THE JOURNAL OF CHEMICAL PHYSICS 135, 075101 (2011)

Vibrational spectroscopy of water in hydrated lipid multi-bilayers.
l. Infrared spectra and ultrafast pump-probe observables
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The vibrational spectroscopy of hydration water in dilauroylphosphatidylcholine lipid multi-bilayers
is investigated using molecular dynamics simulations and a mixed quantum/classical model for
the OD stretch spectroscopy of dilute HDO in H,O. FTIR absorption spectra, and isotropic and
anisotropic pump-probe decay curves have been measured experimentally as a function of the hydra-
tion level of the lipid multi-bilayer, and our goal is to make connection with these experiments. To
this end, we use third-order response functions, which allow us to include non-Gaussian frequency
fluctuations, non-Condon effects, molecular rotations, and a fluctuating vibrational lifetime, all of
which we believe are important for this system. We calculate the response functions using existing
transition frequency and dipole maps. From the experiments it appears that there are two distinct
vibrational lifetimes corresponding to HDO molecules in different molecular environments. In order
to obtain these lifetimes, we consider a simple two-population model for hydration water hydrogen
bonds. Assuming a different lifetime for each population, we then calculate the isotropic pump-
probe decay, fitting to experiment to obtain the two lifetimes for each hydration level. With these
lifetimes in hand, we then calculate FTIR spectra and pump-probe anisotropy decay as a function
of hydration. This approach, therefore, permits a consistent calculation of all observables within a
unified computational scheme. Our theoretical results are all in qualitative agreement with experi-
ment. The vibrational lifetime of lipid-associated OD groups is found to be systematically shorter
than that of the water-associated population, and the lifetimes of each population increase with de-
creasing hydration, in agreement with previous analysis. Our theoretical FTIR absorption spectra
successfully reproduce the experimentally observed red-shift with decreasing lipid hydration, and
we confirm a previous interpretation that this shift results from the hydrogen bonding of water to
the lipid phosphate group. From the pump-probe anisotropy decay, we confirm that the reorienta-
tional motions of water molecules slow significantly as hydration decreases, with water bound in
the lipid carbonyl region undergoing the slowest rotations. © 2011 American Institute of Physics.

[doi:10.1063/1.3615717]

. INTRODUCTION

Lipid bilayer membranes surrounding cells and or-
ganelles are ubiquitous in biology. Such bilayers are typi-
cally viewed as a complex two-dimensional sea of lipids in-
terspersed with membrane-associated proteins. Membranes
serve to regulate the flow of molecules (such as water) and
ions into and out of cells and organelles, as well as engage in
cellular signal transduction and molecular recognition. Mem-
brane fission and fusion processes are also necessary for cel-
lular division and intracellular membrane trafficking.! The
hydration of lipid molecules by water strongly influences a
bilayer’s properties, such as its stability, fluidity, phase, and
membrane fusion processes. For example, in the biologically
relevant fluid L, lamellar phase, a lipid molecule such as di-
palmitoylphosphatidylcholine (DPPC) is hydrated by roughly
30 water molecules, whereas in the gel Ly phase, each lipid
is hydrated only by around 13 water molecules.”™ The struc-
ture and dynamics of water associated with other biological
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molecules, such as proteins and DNA have been extensively
studied, and the properties of such water molecules are dis-
tinct from bulk water."'® An atomistic picture of lipid bilayer
hydration is thus vital for a better understanding of both mem-
brane and water properties in biological systems.

Lipid bilayer hydration has been studied through a vari-
ety of techniques, such as x-ray and neutron scattering,>* 1718
NMR,!1922  dielectric  relaxation,” %  time-resolved
fluorescence,”?® and infrared (IR) spectroscopy.”?’=3* In
addition, molecular dynamics simulations have become
an important tool for understanding water structure and
dynamics in lipid bilayers.>*>° From these various tech-
niques, a picture emerges where water molecules are strongly
hydrogen-bonded to the lipid phosphate oxygen atoms.
Water also binds to the carbonyl oxygens of the glycerol
backbone, and thus it penetrates deeply into the bilayer
headgroup region.'®*? However, very little water is present
in the hydrophobic tail region.?”>' In phosphatidylcholine
(PC) lipids, molecular dynamics simulations have also
suggested that water forms a clathrate-like cage around the
choline group,>*3® and recent neutron scattering studies
further note a possible weak hydrogen bond between the
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choline methylene group and water.!® Other phospholipids
such as phosphatidylethanolamine do not show clathrate-
like hydration, but instead allow hydrogen bonds between
water and the amine hydrogens.’>3® Related vibrational
sum frequency generation spectroscopy experiments have
been used to study the orientation of water molecules at
lipid/water interfaces.’>>> Water in the headgroup region
of the lipids is preferentially aligned according to the lipid
charge. In the case of zwitterionic PC, the negatively charged
phosphate group dominates, and water is weakly aligned
with its oxygen atom pointing away from the lipid bilayer
surface. The diffusion and reorientation dynamics of water
around biological molecules, such as proteins and DNA, 016
as well as inside reverse micelles,*'are typically slower
than that in bulk water. A similar trend has been observed in
simulations of lipid bilayers, with water molecules deep in
a bilayer exhibiting significantly longer reorientation times
and slower translational motion.*4>3%62 The time scale for
water molecules to exchange between the lipid headgroup
region and the bulk has been examined by both simulations
and NMR studies, and is on the order of 100 ps.?%3440.62

IR spectroscopy of the OD stretch of dilute HDO in
H,O is a useful probe of local structure and hydrogen bond-
ing in, for example, bulk water and ice,** % aqueous salt
solutions,®®”! and reverse micelles,’”® because the OD
stretching frequency depends sensitively on hydrogen bond-
ing to the deuterium atom, the direction of the transition
dipole is tied to the molecular frame, and the isotopic mix-
ture suppresses the effects of intra- and inter-molecular vi-
brational energy transfer found in bulk water.” Zhao et al.
have recently used IR spectroscopy of dilute HDO in H,O
as a probe of the hydration of dilauroylphosphatidylcholine
(DLPC) lipid aligned multi-bilayers.?* They observed a red-
shift in the absorption spectrum as the hydration level is de-
creased. This is in contrast to an observed blue-shift in the
analogous spectrum in reverse micelles as the size of the mi-
celle, and thus the water content, is decreased.’”-%! The red-
shift is interpreted as arising from water bound to phosphate
oxygens.>? The spectra are quantitatively reproduced with
a model assuming two water components, with phosphate-
associated lipid water, and choline-associated bulk-like wa-
ter. Zhao et al. also performed, as a function of hydration,
isotropic and anisotropic pump-probe experiments, which
are related to vibrational population and rotational relax-
ation, respectively. The isotropic pump-probe decay was bi-
exponential, which they interpreted as arising from water
molecules in these two different environments. The vibra-
tional lifetime of the lipid water was faster than that for
bulk-like water, for all hydration levels, and both lifetimes
increased as the amount of water in the multi-bilayer was
decreased. The anisotropic pump-probe decay showed a dra-
matic slow-down as hydration decreased, indicating slower
rotational dynamics.

