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How Accurate Is Poissor-Boltzmann Theory for Monovalent lons
near Highly Charged Interfaces?

Wei Bu, David Vaknin,* and Alex Travesset
Ames Laboratory and Department of Physics and Astronomy, lowa Statersity, Ames, lowa 50011

Receied December 15, 2005. In Final Form: April 8, 2006

Surface sensitive synchrotron X-ray scattering studies were performed to obtain the distribution of monovalent ions
next to a highly charged interface. A lipid phosphate (dihexadecyl hydrogen-phosphate) was spread as a monolayer
at the air-water interface to control surface charge density. Using anomalous reflectivity off and b @&
resonance, we provide spatial counterion*(CGistributions next to the negatively charged interfaces. Five decades
in bulk concentrations are investigated, demonstrating that the interfacial distribution is strongly dependent on bulk
concentration. We show that this is due to the strong binding constant of hydronj@mtbl the phosphate group,
leading to proton-transfer back to the phosphate group and to a reduced surface charge. The increespadi@stion
modifies the contact value potential, thereby causing proton release. This process effectively modifies surface charge
density and enables exploration of ion distributions as a function of effective surface charge-density. The experimentally
obtained ion distributions are compared to distributions calculated by Peifsdtzmann theory accounting for the
variation of surface charge density due to proton release and binding. We also discuss the accuracy of our experimental
results in discriminating possible deviations from PoissBnltzmann theory.

I. Introduction (see Ref 15 for a review). McLaughlin and collaboratbrave

The theoretical determination of ion distributions in aqueous shown good agreement betwegpotentials computed from PB
solutions was initiated almost a century ago by Guapd theories and electrophoretic measurements in lipid vesicles. Other
Chapmar?,who applied the PoisserBoltzmann (PB) theoryto  techniques, such as radiotracer experiméhts, X-ray reflec-
calculate the spatial distribution of monovalent ions near a tivity,2°-?2 or infrared spectroscop¥,allow the determination
uniformly charged interface. Ever since their seminal work, the of the total amount of ions in the immediate vicinity of a charged
topic remains central in statistical mechanics, physical chemistry, interface. It is noteworthy that all of the experimental data for
and biophysicé.The original PB theory is a mean field theory monovalent ions (at moderate salt concentratictl M)
with some simplified assumptions such as point like particles outlined above are adequately described by the G@iyapman
and uniform surface charge density. To account for the finite theory (with the generalization of excess salt) with no need for
ionic radius, Stern introduced phenomenologically a layer of further correctiongd!?*A close inspection, however, shows the
ions at the charged interface with a different dielectric constant, agreement between theory and experiment is either based on
the Stern layef.The effect of excess salt concentration and the fitting variables such as surface charge or interfacial dielectric
resulting screening was extended by Debltickel > Grahame values that are not known in advance and/or based on integrated
generalized the GouyChapman theory to multivalent iofis.  quantities. As an example, it has been shown recently that the
Subsequently, more refined theories and numerical simulationsdegree of proton dissociation of arachidic acid spread on a sodium
were developed to incorporate short-range interactions, imagesalt solution is adequately described by PB theory, but this
charges, finite size ionic radius, and ieion correlations10 agreement only involves the integral (over the entire space) of
More recently, modifications of PB theory have been developed the sodium distributiod324Thus, local deviations that preserve
to incorporate hydration forcé$ ’® Some first-principles  the integral of the distribution (i.e., total number of ions) are not
calculations of surface-tension for amphiphilic monolayers discriminated by these experiments. On the other hand, force
assume a PB theory with one or more layers of varying dielectric measurements between two charged membranes separated by
constant: salt solutions, although well described by PB theory at large

Experimental support for the validity of PB theory was provided - distances, show strong deviations at short distance® (in) 311
by electrokinetic, visco-electric effects, and other techniques The origin of these hydration forces is still controversial. In
some cases, it has been suggested to extend PB theory to
incorporate the restructuring of water, resulting in ion distributions
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that deviate from PB at short distances from the interfdée2¢ —_—
Itis therefore imperative to determine the ion distribution itself F A
to establish the degree of accuracy of PB theory.

Inthis manuscript, we experimentally determine the distribution
of Cs" ions next to charged interfaces by anomalous X-ray
reflectivity?”-28for several decades in bulk cesium concentrations.
We compare our results with the predictions of PB theory and
present a discussion on the sensitivity of the experimental results
to quantify the magnitude of possible deviations from the PB
distribution. This kind of investigation has become feasible only
with the advent of the second generation X-ray synchrotron
sources with novel insertion devices (i.e., undulator) and improved
optics, which readily produce variable-energy X-ray beams with [ =
brilliances capable of detecting a single atomic-layer even if not I
closely packed.

