORY

A mode is ak and time dependent function, which is
sum over all particles and each sum component is a func
of the phase-space coordinate (rN,pN). Each mode describe
one type of microscopic fluctuation at a specific time in thk
space. The variations and interplays of these modes are

FIG. 1. Thek dependence of generalized thermal velocityv0(k)
of fully hydrated DLPC~symbol!, plotted asv0(k)/v0(k50). The
solid lines are the form factor of the atoms H,C,O,P divided by th
atomic numberz.
5-3
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CIYA LIAO AND SOW-HSIN CHEN PHYSICAL REVIEW E64 021205
scribed by their time-dependent correlation functions. T
evolution of these correlation functions is governed by a
of coupled first order differential equations that have th
roots on the evolutional equation of the phase-space coo
nates. The mode correlation functions in the frequency
main are defined as

Gab~k,z!5 K ba* ~k!
1

z2L
bb~k!L , ~3.1!

whereba(k) are the microscopic fluctuations with the fir
three defined as

b1~k!5ñ~k!5
1

ANS~k!
(

j
f j~k!e2 ik•r j ~3.2!

is the generalized microscopic density fluctuation.

b2~k!5 j̃ l~k!5
1

AN
(

j
f j~k!

k•vj

kv0
e2 ik•r j ~3.3!

is the generalized microscopic longitudinal velocity fluctu
tion with the generalized thermal velocityv0 defined in Eq.
~2.18!.

b3~k!5ẽ~k!5
1

AN
(

j

32mjv j
2/~kBT!

A6
e2 ik•r j ~3.4!

is the microscopic temperature fluctuation. The above mo
are generalized three hydrodynamic quasiconserved m
defined in the way such that they are orthornomal. One
also generally define a set of microscopic dynamic quanti
ba(k) with a.3, so that they are orthonorma
^ba* (k)bb(k)&5dab and complete(auba(k)&^ba(k)u5I .

We note that the first matrix element of the correlati
matrix in Eq. ~3.1! in the time domain is G11(k,t)
5F(k,t)/S(k), with F(k,t) given by Eq.~2.6!. The Eq.~3.1!
can be rewritten asGab(k,z)5^ba* (k)bb(k,z)&, with
bb(k,z)5@1/(z2L)#bb(k). We then have,

zbb~k,z!5Lbb~k,z!1bb~k!. ~3.5!

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

zGab~k,z!5(
g

Lag
` ~k!Ggb~k,z!1dab , ~3.6!

where the element of the infinite symmetric matrix
Lab

` (k)5^ba* (k)Lbb(k)&.
The above infinite matrix equation is an exact equat

governing the evolution of the mode correlation function
Because of the anti-Hermitian of Liouvillian, the eigenvalu
are all imaginary, the general solution of this equation i
weighted sum over an infinite set of oscillations with diffe
ent frequencies. The weight is related to the power spect
density at each frequency~eigenvalue!. After decomposing
the infinite matrix into four blocks as
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A5F A33 A3M

AM3 AMM
G

M2.`

, ~3.7!

one can further decompose the infinite matrix equation
into four different matrix equations, their dimensions are
33,33M ,M33,M3M , respectively. After a few algebra
one can get a 333 matrix equation@9#:

zG33~k,z!5H33~k,z!G33~k,z!1I33 ~3.8!

with a z-dependent matrix

H33~k,z!5L33~k!1L3M~k!@zI MM2L MM~k!#21L M3~k!.

~3.9!

We note that the first term of Eq.~3.9! corresponds to the
frequency matrix, and the second term to the memory fu
tion in the generalized Zwanzig-Mori projector operator fo
malism @3#. By using the fact

Lb1~k!5
2 ikv0~k!

AS~k!
b2~k!, ~3.10!

where v0(k) is the generalized thermal velocity, one find
from the above equation that the elements of the first colu
and the first row of the infinite Liouville matrixL are all
zero, except the two elements

L21~k!5L12~k!52 i f un~k!5
2 ikv0~k!

AS~k!
. ~3.11!

This makes the second term~memory function! in Eq. ~3.9!
not contributing to the first column and first row of the m
trix H33. The matrix H33 contains only three unknown
z-dependent quantities: H22(k,z),H23(k,z)
@5H32(k,z)#,H33(k,z), which come from the memory func
tion and are generallyz dependent. Thez dependence can b
dropped by invoking the Markovian approximation when t
decay times of the memory matrix are shorter than those
the correlation functions between hydrodynamic quantiti
In the interpretation of experimental data, we treat the th
unknown quantities as fitting parameters, which vary withk
only. In the remaining part of the paper, we will omit th
indices of matrixH33 and write it asH. Using the symmetry
properties of the modes and the Liouville operator, one fin
out that the diagonal elements in matrixH are real for allk
and the nondiagonal elements are imaginary. We finally
write H as

H~k!5F 0 i f un~k! 0

i f un~k! zu~k! i f uT~k!

