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Abstract: We combine two-color ultrafast infrared spectroscopy and molecular dynamics simulation to
investigate the hydration of carbonyl moieties in a dimyristoyl—phosphatidylcholine bilayer. Excitation with
femtosecond infrared pulses of the OD stretching mode of heavy water produces a time dependent change
of the absorption band of the phospholipid carbonyl groups. This intermolecular vibrational coupling affects
the entire C=0 band, thus suggesting that the optical inhomogeneity of the infrared response of carbonyl
in phospholipid membranes cannot be attributed to the variance in hydration. Both the experimental and
the theoretical results demonstrate that sn-1 carbonyl has a higher propensity to form hydrogen bonds
with water in comparison to sn-2. The time-resolved experiment allows following the evolution of the system
from a nonequilibrium localization of energy in the OD stretching mode to a thermally equilibrated condition
and provides the characteristic time constants of the process. The approach opens a new opportunity for
investigation of intermolecular structural relations in complex systems, like membranes, polymers, proteins,
and glasses.

Introduction rather limited. This is mostly due to the difficulties of obtaining
relevant experimental data. Even though X-ray and neutron
diffraction techniques are informative about structure and
arrangement of the hydrocarbon tails of membranes, they are
of little help in respect to structural moieties at the surfdcé>
Furthermore, the extensive line-broadening prevents obtaining
structural information in nuclear magnetic resonance (NMR)
studies of phospholipid membran¥s!8 In this respect, optical
(infrared) spectroscopy represents a unique experimental avenue
T European Laboratory for Nonlinear Spectroscopy (LENS). to access information about the microscopic structural layouts
¢ Laboratory of Peptide & Protein Chemistry & Biology c/o Dipartimento jn the interface of phospholipid bilayers.
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'Molecular Simulation Group, Taisho Pharmaceutical Co., Ltd. and carbonyl moieties has been widely employed to investigate
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The physical and chemical characteristics of the polar
interfacial region in lipid molecules play a governing role in
functional activation of the surface in biological membranes.
Subtle modifications at the level of polar headgroups may result
in alterations of collective functionality in such systefn&?
However, the knowledge on a molecular basis of the “fine
mechanics” of structure and dynamics in the polar region is
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cal standpoint, a number of molecular dynamics (MD) simula- ?
tions accompanied this experimental activity, anticipating some o=|T—o |
information on the molecular organization and intermolecular 0
interactions within the polar interface-32
Recently, a number of reports on IR third-order polarization o
response from carbonyl moiety in phospholipid membranes o=120/ o}
demonstrated that two-dimensional infrared (2D-IR) ultrafast Be=0
spectroscopy may serve as a helpful tool to account for
intermolecular relations in disordered environme#its® The
underlying motive of 2D-IR spectroscopy is rather similar to
that of two-dimensional NMR (2D-NMR). In the case of
2D-NMR the information about intra- and intermolecular
relations is extracted from a set of off-diagonal cross-peaks
due to the coupling among the nuclear spins. Analogously, in
2D-IR spectroscopy information about structure and intermo-
lecular interactions may be extracted from a set of cross-peaks,
which are due to the vibrational coupling between the moieties
under study. At variance with NMR techniques, nonlinear-IR
spectroscopy of phospholipid membranes does not suffer from
the limitations due to line broadening, and possesses the greafjgure 1. Molecular structure of the dimyristoyl-phosphatidylcholine.
advantage of the unparalleled time resolution. 12C=0 and3C=0 are the sn-1 and sn-2 carbonyl groups, respectively.
Since the early spectroscopic studies, we know that the IR
response of carbonyl groups in a phospholipid membrane Of hydrated dimyristoyt-phosphatidylcholine (DMPC) mem-
demonstrates a complex band profile, which was attributed to brane by means of two-color time-resolved nonlinear-IR mea-
inhomogeneous broadening and interpreted as the superpositiogurements. In particular, we investigate the interactions of the
of two or three subband&:23 No really convincing explanation ~ Sh-1 and sn-2 carbonyls (see Figure 1) with the stretching
has been given as to the origin of the underlying substructure, vibration of deuterium oxide, used as an aqueous medium for
though it is often considered to be due to the difference in membrane fragments of this phospholipid. To separate the reso-
hydration of the carbonyl groups. The ambiguity in the nances of the two carbonyls we synthesized DMPC molecule,
interpretation of the IR response indicates that a productive Where carbonyl group in the sn-2 position W& isotopically
discussion on spectroscopic data requires a clear and adequat@beled.
view on the nature of the vibrational states under study: degree The idea of the two-color experiment is to excite with a short
of delocalization of the excitation, orientation of the transition IR pulse (the pump) the deuterated water stretching vibration
dipole moments, anharmonicity. In this respect, nonlinear-IR around 2500 cmt, and to probe with a second pulse centered
spectroscopy represents a helpful tool for probing those prop- at about 1700 crit the perturbation that the excitation produces
erties33-37 On one side, it allows to disentangle the homoge- on the absorption band of the carbonyl. Specifically, we measure
neous and inhomogeneous contributions to the band profile; onthe perturbation by comparing the probe spectrum with that of
the other side, it provides the femtosecond time resolution to a reference beam which does not pass through the excited area
access the dynamical properties of the system. (by the pump) of the sample. The ratio between probe and
Here, we report on experimental studies of the structural and reference spectra provides the differential spectrum illustrating
dynamical aspects of the watezarbonyl interaction in samples ~ the modifications induced on the carbonyl absorption band by
the excitation of the OD vibration. The appearance of spectral
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Figure 2. Left panel: linear-IR spectrum of the hydrated DMPC membrane fragments in the spectral region of the sn-1 and sn-2 carbonyl resonances. Right
panel: linear-IR spectrum of hydrated membrane fragments (solid line) and of a #@ataihple (dashed line) in the spectral region of the OD stretching
mode. The open-circle and the solid-circle lines represent the spectra of the pump pulse for “red” and “blue” excitation, respectively.