The manuscript is organized as follows: In section Il, we Z(A)
review several theoretical results relevant to this study. In section
I1l, the experimental details are provided. In section IV, the X-ray
reflectivity (XR) and grazing incidence X-ray diffraction (GIXD)
measurements are presented with detailed structural analysis.
The experimental results are compared with the theoretical PB
theory in section V. The implications of the present study are
discussed in section VII.
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Il. PB Theory Including Proton Transfer and Release

We briefly review the PB theory of an aqueous solution
containing monovalent ions (1:1 positive and negative electro-
lytes) of average bulk concentration in the presence of an
ideally flat charged interface of known surface density=
—en, atz= 0. As the surface charge is uniformly distributed, )
the electric potentialy depends only on the distance from the -15 -10 -

Counterion Density (M)

L 1 1

5 0 10
interfacez, and the Boltzmann distribution is Z(A)
Figure 1. (A) Calculated monovalent ion distributioms(z) near
p(2) = erb[e‘a/f(z)’kBT — V@) — _ 2en, sinhp(2) (1) a negatively charged surface as obtained from PB theory, eq 4 for

different bulk concentration. Surface charge densjig one electron
whereks is the Boltzmann constant agdz) = ey (2)/ksT. The charge per 40 A ¢ =80, andT = 292 K. Note that for this surface

. T i . . charge density the value of the distribution atzte0 is practically
ion distribution is calculated self-consistently from the Poisson constantn(0) ~ (2rolksTe) (B) The convolutions of the

equation distributionsn*(z) using eq 7 assuming twi values as indicated.
5 ) 5 For this strongly charged surface the convoluted distributions for
d?pldZ = sinhp/lp (2) different bulk ionic concentrations are practically indistinguishable.
where 1p = (eksT/87€?ny)Y2 is the Debye screening length. ekgT z
g . o nZ~—————-: forr—x1 (5)
Equation 2 can be solved analytically, yielding Znez(z + g C)z o
2kgT [1+4 ye 7o . N
Y@ =— In — 3) We have recently arguétthat theoretical PB distributions should
e [1-ye? be convoluted with the experimental resolution func{z) for
2o\ 2 comparison with experiments, as follows:
@) = nb(l e ) @)
e 2o

n'(@= [ n"(2)RZ -2 dz (6)
= = — 2 1/2
\;V:;{zg: k;?r:?% gg)i{;t(ﬁge ouy{%%l;p;a(ﬁlll?r{é?k)l I;?gil)re 1a  In the particular case of a Gaussian resolution function, the
shows calculated counterion distributions using eq 4 for a fixed convolution is
surface charge density, typical of fully deprotonated closed packed 1 s
phospholipidss, = —e/40 A2 for several salt concentrations. It n@=—=/ n'(z)e (@272 gz 7)
is worth noting that for this surface densityst ~ 0.9 A) and I'var
bulk salt concentrationsl$ = 963.5 and 9.6 A at ¢ and 0.1

M, respectively) {edio) < 1, andy ~ 1 — (isddo), the The width in the Gaussian function is given as a slihs
’ . . P S ’ 21/2 X _
concentration of ions next to the interface is independent of bulk (2I°)*% where eacli’s account for surface-roughness due to
concentration capillary waves and imperfections in the monolayer and other
contributions. Since surface roughness is the dominant contribu-
(25) Gur, Y.; Ravina, |.; Babchin, A. J. Colloid Interface Scil978 64, 333. tion, we usel’ ~ &rer, Where &ret is the average roughness

(26) Paunov, V. N.; Dimova, R. I.; Kralchevsky, P. A.; Broze, G.; Mehreteab,  determined from the reflectivities. From the statistical mechanical
A. J. Colloid Interface Sci1996 182, 239.

(27) Vaknin, D.: Kriger, P. Lsche, M.Phys. Re. Lett. 2003 90, 178102. perspegtive, the gbove convolution may be justified if the
(28) Bu, W.; Vaknin, D.; Travesset, Ahys. Re. E 2005 72, 060501. fluctuations of the interface are Gaussian and the wavelength of
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the capillary waves\ is large (A > o, whered is typical ion 60 T T T T T
size) so that the ions “see” an effective flat charged interface.
Alternative methods for computing distributions next to flexible
interfaces have recently been propostdrigure 1B shows
convolution of the distributions shown in Figure 1A for two
different values ofl" as indicated. It is interesting to note that
the convoluted calculations are practically indistinguishable as
a function of bulk salt concentration. In section V, we discuss
guantitatively to what extent the experimental resolution limits
our ability to compare with theoretical distributions.

The system we describe in this paper differs from simple PB
in that one of the ions species, the hydroniugDH, can bind
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to the interface, and as a result, out of Miephosphate groups or =
forming the interface, onlytNp are electrically charged. The
. . . . : . -10 1 1 1 [ 1 1 1 1
de_n%ty_ oftﬁhar?e in the system (including the interfacial charge P » 0 ) u s %
z=0) is therefore Molecular Area (A")
2 =eS a.n.(2 — eano(z 8 Figure 2. Surface pressure versus molecular area for DHDP spread
@ an {2 002 ®) on Csl solutions at various concentrations as indicated. Reflectivity

and GIXD were performed at constant surface-pressures 30 and 40

The indexa runs over the different species of ions present in mN/m.
solution andy, = £1 is their valence (i.e., the solution contains

monovalent ions only). In the free energy, the ions are treated
as an ideal gas within the solvent and subjected to electrostatic