0 i f uT~k! zT~k!
G ~3.12!

with f un5kv0(k)/AS(k). The eigenvalues of the matrixH
consist of one real numberzh and a couple of conjugate
complex numbersGs6 ivs . We can therefore write the so
lution of the normalized dynamic structure factor in a hydr
dynamiclike form@1,13#,
5-4
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S~k,v!/S~k!5
1

p H A0

zh

v21zh
2

1As

Gs1b~v1vs!

~v1vs!
21Gs

2

1As

Gs2b~v2vs!

~v2vs!
21Gs

2J ~3.13!

with b52Im(A)/Re(A),As5Re(A), and

A05
B~zh!

~Gs2zh!21v2
, ~3.14!

A5
B~Gs2 ivs!

2ivs„zh2~Gs2 ivs!…
~3.15!

B~x!52x22~zu1zT!x1zuzT1 f uT
2 . ~3.16!

Equation~3.13! has six parameters, but they are depe
dent only on four independent parameters in the matrixH in
GTEE model. When the static structure factor is known,
number of free parameters can be further reduced to thre
the Rayleigh-Brillouin scattering, the width of the centr
peak is determined by the heat diffusion dampingzh . The
density fluctuation associated with sound propagation is
niested as a pair of inelastic peaks, whose position and w
are determined byvs andGs , respectively.

IV. SPCÕE WATER

We first take SPC/E model water as an example of ap
cation of GTEE model. In calculating molecular dynami
~MD! trajectories, we use 4096 water molecules interact
with SPC/E model potential@14,15# and enclosed in a cubi
box with periodic boundary conditions. The density
1g/cm3 and the temperature is approximately 250 K, whi
is the temperature of maximum density for SPC/E water. T
electrostatic long-range interactions are taken into acco
with the reaction field method described by Steinhauser@16#.
The MD code used here to generate the trajectories is
same as that in Ref.@14#. A heat bath@17# has been used to
allow for heat exchange. The time step for the integration
the molecular trajectories is 1 fs. We saved the trajectorie
each atom every 10 fs up to 100 ps. Figure 2 shows
structure factor for O-O correlation, center of mass corre
tion and water molecule-molecule correlation, respective
The curves are obtained by averaging different directions
k-vectors. The structure factor of O-O atom was calcula
asSoo(k)51/No( l , j exp@ ik•(ro,l2ro, j )#, wherero,l ,ro, j are
the coordinates of oxygen atoms of different molecules,No
is the number of oxygen atoms. The structure factor of ce
of mass was calculated by the same definition, except
the atomic coordinate was replaced by that of the cente
mass of each molecule. The generalized structure factor
fined in Eq.~2.12! shown in the inset is proportional to th
structure factor measurable by an x-ray diffraction expe
ment. The distribution of electron density in a water m
ecule is very nearly spherical, and orientational correlat
between molecules in the liquid is weak and cannot be s
in x-ray diffraction@18#. Therefore, the generalized dynam
02120
-

e
In

l

a-
th

i-

g

e
nt

he

f
of
e
-
.
f

d

er
at
of
e-

i-
-
n
en

structure factor can be decomposed into the multiplication
the molecular form factor and intermolecular structure fact
The derived intermolecular structure factor is very similar
the partial structure factor of O atom or center of mass.

From the stored trajectories one can calculate the den
fluctuations of O atom, center of mass, and also the ato
form factor weighted density fluctuation. From these, the
spective intermediate scattering functions are generated@Eq.
~2.7!#. These intermediate scattering functions are shown
Fig. 3. At smallk values, the three normalized intermedia
scattering functions are almost identical. Ask increases, the

FIG. 2. The static structure factor of SPC/E water: O-O par
structure factor~full line!, center mass structure factor~dash line!,
and intermolecular structure factor measurable by an x-ray diffr
tion ~symbol!. The intermolecular structure factor was calculated
dividing the generalized structure factorS(k) @Eq. ~2.12!, shown in
the inset# by the molecular form factor given by Ref.@18#.