Zhang and Berkowitz® recently performed molecular
dynamics simulations on this DLPC lipid multi-bilayer sys-
tem, in part to help understand the experiments of Zhao
et al.® They did not focus on the vibrational aspects of
the problem, but, rather, focused on the water dynamics.
They calculated the second-rank rotational time-correlation
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function, and compared their results with the experimental
anisotropic pump-probe decay measurements, for different
hydration levels. Agreement with experiment out to 5 ps was
quite good, although the calculations were scaled to agree
with experiment at 200 fs. Zhang and Berkowitz decomposed
their rotational time-correlation functions for water molecules
in different environments, considered stretched exponential
fits at much longer times, and analyzed the rotational dynam-
ics in terms of a molecular jump model.”>"

In this paper, we essentially repeat the molecular dynam-
ics simulations of Zhang and Berkowitz,° but now comple-
ment them with direct calculations, using methods developed
by our group, of the experimental observables measured by
Zhao et al.:** the FTIR absorption spectrum, and isotropic
and anisotropic pump-probe decay. Our motivation for this
work is three-fold. First, we hope to support and illuminate
the spectroscopic aspects of the experimental results. Second,
we would like to assess the robustness of our theoretical meth-
ods. We have developed ab initio-based spectroscopic maps
for liquid water,®®7%77 for use with classical molecular dy-
namics simulations, which allow us to calculate spectroscopic
observables (IR and Raman spectra, pump-probe, peak shift,
2DIR, etc).”03 We then applied our methods to study the
water liquid/vapor interface®' 8¢ and ice.%®87 Perhaps surpris-
ingly, our methods describe these two situations quite well,
even though the configurations that the water molecules sam-
ple therein are somewhat different from those in the bulk liq-
uid (for which the maps were parameterized). We next con-
sidered salt solutions, specifically NaBr.?¥ We wanted to de-
scribe some subtle line shape (and more dramatic dynamics)
changes as a function of concentration. For this problem we
found it necessary to extend our maps, by considering sepa-
rately the electric fields from the cations and anions. Our hope
is that these maps are robust enough to use for all ionic solu-
tions (and that it is therefore not necessary to develop new
maps for each new cation or anion). We have not performed a
systematic evaluation of this. However, we did study water in
reverse micelles,®’ whose AOT surfactant molecules have an-
ionic sulfonate headgroups and Na' counterions. Again, one
goal was to see if the maps we had developed for NaBr were
adequate to describe the spectroscopy in this more complex
system. Our conclusion was that, again, they worked quite
well.®! For the present multi-bilayer problem, the lipids have
charged phosphate and choline groups, and in addition, wa-
ter molecules can hydrogen bond to carbonyls. Can the same
spectroscopic maps work well for this even more complex
system? For example, can the same maps that gave the cor-
rect blue-shift (from bulk water) for reverse micelles, produce
a red-shift in the case of hydrated lipid bilayers?

Our third motivation is to provide a unified theoretical
treatment of all spectroscopic observables. The framework of
linear and nonlinear response functions® allows one to in-
clude, as needed, non-Gaussian frequency fluctuations, non-
Condon effects (where the magnitude of the transition dipole
depends on the molecular environment), and molecular ro-
tations, in the calculation of any spectroscopic observable.
There are many levels of approximation one can make to
simplify this situation considerably, and this is often done.
For water, we do not believe that most of these simplifying
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approximations are justified.”®777%-9%-91 For water in more
complex heterogeneous situations, such as salt solutions, in-
side reverse micelles, or in hydrated lipid bilayers, the sit-
uation is even more complicated, because the vibrational
lifetime is distributed (in the simplest model, with just two
possible values, depending on molecular environment). A
correct description of the lifetimes is important for all the
spectroscopic observables. Traditionally, these lifetimes have
been determined by direct fitting to the isotropic pump-
probe decay.’37-%° An alternative approach is to calculate
the isotropic pump-probe decay from the third-order response
functions, and then fit these results to experiment to obtain
the lifetimes. Such a calculation is model dependent, in that
one needs to make assumptions about how many distinct wa-
ter “populations” are there, and how to define them. But one
needs to do this anyway, since the same model is used for
calculations of the other observables. It is only through this
alternative approach that one can obtain a completely consis-
tent and unified description of all experimental observables.
This is the approach we take herein, and we are particularly
interested in assessing the necessity of this extra step.

In Sec. II of this paper, we briefly summarize the method-
ologies developed in our group for the calculation of the
spectroscopic observables. We also detail the computational
procedures used for the lipid multi-bilayer simulations. In
Sec. III, we first present our two-population model for multi-
bilayer hydration and then use this model to determine vibra-
tional lifetimes for each water population. Our calculated ab-
sorption spectra and anisotropic pump-probe decays for var-
ious hydration levels are then compared to the experimental
results, and we further analyze both observables in terms of
contributions from different water populations. Finally, we
summarize our findings in Sec. I'V.

Il. COMPUTATIONAL PROCEDURES
A. Molecular dynamics

Methods for the simulation of lipid bilayer systems have
undergone a great deal of development in recent years. Molec-
ular dynamics has been used to study the dynamics, structure,
and phase behavior of single-component®’-#1:43:44.47:48 apq
multi-component®:4%4 bilayer systems. Several early stud-
ies focused on lipid hydration and water structure around lipid
headgroups,**3%4 and various coarse-grained methods have
been used to investigate bilayer properties on longer length
and time scales.*®%2 Force fields based on the GROMOS,>>%3
CHARMM,’*"7 and AMBER?®-!1% potentials all yield reason-
able bilayer properties, and the effects of an applied sur-
face tension and various temperature and pressure coupling
schemes have also been investigated.?’-101.102