appl‘Oprlate|y Constructed on the bas's Of a fu"_atom MD 1660 1680 1700 1720 1740 1760 1660 1680 1700 1720 1740 1760
simulation. In parallel with the experiments, we have then o5 ™ FTIR
conducted an extensive simulation of the DMPC hydrated ©
membrane, focusing our attention on the distribution of the ~ *°r; = 5
C=0---D—O0 interactions in the bilayer and on the relative 7 X o
00, -1ps s
structural arrangement. CN Jf e R P i
. b, ¢ o g ®e¢
Results and Discussion 5 ¢ R d
. . . g oo 6000, 5ps o”“'\o‘. ./"."\. 5ps
The left panel of Figure 2 shows the linear-IR absorption of  o.00peoc°oe® bbvop}" 0\)\: 000 N f e e
the carbony! stretching in hydrated DMPC membrane fragments. __ bocoa, 43, %% °f seoes """-o-.z:\. f'/ "\_-\./.,fﬂ,f:
The low and the high-frequency resonances corresponding to i v o \od
the sn-2 13C) and sn-1 carbonyl moieties, respectively, are well  o.00
separated in the spectrum. In the right panel of the figure, we <041 rrir aTFTIR
show the optical density of the OD stretching mode of the 1660 1680 1700 1720 1740 1760 1660 1680 1700 1720 1740 1760
membrane sample (solid line). For comparison, we also show Wavenumbers (cm™1)

the OD stretching spectrum obtained from a negd®Bample Figure 3. Time-resolved response of sn-1 and sn-2 carbonyls at indicated

(dashed line). The OD stretching band in the membrane delay times under red (panel A) and blue (panel B) OD excitation in
comparison with the FTIR spectrum (upper panels) and with the difference

coincides with that.of neat water o.nly in its low frequgncy Part, petween FTIR spectra recorded at 30 and at 6°C (dT FTIR in lower
whereas the blue side of the band is much weaker. It is generallypanels).

accepted that the stretching modes in water are dominated by

inhomogeneous broadenifty#° 0 1000 2000 3000 4000 5000 6000

The low frequency part of the band is ascribed to strongly blue OD

. i 0.15 —m—sn-1

hydrogen bonded water molecules, while the high frequency —o—sn2
part is due to molecules which are only weakly bonded. Thus, 0.10-
we expect that a considerable fraction gf@™molecules in the -mggcg(:,ga;q!ggg.g;.{bpo%
sample are involved in hydrogen bonding with the phospholipid 0.054 ° e ey
moieties of the polar interface. a 0.00

We base the present study on a comparison of the time- ©
resolved response of the two carbonyls with the probe pulse 5 0451 "‘L red OD
frequency centered at 1700 ci whereas the pump pulse is ’ —=—sn-1
tuned either to the low-frequency side (“red” OD excitation) or 0.10 -‘h o sn2
to the high-frequency side (“blue” OD excitation) of the OD 3 ":;o';'-f._h S . -
stretching frequency (open and solid circle lines in the right 0“'%@“’ 2o oo e ';;----;f f
panel of Figure 2). In Figure 3 (panels A and B), we show the 0.00, . - IOOO o I°°°oo %
two series of time-dependent differential spectra, which dem- 0 1000 2000 3000 4000 5000 6000
onstrate the changes of the carbonyl absorption under the two Time (fs)

excnano_n conditions. In Figure 4 we report the kinetic traces Figure 4. Kinetic traces of the signals of the sn-1 and sn-2 carbonyl groups
of the signal of the sn-1 and sn-2 carbonyls detected at 1740under blue (upper panel) and red (lower panel) OD excitation.