concentration is related to the pH of the solution hy=n10-PH.
Substitution of these values into eq 11 yields

con@r_ibutions (the standard PB).We also incqrpprate two 107 PHa9O_ % 1 5pka (12)
additional terms that represent the favorable binding of hydro- 1—a
niums to the interface and the mixing entropy of the charged and
neutral phosphate groups at the interface The fraction of charged phosphate groups is then
1 1 1
T B B o= 13
F—zfd r d’r p(r)|r_r|p(l’) + 1 4+ 10 PH-PKIg=9(0) (13)
kBTZf d’r ny(r)(log(wnyr)) — 1) — As a result, the PB equation, eq 2, needs to be solved with the
a self-consistent boundary condition, eq 13
Np!
Ex(1— @)Np — kg T log ) [0\ _ (%o 1
(AN!(L — Q)N SN2 )= a1 10 o mag e Y

whereEy is the gain in free energy for a hydronium binding to
the phosphate group. The quantithas dimensions of volume
and defines the standard state.

The condition that the free energy is a minimum for variations
of the different number densitieg(r) under the constraint of a

The ion distribution is given by eq 4 with a renormalized Guoy-
Chapman lengtfig. = Acda (RPB). At high surface charge,
the contact point potential is significantly larger theyT, and

the consequences of eq 14 are dramatic. The ion distribution
. i / becomes strongly dependent on ion concentration for points very
fixed number. Of, parﬂcles (canorlllcal ens?mble)/kleadg to the ¢jose to the interface, as shown in Figure 10. This should be
Boltzmann distributionna(z) = v eltdeDe-aer@hal) with contrasted with Figure 1, where the ion distribution is independent
chemical potentiaks = kT log(nyv), and also to the Poisson ¢ pulk concentration.

equation, eq 2. Further minimization of the free energy with

respect to the parameteryields the additional equation Ill. Experimental Details
_ _ _ - _ To manipulate ion bulk-concentrations, we used Csl (99.999%,
En/keT = ¢(0) +log(aNg) —log((1 = c)Np) Ly Sigma Corp., catalog no. 203033) solutions in ultrapure water, taking
(10) advantage of thez resonance of Csions at 5.012 keV in anomalous

reflectivity measurements. To control surface charge density, mono-

where(0) is the value of the electric potential at the interface layers of dihexadecyl-hydrogen-phosphate (DHDP, see Figure 2;

(the contact value). This equation may be rewritten as CaHe704P; MW = 546.86, Sigma Corp., catalog no. D2631) were
spread from 3:1 chloroform/methanol solutions at the-aiater
nﬁye_"’(o)L: ~(Eni /keT) (11) interface in a thermostated Langmuir troi§iDHDP was chosen
- for this study, since it forms a simple in-plane structure at high
o B enough surface pressufg%'and its hydrogen-phosphate headgroup
and expresses the equilibrium of the proces®H+PO,~ < (R-POH) has a K= 2.1, presumably guaranteeing aimost complete

PQ;H? +H203! If the standard state is defined as= 1 molar, dissociation [PQ ]/[R-PO;H] ~ 0.99999, with one electron-charge
the binding free energly is related to the I§; of the molecules per moleculedo ~ 0.4 C/n?). Monolayers of DHDP were prepared
forming the interface byey = kgT log K, and the hydronium in a thermostatic, solid Teflon Langmuir trough and kept under