We have simulated DLPC lipid multi-bilayers in the
NpT ensemble with various hydration levels using GROMACS
3.3.1.19% Figure 1 depicts the chemical structure of DLPC.
The hydration level, X, is defined as the number of wa-
ter molecules per lipid molecule, and simulations were per-
formed for X =2, 4, 6, 8, and 16. The highest hydration
level, X = 16, corresponds to nearly full hydration, as sim-
ilar PC lipids have been shown to interact with 20-30 water
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FIG. 1. The chemical structure of dilauroylphosphatidylcholine (DLPC).

molecules per lipid.>~ In our simulations, multi-bilayers were
prepared by stacking lipid bilayers in the z direction using pe-
riodic boundary conditions. The united atom force field and
partial charges of Berger et al.®>'%* were used for the lipid
parameters, and water was modeled with the SPC/E force
field.'> We used a time step of 2 fs and Lennard-Jones and
Coulomb potential cutoffs of 1.0 nm, and long-range electro-
statics were treated using the particle-mesh Ewald method.!%
The temperature was maintained at 310 K using a Nosé-
Hoover thermostat'?” with a time constant of 0.5 ps, and the
pressure was held at 1 bar using semi-isotropic, Parrinello-
Rahman pressure coupling'® with a time constant of 2 ps and
a compressibility of 4.5 x 107> bar~!. All bonds were con-
strained with the LINCS algorithm.!?

An initial lipid multi-bilayer structure was derived from
an equilibrated DPPC bilayer with 128 lipid molecules and
3655 water molecules.’”** The DPPC carbon chains were
transformed into DLPC by the removal of four carbons from
the palmitic acid chains, and the resulting structure was re-
equilibrated for 100 ns. Water molecules were then slowly
and randomly removed to form the desired hydration cases,
X = 16 (where 2048 waters remain), 8, 6, 4, and 2. Each
different hydration level was then further equilibrated for
at least 100 ns, and up to 300 ns for X = 2. The bilayer
thickness and area per lipid were monitored, and our results
for the equilibrated multi-bilayer were similar to those from
previous studies.®*”#7 Spectra were calculated from multi-
ple 500 ps production runs with data collected every 10 fs.
Figure 2 depicts representative snapshots from equilibrated
multi-bilayers with X =2 and 16, with water molecules
shown in blue, phosphate oxygen atoms in red, the choline
nitrogen in pink, phosphorous in orange, carbonyl oxygens in
green, and all (united) carbon atoms in gray.

B. Response theory and spectroscopy

For the calculation of spectroscopic observables for di-
Iute HDO in H,O, we adopt a mixed quantum/classical model
wherein the OD stretch is treated quantum mechanically,
other stretching modes and the water bend are ignored, and all
other motions are treated classically. (In the actual simulation,
all water molecules are H,O, but when calculating spectro-
scopic observables we consider each H atom to be the putative
D atom.) In order to compute spectroscopic observables for
this isolated chromophore case, we require electrostatic maps
relating the OD stretching frequencies w;; (for the transition
between vibrational states i and j) and transition dipole ma-
trix elements fi;; to the component of the electric field along
the OD bond at the location of the deuterium atom.”®® The
dipole matrix elements are taken to lie along the OD bond
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FIG. 2. Snapshots of equilibrated lipid multi-bilayers with X = 2 (top) and
X =16 (bottom). Water molecules are depicted in blue, phosphate oxygen
atoms are shown in red, carbonyl oxygens are shown in green, nitrogen and
phosphorous atoms are shown in pink and orange, respectively, and (united)
carbon atoms are shown in gray.

vector, and the magnitude of the dipole is given by

| = xij ', 2.1
where x;; is the i-j matrix element of the OD stretch coor-
dinate operator and w’ is the dipole derivative. These elec-
trostatic maps are given in Table I and were determined
from electronic structure calculations on water and salt wa-
ter clusters.”® % As previously described, the effective electric
field, E,fr, was calculated from the simulation point charges
on each water and lipid atom within 7.831 A of the water
oxygen atom. Lipid partial charges were scaled by 0.8137 for
positively charged atoms and 0.92017 for negatively charged
atoms, as described in previous calculations of NaBr aqueous
solutions.®

Within linear response theory,®” the IR absorption spec-
trum is given by the real part of the half-Fourier transform
of the time-domain linear response function. For our mixed
quantum/classical model for the OD stretch, the spectrum
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TABLE 1. Electrostatic maps for the effective electric field E.rr, OD tran-
sition frequencies wjg and wsy, the dipole derivative p' (normalized by the
gas-phase value ;L’g), and the 1-0 and 2-1 matrix elements of the OD stretch-
ing coordinate x. Ey,0, E4, and E_ are the electric fields at the D atom due
to neighboring water molecules, cations, and anions, respectively. All electric
fields are given in atomic units, while frequencies are in units of cm~ !, and
the coordinate matrix elements are in units of A.

Eff = Ewyo + 0.81379E4 + 0.92017E_
w10 = 2762.6 — 3640.8 E,yr — S6641E2,,
w1 = 2695.8 — 3785.1E.pr — T3074E.,,
x10 = 0.0880 — 1.105 x 10~%wjo
x21 = 0.1229 — 1.525 x 10wy

Wiy = 071116 +75.591 Eefy

I(w) is simply

2.2)

1@»==Re£/mdtawlaﬁ,
0

1) = ((Giao(1) - &) (firo(0) - &) e~ for = fode21i)),
(2.3)

In Eq. (2.3), fi19 is the 1-0 matrix element of the transition
dipole operator, w;o(7) is the frequency of the OD stretch fun-
damental at time , 7}(7) is the vibrational lifetime, and the
brackets indicate an ensemble average over classical degrees
of freedom. The polarization of the incident electric field is
denoted by €, and as the laser beams in the experimental
setup®® are directed along the lipid multi-bilayer normal (the
Z direction), we shall only consider é = %, y. Note that we
allow the magnitude of the transition dipole element fi1o to
depend on its environment, and hence on time (since the en-
vironment is time-dependent). This “non-Condon” effect has
been shown to be important in the vibrational spectroscopy of
bulk water.”” !9 The vibrational lifetime for the OD vibration
is primarily determined by the density of available accepting
modes, and as such it depends on the local environment and
the solvent structure,*!-3> 111114 and consequently it also fluc-
tuates in time.

In the inhomogeneously broadened limit, we ignore the
effect of dynamics in Eq. (2.3); if we also ignore lifetime
broadening altogether, we can replace I(w) with the spectral
density Isp(w):

Isp(@) = (([10(0) - €)*8(w — @10(0))).

We shall use this spectral density in our analysis of the OD
absorption spectrum.