(40) Hadz, D.; Bratos, S. InThe Hydrogen BondSchuster, P., Zundel, G, and 1705 cm?, respectively, under red and blue OD excitation.
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Science2003 301, 1698-1702. C=0 vibrations. Experiments performed with parallel and
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Skinner, J. L Fayer. M. B, Chem. Phy&004 121, 1243112446, perpendicular pumpprobe polarization geometries (data not

(44) Cringus, D.; Yeremenko, S.; Pshenichnikov, M. S.; Wiersma, D. Rhys. shown) demonstrate that the carbonyl response is rather isotropic
Chem. B2004 108 10376-10387. i ; il

(45) Cowan, M. L. Bruner. B. b - Huse. N.: Dwyer, J. R.: Chugh, B. Nibbering, already at_ very _short delay tl_mes. This rules out the possibility
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0.0 0.1

Furthermore, the practically instantaneous appearance of cleai
spectral features (spectra at 0.1 ps delay time in panels A and
B of Figure 3) excludes that the effect is due to the heating of
the sample, which would occur on a longer time sc¢&fg.
Instead, we ascribe the signal to a time-dependent spectral shiftz
of carbonyl resonances, due to the direct anharmonic coupling = s
of the involved OD and €O stretching vibrations. Excitation
of the OD stretching mode instantaneously perturbs (flattens)
the potential energy surface of the carbonyl moieties interacting
with water. As a result, the resonant frequencies of the involved
C=0 groups experience a low energy frequency shift. The
thermalization of the excitation initially localized in the OD ) ! 2 (
modes is definitely a slower process, leading to the equipartition 2"d O-H first neighboring pairs for the case of the sn-1 (panel A) and
sn-2 (panel B) carbonyls according to the geometric definition represented
of the excess energy among all the degrees of freedom of they the right of the figure. Panels C and D are the first neighbor radial
system. In other words, at short time delay the experiment brings distribution functions g(d) for sn-1 and sn-2 cases, respectively.
the signature of non equilibrium energy distribution, whereas
at later times the measured signal is due to equilibrium heat ando. > 140°). At larger distancesd(> 3 A), there are instead
contributions. The sequence of spectra reported in Figure 3more first neighbor water molecules around the sn-2 carbonyl
(panels A and B) show (i) clear differences for red and blue comparing to sn-1 group. Moreover, we note that the distribution
OD excitation, and a (ii) not equal behavior of the spectral of the angleon. becomes more symmetrically peaked around 90
features corresponding to the sn-1 and sn-2 carbonyls. Thesevith increasingd beyond 2.5 A. This suggests that such water
observations represent the main findings of our experimental molecules are almost isotropically distributed with respect to
work. the carbonyl group, implying a progressive loss of the water
It is a consequence of the hydrophilic nature of the polar carbonyl coupling with the distance.
groups at the bilayer surfaces, in contrast to the hydrophobic We already noticed that the low-frequency part of thgD
character of the inner part of the membrane, that the degree ofabsorption band around 2500 chrorresponds to the population
hydration decreases rapidly from the outside to the inside of of water molecules which are strongly hydrogen bonded to other
the bilayer. NMR and neutron scattering experiments demon- water molecules and/or to the polar groups (including carbonyls)
strate that water permeates the polar region and even hydro-of DMPC. The observation that, for short time delay, the
phobic compartment of phospholipid membrédhé Previous intensity of the signal measured upon red OD excitation is
theoretical studies confirm this picture, showing that the markedly higher than obtained under blue OD excitation (Figure
phosphate group is the most hydrated, and that a lower, but3, panels A and B) confirms the anticipated dominant role of
still noticeable number of water molecules are bonded to the the G=0---D—0 hydrogen bonds in determining the vibrational
carbonyl groupd> Our MD simulation provides a quantitative ~ coupling between water and carbonyl groups. The spectral
description of the distribution of the water molecules in the profile and the time evolution of the two carbonyls’ responses
membrane, and of the structure and distribution of the hydrogen upon red and blue OD excitation can thus be interpreted on the
bonds. Specifically, the amount of water molecules surrounding basis of the difference of CO-water coupling. In this respect, it