FIG. 3. The generalized density-density correlation function~in-
termediate scattering function ISF! of SPC/E water~full line! with
partial ISFs of O atom~dash-dot line! and center of mass~dash
line!. The ISFs are normalized to have unity initial values and
eraged over independentk-vector directions.
5-5
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FIG. 4. Comparison of the dynamic structu
factor of center of mass of SPC/E water~sym-
bols! with TEE calculation of single atomic sys
tem ~full line!.
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intermediate scattering functions exhibit small differenc
among each other. In the interestedk range (,30 nm21) and
energy range, one can introduce an approximation that a
ter molecule can be considered as a single particle~either
oxygen atom or center of mass!. This approximation is also
verified by the similarity of static structures discussed at
last paragraph~see Fig. 2!. The dynamic structure factors ca
be calculated from the power spectrum of density fluct
tions. Figure 4 shows the longitudinal current correlati
spectral density functionJ(k,v)5(v2/k2)S(k,v) calculated
from the density fluctuations of the center of mass. A Ha
ning window has been employed to reduce the noise.
J(k,v) has been averaged over independentk directions.
The full lines are the TEE model calculations withf un

5kv0(k)/AS(k). The eigenvalues of the best fitted matrixH
are shown in the same figure. The eigenvalues of the pro
gating sound frequency show a sound speed of about 3
m/s, which agrees with our previous model analysis
SPC/E supercooled bulk water@19#.

V. FULLY HYDRATED DLPC BY IXS

Fully hydrated phospholipid bilayers have been employ
as a model membrane in many biological studies to prov
insights into the structure and function of biological me
branes. The structures of phospholipid bilayers have b
studied by a variety of methods such as x-ray and neu
diffraction @20–22#, differential scanning calorimetry
@23,24#, 2H nuclear magnitude resonance@23,25#, and the
diffusion and rotation of lipid molecules have been stud
by incoherent quasielastic neutron scattering@26#, nuclear
magnetic resonance~NMR! relaxation@27#, and Raman scat
tering @28#. Studies of collective dynamics of lipid bilayer
are scarce so far. However, density fluctuations are esse
for the functions of natural membranes. In particular,
in-plane collective density fluctuation provides possibility
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the transmembrane transport of small molecules or ions,
formation of functional enzyme complexes. The collecti
out-of-plane excitation of bilayers contributes significantly
the intermembrane repulsion@26#.

The IXS experiment was carried out at a very hig
resolution IXS beamline~BL21-ID 16! at ESRF@29,30#. The
undulator x-ray source was premonochromated by a Si~111!
double crystal monochromator and then followed with a h
energy resolution backscattering monochromator~tempera-
ture controlled and scanned!, operating at the Si~11 11 11!
Bragg reflection~x-ray energy 21.748 KeV!. The scattered
photons were collected by a grooved spherical silicon cry

FIG. 5. The IXS spectra of fully hydrated DLPC and GTE
model fit atk55.0 nm21 andT5269 K. The thick and thin solid
lines denote the GTEE model calculation after and before conv
tion with a resolution function. The dash-dot line is the resoluti
function. Inset figure shows the whole spectra and GTEE fit.
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FIG. 6. S(k,v) of GTEE model calculated
with the best fitting parameters for the IXS spe
tra of T5269 K and differentk values.
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der.

the
-
been
is
the

m-
analyzer operating at the same Bragg back reflections, an
Rowland geometry. The net energy resolution was meas
by an elastic scattering of a plastic sample at its maximum
structure factor. This gives an energy resolution of 1.5 m
full width at half maximum—~FWHM!. The x-ray beam size
at the sample was 0.15 mm30.35 mm. The fully hydrated
DLPC sample was in a state of partially oriented multilam
lar vesicles. The sample was measured at two temperat
T5269 K and 294 K. Since the main transition temperat
of hydrated DLPC is about 272 K@31#, these two tempera
tures correspond to the gel phase (Lb8) and liquid crystal
phase (La).

Since a DLPC molecule has a large polar head group
double hydrophobic chains, we do not expect that the m
sured dynamic structure factor could be approximated by
center of mass dynamic structure factor for DLPC. The
fore, we need to use the generalized TEE model to fit
data. There are four fitting parameters:f un(k), zu(k), zT(k),
f uT(k). The calculatedS(k,v)/S(k) was multiplied by a de-
tailed balance factor and convoluted with the resolut
02120
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ed
f

V

-
es:
e

d
a-
e
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e

n

function before comparing with the IXS spectra that ha
been normalized to have unit area. Figure 5 is a typical fi
the IXS spectra atT5269 K, k55 nm21. The fit gives the
width of the central peak, 0.05 meV, much less than
width of the resolution function. The sound propagation f
quency is about 8.0 meV, giving the sound propagat
speed of 2440 m/s.