In a polarization-resolved pump-probe experiment, a
linearly polarized pump beam interacts with the sample,
followed by a time-delayed probe beam that is linearly polar-
ized either parallel or perpendicular to the pump beam. The
anisotropy decay, r(¢; w), is then determined from”®

Sz, w) — S*(t, w)
SI(t, o) + 2811, w)’

2.4)

r(t; w) = (2.5

where S and S+ are the absorption changes when the probe
beam polarization is parallel or perpendicular to the pump,
respectively. The time delay between the pump and probe



075101-5 Water in hydrated lipid multi-bilayers

beams is labelled ¢, and the signal is frequency resolved at
w. The terms S and S+ in Eq. (2.5) can be calculated from
the third-order response function,

o0
Siikk(tz;(l)?,) — Re [/ dt} ei&)}t} Riikk(o, [2, IS)} , (26)
0

where the superscripts i and k indicate the X or $ compo-
nents of the transition dipole (as in Eq. (2.3)). For the paral-
lel component, i = k, and for the perpendicular component,
i L k. The response function R** is defined in Eq. (A4) of

Appendix A.
Frequently, the anisotropy decay is approximated
byS7:67.71
r(t) = 3(Py(@(0) - 4(1))), 2.7

where P, denotes the second Legendre polynomial, # is a
unit vector along the OD bond, and the brackets indicate an
ensemble average. Lin e al.”’ have shown that in order to
derive Eq. (2.7) from Eq. (2.5), one must make the Con-
don approximation to the transition dipole matrix elements,
assume a single vibrational lifetime, and use frequency-
integrated detection. The anisotropy decays calculated from
Egs. (2.5)and (2.7) will differ, implying that the experimen-
tal () should not generally be interpreted solely in terms of
rotational motions.

The isotropic pump-probe decay, P(¢), is similarly calcu-
lated from the parallel and perpendicular components of the
third-order response function,

P(t;0)  Sl(1, w) + 25+ (1, w). (2.8)

If the system is characterized by a single, constant vibrational
lifetime 77, and if we make the Condon approximation to the
transition dipole, then®’

P(t) oc e /T, (2.9)

For systems with several distinct populations with different
vibrational lifetimes, the experimental isotropic pump-probe
decay is often fit by a multi-exponential decay, with the re-
sulting time constants interpreted as the vibrational lifetimes.
If the Condon approximation is not valid, the populations
exchange sufficiently quickly, or the vibrational lifetime is
correlated to the time dependence of the transition dipoles,
then this interpretation of the experimental data may not be
accurate.

lll. RESULTS AND DISCUSSION
A. Two-population water model

Water molecules in the headgroup region of a DLPC lipid
multi-bilayer inhabit a highly inhomogeneous environment.
Water may hydrogen-bond to the lipid phosphate group or to
other water molecules as a part of a clathrate structure around
the choline.®® Deeper into the bilayer, water molecules may
hydrogen-bond to the glycerol carbonyl oxygens, and a small
subset of water hydrogens may even point into the hydropho-
bic tail region. Each of these hydrogen-bonding environments
results in a different spectral response as well as different
rotational and diffusive dynamics. In order to simplify this
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situation, we introduce a two-population model in which a
water molecule hydrogen (or deuterium) atom is either de-
fined to be “lipid-associated” or “water-associated.” We only
consider two populations because the experimental lifetime
measurements®? only provide evidence for two vibrational
lifetimes and we do not want to introduce additional param-
eters. If the hydrogen atom in question is closer to any lipid
oxygen atom than it is to a water oxygen atom (on a differ-
ent molecule), then it is defined to be lipid-associated. The
majority of such water hydrogens are hydrogen-bonded to ei-
ther a phosphate or carbonyl oxygen. If the water hydrogen
is closer to the oxygen atom of another water molecule, then
it is defined to be water-associated. It should be emphasized
that water-associated hydrogens are not bulk water,** as they
may still be within the lipid headgroup region. Also, water hy-
drogen atoms that are not hydrogen bonded will be classified
as either lipid- or water-associated, even though these hydro-
gens inhabit quite different environments and likely have dis-
tinct vibrational lifetimes. We have found that the number of
non-hydrogen bonded water hydrogens is relatively small and
makes little contribution to the calculated spectra. The lipid-
and water-associated populations are defined mathematically

as
&
n—=
0,
(n) is therefore the average lipid-associated fraction.

In Fig. 3 we depict both the average fraction (n) (blue)
of lipid-associated hydrogens, as well as the average number
of lipid-associated hydrogens per lipid molecule (red), as a
function of the hydration level X. As the hydration increases,
the relative fraction of lipid-associated waters declines;
however, the total number of lipid-associated water hydro-
gens actually increases. In Table II, rows 1-3, we list the av-
erage fraction (n), along with the number of water hydrogen
atoms (per lipid) closest to lipid phosphate oxygens (row 2)
and lipid carbonyl oxygens (row 3). The sum of phosphate-
and carbonyl-associated waters is the total number of lipid-
associated water hydrogens (per lipid). Note that while water
molecules may, in principle, also be associated with the lipid

H is closer to a lipid oxygen a1
H is closer to a water oxygen ’

1.00F

16
0.75

la=
%0.50- 2

f
025} 12
000} ‘ , . ‘ ‘ . R

2 4 6 8 10 12 14 16
X

FIG. 3. The fraction of lipid-associated hydrogens, (n) (blue), and the num-
ber of lipid-associated (both phosphate and carbonyl) hydrogens per lipid
(red), as a function of hydration level X. Even though the fraction of lipid-
associated hydrogens declines with increasing hydration level, the absolute
number of these hydrogens increases through X = 16.
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TABLE II. The fraction of water hydrogens associated with either lipid
phosphate or carbonyl groups, (), along with the number of water hydrogens
per lipid associated with each lipid component. The vibrational lifetimes for
both water- and lipid-associated molecules, as discussed in relation to Fig. 5,
are given in units of picoseconds. The peak maxima wp.qx and full widths at
half-max (FWHM) for both the theoretical and experimental linear absorp-

tion spectra, shown in Fig. 7, are presented in units of cm ™.