_ 0o

5

4

A

40 80 120 160
o (degrees)

«

40 80 120 180
o (degrees)

Figure 5. Angle(o)-distanced) distribution functions gt,d) for the G=O

B

the sn-1 and sn-2 carbonyls within a distande50A from
carbonyl’'s oxygen is practically the same, with a ratio 1.1 in
favor of the sn-1 carbonyl. However, the distribution of water
molecules within this distance range is significantly different
for the two moieties. To show this difference, in Figure 5 we
report the angle()—distanceq) distribution functions for the
interactions of the sn-1 and sn-2 carbonyl groups with their first
neighbor water molecule. The angleis that formed by the
O---D direction (O is the carbonyl oxygen) and the direction
of the D—O covalent bond of water. A graphical representa-
tion of o and d is reported in Figure 5. The well-defined
peaks observed at-©D distances lower tha2 A correspond

to C=0---D—0 hydrogen bonds with quasi-collinear geometry

is important to consider the statistical distribution of water
molecules around each carbonyl in the proximal distance range
(up to 5 A), as it results from our MD simulation. Despite the
different degree of hydration of the two carbonyls at very short
distance (see above), the distribution of water molecules “seen”
by the two moieties within the distance rangeSoA is very
similar. 19% and 17% of the water molecules are involved in
optimal hydrogen bonding to the sn-1 and sn-2 carbonyls,
respectively. Such water would absorb on the red side of OD
FTIR band and also would show most effective anharmonic
coupling to the &0 stretching vibration. Therefore it largely
contributes to the transient response measured in our experiment.
About 3.9% of water proximal to sn-1 and 4.5% of water

(o. > 140°). The peak heights (better seen in panels C and D of proximal to sn-2 carbonyls are truly solitary, i.e., not hydrogen
Figure 5) show that the sn-1 carbonyls have higher propensity bonded either to phospholipid moieties or to water. These water
to form hydrogen bonds to water than the sn-2 ones. In molecules would absorb in the blue side of the OD band. The
particular, we count about 52% of sn-1 and 39% of sn-2 rest of the water{77%) is effectively involved in hydrogen
carbonyls involved in optimal hydrogen bonding € 2.5 A bonding to phosphate, to other carbonyls different from the
tagged one, and/or to other water molecules. We expect such
water molecules to absorb in the red side of the OD band, but
not to contribute to the instantaneous modification of the
absorption band of the €0 group, to which they are not

(46) Bredenbeck, J.; Helbing, J.; Sieg, A.; Schrader, T.; Zinth, W.; Renner, C.;
Behrendt, R.; Moroder, L.; Wachtveitl, J.; Hamm, Proc. Natl. Acad.
Sci. U.S.A2003 100 6452-6457.

(47) Edler, J.; Hamm, P.; Scott, A. ®hys. Re. Lett. 2002 88, 067403-1—
067403-4.

(48) Zhou, Z.; Sayer, B. G.; Hughes, D. W.; Stark, R. E.; Epand, RBiphys.
J. 1999 76, 387—-399.

(49) Jacobs, R. E.; White, S. Biochem.1989 28, 3421-3437.
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, 1675 1700 1725 1750 1775 decreased the intensity of the band~at700 cnt! by 25%.

A . This intensity decrease allows accounting the lower number of

0.0 /—\v/\ hydrogen bonds predicted for the sn-2 carbonyl by our MD

5 \/ simulation (see above). In panel B of Figure 6, we compare the
o -01 = differential signal at 0.1 ps delay time under blue OD excitation

£ 00258 with the FTIR difference spectrum, calculated without any
00005 N\ _ modification. In both cases, the agreement is rather good,
\/ W supporting the hypothesis that the effect of the anharmonic

0025 , - : coupling to the excited OD vibration (via hydrogen bond) is an

1075 1700 1725 1780 4775 instantaneous red shift of the=® band. The entire carbonyl

Wavenumbers cm) stretching band appears to be equally and simultaneously

Figure 6. Solid lines represent the time dependent differential spectra at gffected by the excitation of the OD vibration. This is in contrast
0.1 ps delay time, with red (panel A) and blue (panel B) OD excitations. _ . . - . -
Dashed lines show the spectra obtained by subtracting a frequencyWIth the mterpretatlon that the IR .Illne-shap.e of carbonyl in
downshifted FTIR response from the original one. In the case of the red Membranes is due to a superposition of different subbands,
OD excitation (panel A) the intensity of the band-at700 cnt* has been corresponding to moieties with different hydration. A different
lowered by 25% to take into account that sn-2 carbonyls are less hydroge”interpretation of the complex structure of the carbonyl band
bonded. . . . . . ’

onde which takes into account the delocalized nature of vibrational
excitation appears more appropriate. We will discuss this point
ftogether with other aspects of the 2D-IR response of DMPC,
in a forthcoming paper.