(29) Fleck, C. C.; Netz, R. RPhys. Re. Lett. 2005 95, 128101. (32) Vaknin, D.J. Am. Chem. So2003 125 1313.
(30) Safran, S.Statistical thermodynamics of surfaces, interfaces, and (33) Gregory, B. W.; Vaknin, D.; Gray, J. D.; Ocko, B. M.; Stroeve, P.; Cotton,
membranesFrontiers in Physics; Addison-Wesley Publishers: Reading, MA, T. M.; Struve, W. SJ. Phys. Chem. B997 101, 2006.
1994. (34) Gregory, B. W.; Vaknin, D.; Gray, J. D.; Ocko, B. M.; Cotton, T. M,;
(31) Healy, T. W.; White, L. RAdv. Colloid Interface Sci1978 9, 303. Struve, W. SJ. Phys. Chem. B999 103 502.
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water-saturated helium environment. Ultrapure water (NANOpure, volume constrain4445to calculatep; by assigning to each slab
Barnstead apparatus; resistivity, 18.2km) was used for all solution  a different portion of the molecule, the ions, and water molecules
preparations. Monolayer compression, at a rate bA2/(molecule to a profile that has the same number of slabs as obtained in stage
x min.), was started 1015 min after spreading to allow solvent one of the analysis. As described in detail in section 1V, the model
evaporation. The monolayer was then compressed to the desireceliminates thep;'s as parameters and is self-consistent with the
surface pressure. During the compression, the surface pressure wasolecular structure, providing detailed information on the constituents
recorded by a microbalance using a filter-paper Wilhelmy plate. of each slab.
The Langmuir trough is mounted on a motorized stage that can The GIXD measurements are conducted to determine the lateral
translate the surface laterally with respect to the incident beam to organization in the film. The angle of the incident beam with respect
allow the examination of different regions of the sample to reproduce to the surfaceg, is fixed below the incident and reflected critical
results and monitor radiation damage of the monolayer. angle (. = A(pgro/m)Y3ro=2.82x 10~13cm, wherepsis the electron
X-ray studies of monolayers at gas/water interfaces were conducteddensity of subphase) for total reflection, while the diffracted beam
onthe Ames Laboratory liquid surface diffractometer at the Advanced is detected at a finite azimuthal in-plane angl®, 2nd out-of plane,
Photon Source (APS), beam-line 6ID-B (described elsewifere  f (the angle of the reflected beam with respect to the surface). Rod
The highly monochromatic beam (16.2 and 5.012 ki¥;0.765334 scans along the surface normal at the 2D Bragg reflections are used
andA = 2.47374 A), selected by a downstream Si double crystal to determine the average ordered chain length and tilt with respect
monochromator, is deflected onto the liquid surface to a desired to the surface normal. The intensity along the rod of the 2D Bragg
angle of incidence with respect to the liquid surface by a second reflection is analyzed in the framework of the distorted wave Born
monochromator [Ge(220) and Ge(111) crystals at 16.2 and 5.012approximation (DWBA)
keV, respectively] located on the diffractomete?® Prior to the
measurements, the absolute scale of the X-ray energy was calibrated ~~ NG 2 2
with six different absorption edges to better tha eV. (Quy Q) It IF(QI Itk (18)
X-ray reflectivity and GIXD are commonly used to determine the
monolayer structuré37-3% Specular XR experiments yield the
electron density profile across the interface, and can be related to
molecular arrangements in the film. Herein, the electron density
profile across the interface is extracted by a two-stage refinement
of a parametrized model that best fits the measured reflectivity by
nonlinear least-squares method. A generalized density pygfije
= p'(2 + ip"(2) of the electron-density (ED) and the absorption-
density (AD) (real and imaginary parts, respectively) is constructed
by a sum of error functions as follows:

wheret(k,;) andt(k,s) (kzi = ko sina; k;s = ko sin3) are the Fresnel
transmission functions, which give rise to an enhancement at the
critical angle. In modeling the rod scans, the length and tilt of the
tails are varied, examining two tilt directions: one toward nearest
neighbors (NN) and the second toward next NN (NNNE The
form factor for the tails is given by

F(Q) = sin(@l /12)/(Q}] 12) a7

whereQ); is defined along the long axis of the tail, alrid the length
NF1 z-z of the tail.
7)== ) erfdd——|(pi—pir1) + /2 15
o ,Z 2 (b =ra) + 1 (15) IV. Experimental Results
' A.Isotherm Comparisons.Surface pressure versus molecular-
whereN + 1 is the number of interfaces, = p} + ipj: p; andp;'are arear — A) isotherms of DHDP at various Csl salt concentrations
the ED and AD ofith slab,z and&; are the position and roughness  (np) are shown in Figure 2. Far > 0, the isotherm exhibits two
ofithinterface, respectively, is the electron density of the solution  distinct slopes, associated with crystalline tilted and untilted acyl-
(~0.334 e/R), andpn., = O iis the electron density of the gaseous  chains with respect to the surface normal. The transition from
environment. The use of a different roughnés®r each interface tilted to untilted chains at&,r;), occurs at a constas ~ 41.5
preserves the integral of the profile aloB@r the electron density A2, whereasr, increases with salt concentratiog. Csl and
per unit area, thus conserving the chemical content per unitearea otk;er electrolytes (NaCl and CsCl) in solution significantly

Although small variations are expectediifor interfaces that separate . fl the isoth . / f1h |
the rigid portion of a molecule (hydrocarbon chains/gas interface Influence he 1sotherm causing an Increase of the monolayer-

and hydrocarbon chain/headgroup interface, for instance), somewhaoalescence arei, (i.e.,w > 0) with the increase imy. For
larger variations can occur at different interfaces (such as gas/A = 39 A2, approximately the cross-section of the two acyl-
hydrocarbon chains interface versus headgroup/subphase interfacechains of DHDP, (constant ~ 55 mN/m) the monolayer is in
The AD profile is particularly important at the Cs resonance (5.012 the yet poorly characterized state @dllapse In the present
keV) as demonstrated below. The reflectivity is calculated by study we focus on the untilted crystalline phase 8@ < 45
recursive dynamical methot¥s' of the discretized ED and AD in mN/m)' where the molecular area variation at a fixed less

eq 15. In the first stage of the refinement, the variable parametersihgn 1.5% (in the data analysis we allai#6% variation in
used to construct the electron density across the integf@geare molecular area)

the thickness values of the various slabs= |z+1 — z|, their . .
corresponding electron densitigsand interfacial roughnegs By B‘.GIXD an(_j_Reer(_:t|v_|ty Of.f Resonance GIXD exper_lments
nonlinear square fit (NLSF), we determine the minimum number of provided additional insight into the molecular packing of the
slabs or “boxes” required for obtaining the best fit to the measured 8cyl chains within the Langmuir monolayers, namely, the average
reflectivity. The minimum number of slabs is the one for which the  inplane density of the headgroups and the surface charge-density.
addition of another slab does not improve the quality of the fit, i.e., Figure 3 shows GIXD scans from DHDP on pure water and on

does not improvg?2. In the second stage, we apply space filling and Csl solution (103 M, at.z = 30 mN/m) and from bare surface