X 2 4 6 8 16 Bulk
(n) 0.72 0.54 0.43 0.36 0.20
#/phosphate 1.9 2.6 3.1 35 3.8
#/carbonyl 0.95 1.6 1.9 22 25
Twater 6.7 33 2.8 2.7 2.4 1.8
Tipid 3.1 1.7 1.5 1.5 1.5
®peak» theory 2474 2474 2480 2485 2498 2515
@peak> EXPL. 2489 2497 2501 2505 2508 2514
FWHM, theory 203 219 214 215 211 178
FWHM, expt. 160 173 177 177 177 167

alkoxy oxygens, we find that only a small fraction of wa-
ter hydrogens are in this situation, in agreement with recent
simulations on DLPC membranes*’ and small phosphatidyl-
choline lipids in solution.'® From Fig. 3 and Table II, we see
that the fraction of lipid-associated water hydrogens ranges
from 72% in the low hydration, X = 2, case down to only
20% for X = 16. From the table we deduce that the fraction
associated with phosphate oxygen ranges from 48% at X = 2
to 12% at X = 16. These numbers are in qualitative agree-
ment with those determined by Zhao et al.’* At the highest
hydration level, the number of water hydrogens per phosphate
group is about 4, also in agreement with Zhao et al.** Note
that at this highest hydration level, there is just over one water
hydrogen associated with each carbonyl oxygen.

The exchange of water hydrogens between lipid- and
water-associated populations can be examined by calculating
the population fluctuation time-correlation function C,,(¢):

C,(t) = (6n(t) 6n(0)), (3.2)

where the brackets indicate an ensemble average and
én(t) = n(t) — (n). This correlation function, normalized to
unity at r = 0, is plotted in Fig. 4, where the red, orange, yel-
low, green, and blue lines correspond to X = 2, 4, 6, 8, and
16, respectively. As the hydration level decreases, the typical
exchange time increases, but for all hydration levels studied,
the exchange time scale is still on the order of 100 or more ps.
Note, however, that for all hydration levels, some exchange
takes place at shorter times, say within 10 ps. Also note that
the X = 8 curve is quite similar to the X = 16 case, indicating
a saturation of the exchange process. Thus, for larger hydra-
tion levels, we do not expect a significant decrease in the rate
of population exchange. An exchange time scale of 100 ps
is also consistent with previous experimental and theoretical
findings on other lipid bilayer systems,?23440.62

B. Isotropic pump-probe decay

Zhao et al.** measured the isotropic pump-probe decay
as a function of hydration level, in each case fitting the de-
cay to a bi-exponential. They assumed that the decay rate
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FIG. 4. Population fluctuation time-correlation function C,(¢), Eq. (3.2), for
hydration levels X = 2 (red), 4 (orange), 6 (yellow), 8 (green), and 16 (blue).
The population n is defined in Eq. (3.1), and the correlation function has been
normalized to unity at ¢ = 0.

constants represented the vibrational lifetimes of OD in two
different environments. They assigned the slower component
to choline-associated bulk-like water, and the faster compo-
nent to phosphate-associated water. The relative amplitudes
change with the hydration level (higher amplitude of the bulk-
like component at higher hydration levels), and the lifetimes
themselves decrease with increasing hydration level, going
from 2.1 to 0.62 ps for the phosphate-associated water as X
increases from 2 to 16, and from 4.5 to 2.1 ps for the bulk-like
component.

As an alternative approach to determining the vibrational
lifetimes, using our microscopic definition of two OD popula-
tions, we can calculate the isotropic pump-probe decay from
Eq. (2.8), using the lifetimes of each population as fit pa-
rameters. That is, in the response functions in Appendix A,
we set Ty = Tjipiqg whenn = 1, and T1 = T,p4ser whenn = 0.
P(t) is then calculated from Eq. (2.8) with the lipid- and
water-associated vibrational lifetimes treated as free param-
eters. P(t) is frequency-resolved at the peak frequency of the
IR absorption spectrum, weqk, for each hydration level, as in
experiment.’> As we need to adjust the absolute intensity to
match experiment, and the experimental results do not capture
the rapid decrease in P(¢) for very short times, the theoretical
and experimental curves have both been normalized to unity
at t+ = 200 fs. The vibrational lifetimes that yield the best fit
to the experimental data, as determined by least-squares, are
shown in Fig. 5, where the red data points indicate the life-
time for water-associated OD stretches, and the blue points
indicate the lipid-associated lifetime. The error bars are three
standard deviations, and the dotted lines are the result of a
power law fit and are meant to guide the eye. Due to the large
uncertainty for T;p;q for X = 16, a better value is the one that
is in agreement with the trend extrapolated from lower hydra-
tion levels (as in the figure). We take Ty, = 1.8 ps for bulk
water, as this is the traditional value,'"” and it is subsumed by
our error bar. Our final best-fit lifetimes (in ps) are shown in
Table II. These results are in qualitative, but not quantitative,
agreement with those of Zhao et al.’* Our “water” lifetime
is the longer of the two, and both lifetimes decrease with in-
creasing hydration, as found by Zhao et al.,*® but in all cases
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FIG. 5. Best-fit vibrational lifetimes T,4ser (red) and Tj;p;q (blue) versus the
inverse hydration level X! along with 3¢ error bars.

1.,33 sometimes

our lifetimes are longer than those of Zhao et a
by over a factor of 2.

The vibrational lifetime of the OD stretch is determined
by the possible pathways for energy relaxation. Typically, one
quantum of the OD stretch vibration in dilute HDO in H,O
(at 2500 cm™") relaxes to the water bend fundamental (at
about 1400 cm™!), or directly to the ground state, exciting
H,0 bends and liberations.''>!1® For low hydration levels, the
density of such modes is smaller than that in bulk water, and
the vibrational lifetime will thus be larger.''* 117 This increase
in the vibrational lifetime is also consistent with population
relaxation decay measurements on water confined in reverse
micelles and Nafion membranes.’”-'13:11° For lipid-associated
water stretches, other possible pathways involve relaxation to
the lipid phosphate vibrations (around 1200 cm~') or other
lipid modes. This may account for the shorter vibrational life-
time for lipid- vs. water-associated OD stretches.

In Fig. 6(a), our theoretical results for the isotropic
pump-probe decay, P(t), are compared to the experimental
bi-exponential fits,33 where each color corresponds to a dif-
ferent hydration level, as in Fig. 4. One sees excellent agree-
ment between theory and experiment. Note, that due to
non-Condon effects, the frequency resolution of P(z), ex-
change between populations, and correlations between the
transition dipole matrix elements and the vibrational lifetime,
the theoretical P(¢) is not simply a bi-exponential with two
decay constants Tj;p;q and T,,4.,. The quantitative agreement
between theory and experiment in Fig. 6(a) indicates that our
population model is consistent with the experimental pump-
probe data. This analysis suggests that care must be taken in
the interpretation of experimental isotropic pump-probe de-
cays, as multiple definitions of populations and lifetimes may
be consistent with the data. We will now use our fits to the vi-
brational lifetimes for each water population to calculate the
IR absorption spectra and pump-probe anisotropy decays as a
function of lipid hydration.