The intensity of the signal decreases with time delay, as the
OD excitation energy is redistributed among other degrees of
'freedom (primarily to other water molecules), less efficiently
coupled to G=0. The bottom panel of Figure 4 clearly indicates
that the intensity of the sn-1 band has a fast initial decay that
reaches a much slower regime after about 2 ps. The fast decay
time (1.1+ 0.2 ps) is consistent with the vibrational lifetime
of the OD stretching mode measured for HOD ipQ-° The
oo : : . . signal corresponding to the sn-2 carbonyl demonstrates a similar
absorption is small at early times, since the specific coupling : . :

- . . decaying component but of lower amplitude. In this case, the
of C=0 oscillators to the blue OD modes is weak. As the delay ) ) -
fast decaying component apparently competes with a rising

time increases, the excitation energy redistributes among Othercontribution, analogous to the one observed for the blue OD
water molecules and, more generally, among the other degrees

. ; excitation. The limited time interval considered here (we
of freedom of the system. The moderate increase of the signal L .
. . . - detected the kinetics up to 40 ps; data not shown) does not allow
observed in the first four picoseconds (upper panel in Figure

. . S an accurate determination of the slow time constant. However,
4) is the net result of this energy transfer to vibrational modes - . .
which are coupled to the probed carbonvl modes we can estimate it to be in the range o2 ps, and thus to

L P . . p y o assign it to the thermalization process of the excitation energy.

The 3|tua_t|on Is quite d|fferer_1t when we e?<C|te the syste_m At the bottom of Figure 3, we show the difference spectrum
on the red side of the OD stretching band. In this case the exc'tedobtained by subtracting the FTIR spectrum of the membrane
wat.er molecules are sFroneg hydrogen bonded. We already measured at 8C from that recorded at 3TC. It is unambiguous
nﬁtlce(:] tthat the ma]or;ty clLthosetmoleCLljleslare bodndedl to that the shape of the differential spectra (Figure 3, panels A
P IO?p Iae gr(I)qups ?r 0 fother wa ertm(l)l e%u ez, c?rt] gny 4and B) evolves toward the profile of the FTIR temperature
rela |ve;|/_|sma raction of them 'sz_ic ua 3;] on be '|3= ¢ Idifference spectrum. We can say that the transient differential
groups. HOWever, since we are probing in the carbonyl spectra spectra monitor the thermalization of the energy initially
region, th_e S|_gnal (panel A of Figure 3) onglnates ma"?'y from deposited in high-frequency molecular vibrations. Also, the
trﬁhcogtgbtztlc;nhqf C_O'JD_O bonged tpalrsh The e>.<C|tat|or|1. visual inspection of the two series of spectra (see for instance,
otthe DL stretching mode causes, due o ahnarmonic COUpiNg. e fagtyre observed at about 1680énin the temperature
a red shift of the absorption spectrum of the carbonyl. This effect

¢ instant I d its in the | intensity of th difference FTIR spectrum, whose appearance is definitely
SIS up nstantaneously, and results in the farge intensity o edelayed in the spectra in panel B) reveals that the thermalization
signal near zero delay time. The signal corresponding to the

.~ is faster when the excitation takes place in the low-frequency

sn-1 .Ofmlltatqtrhlst}:arggﬁr thart1 trl‘ﬁtOf Sfrj[hZ (tsee F'gl;"e Ai)' This is tail of the water band. Energy exchange and relaxation are then
consistent wi € aierent abilily of IN€ tWo carbonyl groups ., ¢ efficient in the presence of strong hydrogen bonding.
to form hydrogen bonds resulting from the MD simulation

(Figure 5). Conclusions

Itis quite instructive to compare the differential signal at 0.1 Time-resolved two-color pumpprobe infrared spectroscopy
ps delay time in the panels A and B of Figure 3 with an FTIR provides a unique tool to monitor hydrogen bonding and
difference spectrum obtained by subtracting a frequency down- hydration within the polar groups of phospholipid membranes.
shifted (by 5-9 cm ) FTIR response from the original one as  The method has analogies with the two-color 2D-NMR spec-

in Figure 2. Specifically, in panel A of Figure 6, we compare 55c0py. The anharmonic coupling of different vibrations is
the differential signal at 0.1 ps delay time under red OD

excitation with such FTIR difference spectrum, where we have (50) Rezus, Y. L. A,; Bakker, H. J. Chem. Phy2005 123 114502-114507.

directly hydrogen bonded. Excitation of their OD stretching

mode would then contribute to the time-dependent response o
the tagged €O group via the slow thermalization processes

mainly.