(35) Vaknin, D. inMethods in Materials ResearcKaufmann, E. N., et al., (42) Lavoie, H.; Blaudez, D.; Vaknin, D.; Desbat, B.; Ocko, B. M.; Salesse,
Eds.; Wiley: New York, 2001; p 10d.2.1. C. Biophys. J.2002 83, 3558.

(36) Als-Nielsen, J.; Pershan, P.M8ucl. Instrum. Methods Phys. Re1983 (43) The 3 density parametegssare now replaced by 5 parameters in eqs 18
208 545. and 20 Ncs+, N0, in the headgroup slab and the slab below, and the molecular
(37) Als-Nielsen, J.; Kjaer, K. iPhase Transitions in Soft Condensed Matter ~ areaA which is restricted to 4% 2 A2). The two volume constraints in eq 22

Riste, T., Sherrington, D., Eds.; Plenum: New York, 1989. compensate for the use of two extra parameters.
(38) Jacquemain, D.; Wolf, S. G.; Leveiller, F.; Deutsch, M.; Kjaer, K.; Als- (44) Vaknin, D.; Kjaer, K.; Als-Nielsen, J.; lsthe, M.Biophys. J1991 59,
Nielsen, J.; Lahav, M.; Leiserowitz, lAngew. Chem1992 31, 130. 1325.
(39) Kjaer, K.Physica B1994 198 100. (45) Vaknin, D.; Kjaer, K.; Als-Nielsen, J.; lsthe, M.Makromol. Chem.,
(40) Parratt, L. GPhys. Re. 1954 59, 359. Macromol. Symp1991, 46, 383.

(41) Born, M.; Wolf, E.Principles of OpticsMacMillan: New York, 1959. (46) Kaganer, M. V.; Mawald, H.; Dutta, PRev. Mod. Phys1999 71, 779.
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Figure 3. GIXD scans versus the modulus of the inplane momentum
transferQxy, at surface pressure= 30 mN/m (curves are shifted

by a decade for clarity). The Bragg peaks are independent of bulk
salt concentration indicating no significant change in in-plane
molecular packing. GIXD scan for 1 M Csl (without DHDP)
shows a broad peak &y ~ 2.0 A-1, due to the surface structure

of water.
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Figure 4. Background subtracted GIXD pattern for a DHDP
monolayer on 10° M Csl solution ¢ = 30 mN/m) and the
corresponding rod scan (shown in the inset) at the (1,0) p@ak (
= 1.516 A'D).

2.5

of Csl solution (103 M) before spreading the monolayer as a
function of in-plane momentum trans®xy = (Qx2+ Qy?)12.47

The broad peak centered@gy ~ 2 A~1is due to the structure-
factor of the aqueoussolution interface. The spreading and
compression of the monolayer slightly modifies the water structure
factor peak aQxy ~ 2 A~1, and brings about two prominent
Bragg reflections due the ordering of acyl-chains superimpose
on a modified surface liquid structure facf8The main features
of the diffraction pattern are independent of ionic concentration,
consistent with the isotherms at the-380 mN/m region that
show very small variations in the molecular packing. Figure 4
shows the 2D diffraction pattern consists of a strong Bragg
reflection aQxy = 1.516 A-Land a weaker peak @y = 2.627

A~1 corresponding to 4.145, and 2.3928pacings, respectively
(Table 1). The shape, spacing, and location of the two intense
peaks correspond closely with literature values for (1,0) and

d

(47) The coordinate system used in this manuscript is suctQhet normal
to the liquid surfaceQx is parallel to the horizontal (untilted) incident X-ray
beam, and)y is orthogonal to botlQx and Q. The hydrocarbon chains form
two-dimensional poly-crystals giving rise to a diffraction pattern that depends on
the modulus of the in-plane momentum transBsx = (Qx2 + Qyd)¥2 and is
practically independent of sample rotation over #haxis.
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Table 1. Best-Fit Parameters to High-Resolution Diffraction
Scans of DHDP on 10° M Csl Solution (& = 30 mN/m)
Qv (A A AT

1.516+ 0.003 0.026
2.627+ 0.024 0.060

peak

(1,0)
11

intensity (a.u)

0.522
0.009

- A )

Reflectivity (R/R;)

1030

0.6

=== pure H0

---- 1079M Csl
—— 1073M Csl
—— 1071 M Csl

0.5¢
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Electron Density (A®)

0.1F

0
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0
Z(A)
Figure 5. (A) X-ray reflectivity (circles) and corresponding best
fit (solid lines) for the DHDP monolayer at four solutions € 40
mN/m) (curves are shifted by a decade for clarity). (B) ED profiles
used to calculate the fits shown in (A).