Before we do this, however, we briefly consider the fre-
quency dependence of the isotropic pump-probe decay. In
Fig. 6(b), we plot P(¢) for the X = 4 hydration level for
several detection frequencies w. The dotted, dashed, dotted-
dashed, and solid lines, respectively, correspond to w = 2458,
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FIG. 6. (a) Theoretical (solid) and experimental (dashed) isotropic pump-
probe decay curves, P(t), for hydration levels X = 2 (red), 6 (yellow), and
16 (blue). (b) The isotropic pump-probe decay on a logarithmic scale for
hydration level X = 4 as a function of the detection frequency, w = 2458
(dotted), 2488 (dashed), 2516 (dotted-dashed), and 2546 cm™! (solid).

2488, 2516, and 2546 cm~!. These frequencies were chosen
to correspond to the detection frequencies used in Fig. 6B of
Ref. 33, though they are shifted by 23 cm™! to account for
the difference in the peak absorption frequency between our
calculations and the experimental results.>> In Fig. 6(b), we
observe qualitative, though not quantitative, agreement with
experiment, with P(¢) detected at lower frequencies decay-
ing more quickly than P(¢) detected at higher frequencies due
to a relatively larger contribution from lipid-associated water
stretches.

C. Absorption spectra and the origin of the observed
red-shift

As the hydration level for the DLPC lipid multi-bilayer
decreases, the experimental FTIR absorption spectrum ex-
hibits a characteristic red-shift,>> in contrast to an observed
blue-shift in the spectrum in reverse micelles as the micelle
size decreases.””%! In order to investigate this red-shift, we
now calculate the theoretical absorption spectrum for the OD
stretch in dilute HDO in H,O. Unlike in neat water,””-8% 120 the
OD stretch acts as an isolated chromophore and thus provides
a local probe into its electrostatic and hydrogen-bonding en-
vironment. The absorption spectra for the lipid multi-bilayer
systems are calculated using Eqs. (2.2) and (2.3) and the elec-
trostatic frequency maps in Table I. The vibrational lifetimes
are taken from the values in Table II, as discussed above,
and only the ¥ and $ components of the transition dipole
matrix elements are utilized in Eq. (2.3). The resulting the-
oretical absorption spectra are shown in Fig. 7(a), where the
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FIG. 7. Theoretical (a) and experimental (b) linear absorption spectra for
dilute HDO in H,O for membrane hydration levels X = 2 (red), 4 (orange), 6
(yellow), 8 (green), 16 (blue), and bulk water (purple). The theoretical spectra
were calculated from Eq. (2.2) with vibrational lifetimes given in Table II,
and the experimental spectra were adapted from Fig. 2 of Ref. 33.

colors indicate the hydration levels, X, as in Fig. 4, and the
purple curve indicates the bulk water result. For comparison,
the experimental results from Fig. 2 of Ref. 33 are shown in
Fig. 7(b). The theoretical and experimental peak frequencies
(@ peak) and full widths at half-max (FWHM) are summarized
in Table II in units of cm ™.

As can be seen in Fig. 7, we qualitatively reproduce
the observed red-shift in the absorption spectrum as hydra-
tion decreases. The FWHM also changes with hydration, first
becoming broader from bulk water to X = 16, and then nar-
rowing for low hydration levels. This trend is again in qual-
itative agreement with experiment. In all cases, however,
the red-shift we predict is systematically too large, as are the
peak widths. This quantitative inaccuracy may result from the
electrostatic maps for the OD stretch frequency or transition
dipole elements, which were parameterized in water clusters
(with salt ions), not in lipid multi-bilayer environments. Also
note that the experimental spectra have a shoulder at high fre-
quency that is attributed to OD stretches in HDO molecules
where the D atom is not hydrogen-bonded. In lipid multi-
bilayers, this may result from waters deep in the bilayer that
point towards the hydrophobic tail region. In our calculations,
we observe a similar shoulder in the frequency distribution
(not shown); however, the intensity of this shoulder in the
spectrum is greatly decreased by the frequency dependence
of the transition dipole elements (non-Condon effects).

In order to understand better the origin of the observed
red-shift, we have calculated the spectral density, Eq. (2.4),
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FIG. 8. Spectral density, from Eq. (2.4), for dilute HDO in H,O for X =2
(red), 6 (yellow), and 16 (blue). The dashed lines indicate contributions from
phosphate-associated water molecules, while the dotted lines show contri-
butions from carbonyl-associated waters. The solid line gives the spectral
density for water-associated molecules. For all hydration levels, the spec-
tral density due to phosphate-associated waters is red-shifted relative to the
water-associated and carbonyl-associated components.

as a function of hydration for three different water popula-
tions. Figure 8 shows these spectral densities for X = 2 (red),
6 (yellow), and 16 (blue). The solid line indicates the spectral
density due to water-associated molecules, as defined previ-
ously in Eq. (3.1). The dashed lines correspond to phosphate-
associated water molecules, and the dotted lines indicate
carbonyl-associated molecules. The sum of the phosphate-
and carbonyl-associated spectral densities is equal to the
response from all lipid-associated waters. From Fig. 8, we
immediately note that phosphate-associated waters are signif-
icantly red-shifted from both water- and carbonyl-associated
molecules. This is a direct result of the strong hydrogen bond
between the water hydrogen and phosphate oxygen atoms,
as suggested by Zhao et al.’* In our electrostatic frequency
maps, the red-shift in frequency stems from a large effective
electric field due to both the relatively short phosphate oxy-
gen/water hydrogen bond (~1.67 A) and the overall negative
charge on the lipid phosphate group. The hydrogen bonds be-
tween waters and between a water hydrogen and a lipid car-
bonyl oxygen are weaker, and thus result in a smaller electric
field and higher OD stretching frequencies. As the hydration
level decreases, the fraction of phosphate-associated waters
increases, and thus the overall absorption spectrum shifts to
lower frequencies. A close examination of the spectral den-
sities of any one population in Fig. 8, as a function of hydra-
tion, does show small shifts in the peak frequency due to other
changes that take place in the lipid headgroup region as water
molecules are removed. However, the dominant contribution
to the shift in the frequency of the OD stretch is the hydrogen-
bonding environment of the D atom,”® and therefore the spec-
tral red-shift is governed primarily by the fraction of water
molecules bound to the lipid phosphate group.