Figures 6 and 7 showS(k,v) calculated by GTEE mode
with the best fit parameters to the IXS spectra atT5269 K
and T5294 K, respectively. They are plotted without co
volution with the resolution function. Ask increases, the
sound damping becomes larger and the central peak broa
The central peaks however become narrower atk
514 nm21 due to the deGennes narrowing at the peak of
structure factor. The discussions of thek dependent and tem
perature dependent variations of fitted parameters have
published@32#. One of the verifications of the GTEE analys
of the hydrated DLPC can be obtained by comparing
experimentally determinedS(k) with the calculated structure
factor from fitting parameters. Figure 8 shows such a co
5-7
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FIG. 7. S(k,v) of GTEE model calculated
with the best fitting parameters for the IXS spe
tra of T5294 K and differentk values.
:
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parison. The calculatedS(k) is obtained by the equation
S(k)5@kv0(k)/ f un(k)#2, where the generalized thermal v
locity v0(k) is calculated by Eq.~2.18!, and the experimenta
S(k) is obtained from x-ray scattering without energy ana
sis at the same IXS spectrometer. In order to compare t
at the same scale, the experimentalS(k) were multiplied by
one appropriate constant factor. The two curves~lines and
symbols! obtained through different methods show over
good agreement. In this figure, the structure factor of theLb8
gel phase atT5269 shows a sharp peak atk515 nm21,
corresponding to the ordered structure formed by hydro
bon chains in the bilayers@33,34,22#. Unfortunately, we did
not measure the IXS spectrum atk515 nm21.

VI. DISCUSSIONS AND CONCLUSIONS

High-resolution IXS spectroscopy is one of the most po
erful experimental techniques developed for the study of m
lecular scale dynamics in soft matter in recent years. For
purpose of a quantitative analysis of IXS spectra of po
02120
-
m

l

r-

-
-
e
-

FIG. 8. The static structure factorS(k) measured by x-ray scat
tering ~lines! and calculatedS(k) ~symbols! from the GTEE fitted
parameterf un(k). They axis is in arbitrary unit.
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THEORY OF THE GENERALIZED DYNAMIC STRUCTURE . . . PHYSICAL REVIEW E 64 021205
atomic molecular fluids, we have, in this paper, formulate
theory for the generalized dynamic structure factor obta
able directly from the double differential cross section of t
IXS. The generalized dynamic structure factor is a weigh
average of partial dynamic structure factors of pairs
atomic species in the system. The weighting factors are
products of the atomic form factors of the pairs. Evolution
the generalized dynamic structure factor is approxima
given by a 333 matrix equation, which is an extension
the TEE model formulated for simple fluids. Through com
parisons of the partial intermediate scattering function of
oxygen atom~or the center of mass! with the generalized
intermediate scattering function calculated from MD
SPC/E water, we conclude that IXS spectra of water can
well approximated by the partial dynamics structure factor
the oxygen atom or the center of mass. That is because
oxygen atom has much larger atomic number than the hy
gen, and in the practical wave vector and energy tran
ranges of interest, the collective movements of O and H
not very different. In this case, the GTEE model is reduc
to the TEE model. However, this single-atom approximat
is in general not justified for IXS spectra of polyatomic m
lecular systems, where the GTEE model has to be used
the case of hydrated DLPC, one could imagine that the I
spectra are mainly contributed by the dynamics of O atom
the hydration water and C atom in the hydrocarbon chain
the lipids. However, from the structure factor measured
x-ray diffraction, one can see a diffraction peak due to t
adjacent hydrocarbon segments located at about 14 n21

but one does not see the first diffraction peak of hydrat
water, which should be located at about 20 nm21. This is
perhaps because hydrated water molecules are in a sta
less order than the hydrocarbon segments in DLPC m
ecules. This gives information about the relative importan
of contributions of various partial dynamic structure facto
in the generalized dynamic structure factor. Since a struc
factor is the total spectral area in a dynamic structure fac
we conclude that the generalized dynamic structure facto
W

e

w
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hydrated lipid bilayers is dominated by the partial dynam
structure factor of C-C, and the dynamic quantities extrac
from analyzing measured IXS spectra of lipid bilayers a
largely reflecting movements of the hydrocarbon segment
lipid molecules.

In conclusion, we would like to point out that, althoug
the GTEE theory is a very versatile and robust method
fitting IXS spectra of supramoleculars liquid and for extra
ing experimental generalized dynamic structure factors fr
them, the model parameters so determined have not stra
forward physical interpretations at this stage of developme
Furthermore, the three effective eigenmodes we used in
paper may not be sufficiently ‘‘complete’’ to represent all t
slow modes of the particular system studied. If this is t
case, the generalized dynamic structure factors we extra
from the measured spectra may be of only limited accura
But in view of the fairly noisy data one is getting at prese
time with a limited integration time at a third generatio
synchrotron source, it is not wise to further increase the nu
ber of modes in the model and thus also increasing the
responding number of fitting parameters. We are fortun
for the case of SPC/E water at its temperature of maxim
density and for lipid bilayers at moderate temperatures
the three effective eigenmodes we used seems to be a s
ciently good approximation, judging from the results. T
success of the GTEE as a useful IXS data analysis tool co
not be fully assessed without applying it further to diver
variety of systems in the future and examining their resu
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