=20 -10 30

(1,1) planes in a hexagonal unit cell of ordered alkyl chains, also
confirmed by the rati®xy(1,1)Qxy(1, 0)= +/3. This unit cell
(molecular area 19.83%h agrees with the cross-sectional area
of alkyl chain4é Each headgroup has two alkyl chains, giving
amolecular area of 39.6624in agreement with values obtained
from thesr—A isotherm (~40.5 A2, 7 = 40 mN/m). The small
variations in molecular areas are attributed to the existence of
domain boundaries, defects, and minute impurities. The peaks
in Figure 4 were fitted to Lorentzians the parameters of which
are given in Table.1. The peak line width is significantly
larger for the higher order peak. This is expected in simple 2D
crystal$8and is even more pronounced for 2D crystals fluctuating
in 3D space (fluctuating tethered membranes, see ref 49). The
insetin Figure 4 shows the rod-scai@®t (1,0) Bragg reflection.
The rod-scan analysis (using eqs 16 and 17) yields an average
chain-length~20 A, and a tilted angle with respect to the surface
normal<5°, consistent with the reflectivity and previous repdfts.
Figure 5A shows the normalized reflectivity curvé¥Re
(whereRgis the calculated reflectivity of an ideally flat subphase
interface), for DHDP £ = 40 mN/m) on pure KO and Csl
solutions measured & = 16.2 keV. The solid lines are the
best-fit calculated reflectivities based on the ED profiles shown

(48) Jancovici, BPhys. Re. Lett. 1967, 19, 20.
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10! y ; y ; ; . r . Table 2. Best-Fit Parameters to the Measured Reflectivities of
A 1 DHDP Monolayers atx = 40 mN/m that Generate the ED
— — — Two-slab | Profiles Across the Interfacé

subphase +O 10°MCsl 10°%MCsl 10'MCsl

| Chait (A) 18.7(5) 19.6(10) 19.2(8) 20.2(6)

i ol (A3 0.311(8) 0.320(17) 0.329(14) 0.304(8)
head(R) 4.4 3.2 3.8 4.3

phead(€/A3)  0.476(15)  0.547(27) 0.590(39) 0.624(38)

dos (A) 3.6 95 33 4.2

pcs (/A3) 0.375(11) 0.347(5) 0.431(14) 0.441(8)

| 2 In this work, the error estimate (in parentheses) of a parameter is
e obtained as described in refs 44 and 45 by fixing a parameter at different
1 values away from its optimum and readjusting all other parameters to

a new minimum until? increases by 50%. Thicknesses of head group

1 1 1 1 1 1 I and Cs box are not well defined due to electron density decay from
0 0.1 0.2 03 04 05 06 07 = 0 to the bulk.
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Figure 7. Schematic illustration of the three-slab model used to
calculate self-consistently the electron-density profile assuming the
a DHDP monolayer of known average molecular area, from GIXD
) f . ] , 1 . andz—A isotherm, and the associated'Gmd water molecules in
-20 -10 0 10 20 30 the different slabs. Volume constraints were also applied in the ED
Z(A) calculations of the different potions of the molecule and the ion-

Figure 6. (A) Reflectivity (circles) taken from DHDP on pure,8 distribution.
and the best fit by using two-slab model (dashed line) and three-slab ) o
model (solid line). (B) ED profiles extracted from two-slab and Modeling DHDP monolayers on the salt solution is slightly

[
>

Electron Density (A*)

three-slab model. more complicated as the €soncentration decays slowly as a
function of distance from the interface. As sketched in Figure
in Figure 5B. Similar reflectivity curves were obtained for= 7, we assume that Cs ions are present in both the headgroup slab