D. Anisotropic pump-probe decay

The anisotropic pump-probe decay, (), is typically in-
terpreted in terms of molecular reorientations. The short-
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time decay of r(¢) results from water librational motions
that maintain the existing hydrogen-bonding network, while
the decay on longer time scales results from hydrogen-
bond restructuring.®’ In bulk water, changes in the hydrogen-
bonding network typically result from large, very fast angular
jumps—a molecular jump mechanism.”>”> Zhao et al.** mea-
sured the pump-probe anisotropy decay for water in DLPC
multi-bilayers as a function of hydration, and found that the
anisotropy decay slows significantly as hydration decreases.
Molecular dynamics simulations on this system by Zhang and
Berkowitz>® confirm this finding (though they also observe
hydrogen-bond switching events that do not include a rapid
molecular jump). This slowing of the anisotropy decay was
explained by a decrease in the density of available hydrogen-
bond acceptors in lipid multi-bilayers at reduced hydration.
As there are few water molecules available, a water in the
lipid headgroup region simply has no choice other than to re-
main in its hydrogen-bonding environment.'?!

To explore further these rotational dynamics, we
now calculate the pump-probe anisotropy decay using
Egs. (2.5)and (2.6) and the mixed quantum/classical model
presented in Sec. II A. Rather than invoking the P, approx-
imation to the anisotropy, Eq. (2.7), as was done by Zhang
and Berkowitz,”® we include non-Condon and population-
dependent vibrational lifetime effects in our treatment.
The pump-probe anisotropy decay curves are presented in
Fig. 9(a), where the solid curves are our theoretical results
and the dashed lines are bi-exponential fits to the experimen-
tal data.’3 The colors indicate the lipid hydration level, as

t [ps]

FIG. 9. (a) Theoretical (solid) and experimental (dashed) pump-probe
anisotropy decay, r(t), for the same hydration levels as in Fig. 7. The the-
oretical results are calculated using Eq. (2.5), and are frequency resolved at
®peak» as given in Table II. The experimental curves are bi-exponential fits
to the anisotropy decay data, as discussed in Table IV and Fig. 8 of Ref. 33.
(b) Same, except theory is calculated within the P> approximation.
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in Fig. 7. The theoretical results are frequency resolved at
the peak frequency of the FTIR absorption spectrum, as in
experiment. Note that these curves have not been normalized
in any way—both theory and experiment begin at 0.4 at ¢ = 0,
as they should.

For all hydration levels, we achieve qualitative agreement
with experiment. As hydration decreases, the anisotropy de-
cays over a longer time scale, and for the low hydration X = 2
case, r(t) barely decays at all after an initial sub-picosecond
drop. This is consistent with the idea that waters in lipid multi-
bilayers at low hydration have greatly arrested rotations due
to a paucity of available hydrogen-bonding partners. While
our results for X = 2, 4, and 6 are quite good, the quantita-
tive agreement between theory and experiment is rather poor
for X = 8 and 16. As with the absorption spectra, this may
be due to issues with our molecular dynamics simulations or
problems with the frequency maps presented in Table I. This
slow-down with decreasing hydration is in agreement with
the anisotropy results calculated by Zhang and Berkowitz>®
within the P, approximation.

However, we note two things about the comparison of
the P, results of Zhang and Berkowitz>° with the experimen-
tal results of Zhao et al.’ First, the theoretical results were
shifted to agree with experiment at 200 fs, and second, the
comparison goes out only to 5 ps. Except to be able to visu-
alize the correspondence between theoretical and experimen-
tal time scales, there is no theoretical justification for shifting
the theoretical curve. Therefore, to make a heads-up compari-
son of the P, approximation with experiment, in Fig. 9(b), we
show our calculated P, results (which are essentially identical
to those of Zhang and Berkowitz®). One sees that within this
approximation the agreement with experiment is substantially
Wworse.

As noted in Refs. 33 and 50, the anisotropies presented
in Fig. 9 decay on multiple time scales. Zhang and Berkowitz
fit their calculated anisotropies to multi-exponential decays
or stretched exponentials, but they discovered that the fitting
parameters depended rather strongly on the time range over
which fitting took place. However, Zhang and Berkowitz
did calculate the anisotropy in the X = 16 case separately
for water molecules inside the lipid headgroup region and
for bulk-like waters. They determined that r(¢) for bulk-like
waters decays on a more rapid time scale than waters
within the lipid headgroup. We shall similarly decompose
the anisotropy in terms of water populations. In Fig. 10,
we present r(t), calculated within the P, approximation of
Eq. (2.7), for X =2 (red), 6 (yellow), 16 (blue), and bulk
water (purple). The solid lines indicate water-associated
OD stretches, while the dashed and dotted lines indicate
phosphate- and carbonyl-associated waters, respectively.
These water populations were previously discussed in
connection to Fig. 8. For each hydration level, we observe
that water molecules deeper within the lipid multi-bilayer
(carbonyl-associated) reorient on a slower time scale than
waters near the multi-bilayer surface. The anisotropy for
each population also decays on multiple time-scales. For
each hydration level, water-associated molecules rotate on
the fastest time scale, but in no case do they rotate as quickly
as in the bulk. Note that phosphate-associated molecules
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FIG. 10. P, approximation to the anisotropy decay r(t), from Eq. (2.7), for
the same hydration levels as in Fig. 8. The dashed and dotted lines repre-
sent contributions from phosphate- and carbonyl-associated waters, respec-
tively, while the solid lines give the water-associated orientational relaxation.
The anisotropy decay for HDO in bulk H,O within the P, approximation is
shown as the purple line for reference. For each hydration level, the water-
associated molecules have faster orientational relaxation than lipid-associated
molecules.

have a more rapid anisotropy decay than carbonyl-associated
waters, despite the stronger phosphate oxygen/water
hydrogen-bond. This is consistent with the picture from
the molecular jump mechanism, where the time scale for
water reorientations is driven by the availability of other
hydrogen-bonding networks, rather than the time scale for
breaking one individual hydrogen bond.”