The shape and kinetics of the transient spectra (Figures 3
and 4, respectively) are then consistent with the following
picture. Blue OD excitation deposits energy in water molecules
which are rather weakly bonded (or even not bonded at all) to
the membrane polar groups. The resulting effect on thOC
spectral response is essentially indirect and not selective at all.
The change of the optical density in the region of the carbonyls’
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responsible for the appearance of cross-peaks from whichsystems such as phospholipid membranes. We believe that it
structural and dynamical information can be extracted with can be successfully extended to the investigation of similar

femtosecond time resolution. In particular, the experiments problems in other large systems, like proteins, polymers, and

performed on DMPC membranes show that the absorption bandsglasses.

of the two carbonyls are affected throughout their entire width
by the excitation of the OD stretching vibration of water. Under
this respect, the interpretation of the=O stretching FTIR band The details regarding the synthesis isotopically substituted DMPC

profile of DMPC membrane as due to the presence of substategFigure 1), the sample preparation, and the technical aspects of the

corresponding to different degrees of hydration appears inad- ultrafast infrared spectrometer are given in the Supporting Information.
equate. Classical MD simulation of DMPC bilayer was performed on a sample

The changes in the carbonyl absorption band upon excitation consisting of 112 phospholipid molecules and of 3016 water molecules.
The MD protocol was described earl®@r?’ In the current run, besides

of the water OD stretching set up instantaneously and areintroduction of surface tension to Nose extended ensefAbles
attributed to the anharmonic coupling of the vibrations. In

icul o i KV h | incorporated a hydrostatic pressure conttethere pressure is intended
particular, excitation of weakly hydrogen bonded water mol- to be maintained equal in all three directions. This is proper for stable

ecules (*blue” OD excitation) produces for sn-1 and sn-2 gimyjations in the case of anisotropic molecules in anisotropic simula-
carbonyls quite similar and fairly weak spectral modifications tion cell. After initial thermalization (10 ns), 2 ns long trajectories were
that show only minor changes with increasing purppobe time produced. For the analysis we used the last 1 ns time segment, in which
delay. Excitation of OD involved in stronger hydrogen bonds we sampled atomic coordinates every 0.1 ps.
(“red” OD excitation) produces instead a rather intense time-
dependent response, stronger for sn-1 carbonyl than for sn-2
This finding, in agreement with the results of the MD simulation,
points to a higher propensity of carbonyls in sn-1 position to
form hydrogen bonds with water molecules comparing to the
sn-2 ones. For red OD excitation, the evolution of the@@
differential spectrum at early times is very fast, with a time
decay constant of 1.1 ps. It represents the signature of the energy Supporting Information Available: Details regarding the
relaxation process from the initially excited OD vibrations to synthesis isotopically substituted DMPC, the sample preparation,
other degrees of freedom of the system. The fully thermalized and the technical aspects of the ultrafast infrared spectrometer.
time-dependent response is finally reached with a much slower This material is available free of charge via the Internet at
process whose characteristic time is estimated in the range ofhitp://pubs.acs.org.
20—30 ps.

We have shown that the experimental approach based on tw

_color pump—probe infrared techn_lque is able to prov!de relevant (51) Aoki, K. M.: Yoneya, M.: Yokoyama, H. Chem. Phy=2003 118 9926
information on hydrogen bonding and hydration in complex 9936.

Experimental Section

Acknowledgment. The work has been supported by a Marie
‘Curie Fellowship (contract MTKD-CT2004-509761), and by the
European Union (contract RII3-CT-2003-506350). Authors
thank Prof. Akihiro Kusumi at Institute for Frontier Medical
Sciences, Kyoto University. Yuji Takaoka thanks Dr. Kitamura
and Dr. Miyagawa at Taisho Pharmaceutical.

0JA0614621

J. AM. CHEM. SOC. = VOL. 128, NO. 29, 2006 9471