30 mN/m. In Figure 5A, all X-ray reflectivity curves differ in  and the slab contiguous to it toward the bulk of the solution.
the exact position and the sharpness of their minima, and theTable 2 shows the parameters used to produce the ED profiles
intensities of their maxima. Given that, as already shown, the in Figure 5B, and the best-fitis shown in Figure 5A. The position
packing of DHDP is basically independent of salt concentration at z = 0 is defined by the interface between the phosphate
for .z =40 mN/m, the reflectivity curves in Figure 5A qualitatively headgroup and the hydrocarbon chain. ED profiles show that
show a strong dependence of ion distribution close to the interfaceelectron densities at and below the phosphate headgroup region
on bulk ion concentration, in quantitative agreement with RPB  are higher with the increase of salt bulk concentration. The small
theory as discussed above. differences of EDs associated with the alkyl-chains for the
In the first stage of the analysis, we find that the 3-shb different subphases are due to the minute variations in molecular
3) model provides good quality fit to all reflectivities, and it does areas as shown in the isotherms above.
notimprove with the addition of more slabs, i.e., more parameters. C. Anomalous Reflectivity. Figure 8A shows reflectivities
Our measured reflectivity for DHDP on pure® is consistent ~ of DHDP spread on 16 M Csl for 7 = 40 mN/m at 16.2 and
with previous measuremeftdbut extends to larger momentum  5.012 keV. The reflectivity taken at 16.2 keV has sharper and
transfers Q), allowing for a more refined structural analysis. deeper minima that are slightly shifted to smaller compared
Indeed, the two-slab model used in ref 33 which found to be tothereflectivity takenat5.012keV. Thisis due to the dependence
slightly inadequate, particularly at largg and a better fitis ~ Of pi and p’on the energy of the X-ray energy. At the two
achieved by adding an extra slab at the water-headgroup region€nergies that the measurements were conducted (16.2 and 5.012
as shown in Figure 6. Thus, our detailed analysis of DHDP on keV), o’ andp" dramatically change only for cesium (as shown
pure water, differs from the one reported in ref 33 in which the in Figure 9) and only slightly for the phosphorus ion, whereas
headgroup resides on a thin layer-@ A thick) of ED that is for the remaining constituents, the binding energies are smaller
just slightly larger than that of bulk water (see Table 2). Similar than 5.012 keV, and therefore, all electrons behave as free
observations were also reported for other monolayers at the gas@lectrons. Here we apply stage two of the analysis, each slab is
water interface and were interpreted as interfacial water @ssociated with a portion of the molecule, and the EDs and ADs
restructuring induced by hydrogen borfd&urther evidence of ~ are calculated self-consistently applying volume constraints. Thus,
water restructuring at the interface is also found in the overall the ED of the hydrocarbon slab is given by
GIXD of the interfacial structure-factor of water, especially a
decrease in peak intensity @xy ~ 2 A~1is observed? Prail = Negil digiA (18)
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Figure 8. (A) Normalized X-ray reflectivities measured at 16.2 and
5.012 keV for DHDP monolayer spread on 20/ Csl solution &

= 40 mN/m). The solid lines are calculated reflectivities using the
ED profiles shown in (B). The two data sets were combined and
refined to a model with common structural adjustable parameters.
Also shown is the profile of absorption facf@rwhich at 5.012 keV

is dominated by the presence of'Gdose to the interface. (C) Solid
smooth line is the distribution of Cgletermined from the reflectivity
measurements. The dotted line is the ion distribution calculated
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Table 3. Best-Fit Parameters to the Data Sets, in which the
Reflectivities Measured at and off Resonance Are Combined, for
Various Slat Concentrations atz = 40 mN/m

subphase (Csl) 16M 10“M 10°M 102M 10'M

Chail (A 19.6 19.8 19.2 18.8 20.2
Ohead(A) 3.2 3.7 3.8 6.7 4.3

Nest 2 0.002 0.013  0.270 0.511 0.523
des (A) 9.5 4.7 33 6.9 4.2

Nes 0.119 0.288  0.289 0.187 0.410
area (R) 41.00 41.04  40.97 41.00 42.08
total Nes © 0.12(5) 0.30(7) 0.56(10) 0.70(12) 0.93(12)

aNumber of C$ in the headgroup slaly.Number of C$ in the Cs
slab.¢ Estimated errors are given in parentheses.

Npo,- = 1 in the headgroup slab amMdbo,- = 0 in the Cs slab
(see Figure 7).

Usingp;, pi; and eq 15, we can create the generalized density
0(2) = p'(2 +ip"(2), which includes both electron density and
absorption density. We then apply the following volume
constraints

dA = Neg:Ves: + NuoViao  Neo, Vo,

where, Vo = 30 A3, Vpo, = 60 A3 (calculated from the
reflectivity of DHDP on water), an¥cs+ &~ 20 A3 (calculated

from the RPB equation with the corrected surface-charge density from the ionic radius in standard tablég)lhe advantage of this

due to hydronium affinity to P@. The dashed line is the RPB result
convoluted with a Gaussian of width given by the average surface
roughness of the monolayer obtained from XR without any adjustable
parameters.

and

Prain =0 (19)
whereNj = 258 is the total number of electrons in the two acyl
chains3 Similarly, we can calculate; for the headgroup and
for the Cs slabs as follows:

pi = (Nes-Zos: T Ny oZiy,0 T N, -Zpg, )/dA - (20)

pi'= (tcdNes/pocs T #pNpo,/pop) 2dAIT, - (21)

whereN; is the number of ions or molecules, is the number
of electrons per ion or molecule, apglis the linear absorption
coefficient of the material when the density of materiapégs

method is that a unique set of parameters is used to fit both
reflectivities at and off resonance simultaneously, thus providing
a strong self-consistency test to the analysis. This is very similar
to the approach developed to determine the structure of a
phospholipid monolayer by refining neutron and X-ray reflec-
tivities simultaneously*4°

The solid linesin Figure 8A are calculated from the generalized
densityp(2), obtained from parameters of a single model-structure
for the combined data sets, as shown in Figure 8B. The best fit
structural parameters obtained by this method for various
concentrations of Csl in solution are listed in Table 3. The
absorption factof shown in Figure 8B can be converteddt
AD curve, by a factorf = A20"'r¢/27). The AD curve for 5.012
keV up to a normalization factor is practically the profile of the
counterion Csclose to the interface (there is a minute contribution
to the AD from phosphorus in the headgroup region, as shown
in eq 21). The difference between the EDs at and off resonance,
normalized byZes(16.2 keV) — Ze(5.012 keV)?’ gives the
desired ionic distribution at the interface. Figure 8C shows (solid
line) the experimental Csdistribution close to the interface at
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from the analysis of the reflectivity, is shown to reproduce the
experimental data remarkably well, as shown in Figure 8(C).