IV. CONCLUSIONS

We have investigated the structure, dynamics, and vi-
brational spectroscopy of hydration water in DLPC multi-
bilayers using molecular dynamics simulations and a mixed
quantum/classical model. We have pursued a simple two-
population model for the hydration water OD stretches and
used this model, and the experimental isotropic pump-probe
decay, to obtain fits to the vibrational lifetimes for both
lipid- and water-associated OD stretches. We then calculated
the FTIR absorption spectra and pump-probe anisotropy de-
cays as a function of the lipid hydration, and in each case
found qualitative agreement with recent experiments.>> The
observed red-shift in the absorption spectrum with decreas-
ing hydration was analyzed in terms of three OD popula-
tions (lipid-associated OD stretches have been further sub-
divided into phosphate- and carbonyl-associated groups) and
attributed to a relatively large proportion of water molecules
strongly hydrogen-bonded to lipid phosphate groups at low
hydration, as previously suggested by Zhao et al.* As hydra-
tion decreases, we find, as have others,* that water rotations
slow dramatically. In fact, the slowest molecules are those
bound to lipid carbonyls; these molecules have few hydrogen-
bond accepting groups.’*7>

When analyzing vibrational spectroscopy experiments in
complex systems, there are several levels of theory that one
can invoke. At the simplest level, one assumes that the fre-
quency fluctuations are Gaussian (and hence one makes the

J. Chem. Phys. 135, 075101 (2011)

cumulant approximation), makes the Condon approximation
for the magnitude of the transition dipole, neglects rotational
dynamics in the spectrum and isotropic pump-probe decay,
and assumes that all chromophores share the same lifetime.
In this case, analysis of experiment is straightforward. The
isotropic pump-probe decay gives the experimental lifetime.
Linear (FTIR) and nonlinear (peak shift, two-dimensional IR)
experiments can be described by a single line-shape func-
tion g(¢) or frequency time-correlation function, and pump-
probe anisotropy experiments are analyzed in terms of the P,
rotational time-correlation function. This kind of analysis is
physically illuminating, and often qualitatively correct. For
more complicated systems, one can imagine two (or more) in-
dependent and non-exchanging ensembles of chromophores,
each with their own lifetime, line-shape function, and P, cor-
relation function. In this situation, analysis is still relatively
straightforward.

At the other extreme are very complex systems, without
well-defined distinct, independent, and non-exchanging en-
sembles, where the frequency fluctuations are non-Gausssian
(and hence the cumulant approximation should not be made),
non-Condon effects are important, there is a heteregeneous
distribution of vibrational lifetimes, and rotational dynam-
ics is strongly correlated with transition frequencies and life-
times. In these circumstances, unfortunately, it is difficult to
perform an analysis of experiment without microscopic dy-
namical calculations. However, using the full infrastructure
of response functions,®® together with models for the instanta-
neous chromophore transition frequencies, direction and mag-
nitude of transition dipoles, and vibrational lifetimes, one can
calculate all experimental observables from a classical molec-
ular dynamics simulation. This is the approach taken herein.
We use an existing force field to generate the molecular tra-
jectories, and model the frequency and transition dipoles with
existing maps. While one could, in principle, use microscopic
theory to calculate the vibrational lifetime in different envi-
ronments, here we adopt a phenomenological approach. Mo-
tivated by the discussion and experimental results of Zhao
et al.?® we assume that the vibrational lifetime can have
two values, and propose a microscopic model for assigning
these lifetimes. This allows us to calculate the isotropic and
anisotropic pump-probe decays, and line shapes, within a sin-
gle unified microscopic framework. Our experimentally de-
termined lifetimes are quantitatively different from those de-
termined more simply by Zhao et al.** (although our calcu-
lated isotropic pump-probe decay is still in excellent agree-
ment with experiment), and our calculation of the pump-probe
anisotropy decay is in significantly better agreement with ex-
periment than if one makes the simple P, approximation.

Though we obtain qualitative agreement with experi-
ment for the vibrational absorption spectra and pump-probe
anisotropy decay as a function of hydration, our results are
not quantitative. There are a variety of potential sources for
error, including our simulation methods and the calculation
of the spectroscopic observables. The electrostatic maps used
to determine the environmental dependence of the transi-
tion frequencies and dipoles were parameterized from quan-
tum calculations on water clusters in salt solution—not for
water in lipid environments. As bulk water is blue-shifted
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relative to lipid-bound water, it is possible that the maps
presented in Table I are not as accurate for low frequencies
(high effective electric fields). Moreover, for determining the
electric fields in our maps, for example, from the phosphate
and carbonyl groups, we use charges assigned to these atoms
in the force field. This means that a different force field would
lead to different results for the spectroscopic observables.
In addition, our two-population model for assigning vibra-
tional lifetimes may not be sophisticated enough. The calcu-
lation of vibrational spectra also depends sensitively on the
structure and sub-picosecond dynamics of water molecules
in the simulations. As force fields are not typically parame-
terized to reproduce dynamics, it is not immediately clear if
the molecular dynamics simulations are sufficiently accurate
for quantitative agreement. Finally, dynamics in lipid bilay-
ers are greatly slowed at low hydration levels. Even though
we have allowed our lipid multi-bilayer simulations to equi-
librate for over 100 ns, it is not certain that the simulated
membranes properly sample the experimentally relevant re-
gion of phase space. One could, and perhaps should, spend
time improving all of these aspects (check several differ-
ent force fields, improve force fields, reparameterize spectro-
scopic maps, etc.). However, in the meantime, we are confi-
dent that our level of modeling is adequate for a qualitative
understanding of the structure, dynamics, and spectroscopy
in this important and complicated system, and furthermore,
that our methods are transferable enough to allow for a
similar qualitative understanding of other relevant biological
systems.
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The full (rephasing) response function R is the sum of
Egs. (A1)-(A3):

3
Rk (1 1y, 13) = Z R (11, 12, 13). (A4)

j=1

In Egs. (A1)-(A3), we have included vibrational lifetime ef-
fects only during the #, population period. The indices i and
k indicate the %, ¥, and Z components of the dipole matrix
elements, though in all calculations presented here, we have
considered only the X and § components; as in the experimen-
tal setup, the incident laser beams are directed perpendicular
to the multi-bilayer.’3> Note that since the system is macro-
scopically aligned, we do not have to average over all possi-
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In this article, we have demonstrated that our theoretical
models can both predict and be used to analyze the results of
both linear and third-order vibrational spectroscopy on lipid
multi-bilayers as a function of hydration. In part II of this
work, we will extend our calculations to observables not yet
examined experimentally—peak shift and two-dimensional
IR spectroscopy. We will also more closely assess the effects
of various theoretical approximations for the calculation of
such spectra.
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APPENDIX A: NONLINEAR RESPONSE FUNCTIONS

In this appendix we present the three (rephasing) third-
order response functions necessary for the calculation of
the pump-probe anisotropy decay r(¢; w), Eq. (2.5), and the
isotropic decay, P(t), in Eq. (2.8):
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ble orientations of the molecular frame,'?? as was done in, for

example, previous calculations on ice.®®
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