The value for pH- pKa=4.5, used in the calculation, is consistent
within the range of our measured values for the pH6.5.

The distributions corresponding to the three bulk™Cs
concentrations 1@, 104, and 10°M are shown in Figure 10A
with a solid line. The agreement with the RPB (dashed lines)
convoluted as described is remarkable except for points far from
the interface. We attribute this error to the difficulty to include
slowly decaying tails of the PB theory to the ED profile modeled
by the faster decaying Error functions.

B. Possible Deviations from PB Theory DistributionsThis
section deals with the examination of the sensitivity of the
anomalous reflectivity in determining the ion distribution, in
addition to the integrated number of ions at the interface. The
results presented in Figure 10A show the unique capability of
the anomalous reflectivity technigue in providing ion distributions.
Whereas the integrated number of ions, such as the ones shown
in Figure 10B, can be obtained from standard reflectivity
measurements and other experimental techniques, as discussed
in section 1, the determination of ion distributions requires the
use of anomalous reflectivity. In fact, data such as that shown
in Figure 10B has been used to assess the validity of PB theory
in the past. As discussed in the Introduction, the excellent
agreement maybe somewhat deceptive in that it may hide
significant short-distance deviations from RPB theory because
only the total integrated ion density is involved.

Concentration of CsI (M) Our experimental resolution constrain possible deviations from
Figure 10. (A) Interfacial Cs distributions (solid lines) determined ~ RPB distributions to within 3.8 A. If such deviations are
from anomalous reflectivities (at 16.2 and 5.012 keV) for various honmonotonic, showing bumps or oscillations, then the constraints
Csl bulk concentration (shifted by 0.5 M for clarity). Calculated and are even more stringent. As an example, in Figure 11A, we
CE”V()'Uéed Qitstribuéions_gaze_d ?h” TP? with rﬁnormaliéed hsuéf?ﬁg Sgonstruct two stepwise distributions & 6 andN = 8 steps of
charge density as described In the text, aré snown as dasied lines, 5 ang 1.9 A width, respectively) whose total integrated area
B) Square symbols are numbers of'Gsns per DHDP 441 A2 . . . :
E)y)int%grating (up to 15 A) the experimentgl distributi{:n obte)lined is the same as for RPB (continuousline). Althoughthe h|stograms
from the anomalous scattering for 80104, and 103 M. For 10-2 have the same area as the RPB, they incorporate hypothetical
and 101 M, the integrated number of ions are determined from the nonmonotonic decay of the distribution in the form of bumps.
reflectivities off resonance only (the reflectivities at resonance for As it is shown in Figure 11B, despite the fact that the step size
these concentrations were not measured). The dashed line and thgre smaller than the 3.8 A resolution, such distributions can be
solid line are obtained from PB theory and RPB theory, respectively. (jed out by the experiments. This demonstrates that, if actual
ion distributions are nonmonotonic, their maxima or minima
must be short-ranged in nature (shorter th@®) to be consistent
with our data.
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1073 M Csl. Similar distributions corresponding to other bulk
Csl concentrations are shown in Figure 10A (solid lines).

V. Comparison of Experimental Results with Theory VI. Conclusions

A.lon Distributions. We first compute the integrated number The goal of this study was to explore the accuracy of PB
of Cs" per DHDP over the first 15 A next to the charged interface. theory for monovalent ions. For that, we selected a system with
This number can be obtained by integrating the experimental a relatively high surface charge density (one electron per’0 A
distribution along theaxis and can be checked self-consistently lattice constant-6.8 A) and a low K, = 2.1 system, which we
from the model used in the analysis of the combined data setexpected would provide the most favorable scenario to observe
(Table 3). The number of ions per DHDP versus Csl bulk deviations from PB theory. From the results obtained in our
concentration are plotted in Figure 10B with square symbols. In experiments, we conclude that PB with the renormalization of
Figure 10B, the integrated values obtained by PB theory with surface charge density due to proton-transfer and release processes
the surface charge corresponding to the fully deprotonated (RPB) is strikingly accurate.
phosphate groupsis also plotted (triangles connected with adashed Certainly, the accuracy of our results is limited by the effective
line) for comparison. As shown, the experimental integrated experimental resolution, which is dominated by the natural
number of C% at the interface varies roughly as a power-law surface-roughness of the gas-amphiphile-water interfaGe(
of bulk concentration, which is well described with RPB (solid A), due mainly to thermally activated capillary-waves. We should
line) without fitting parameters, as described in section . point out, however, that this resolution is comparable to the

The ion distribution predicted from RPB theory using eq 4 diameter of one cesium ion (3.2 A) or a single water molecule
with the renormalized GouyChapman length (dashed line) is  (~3 A), and therefore our experimental distributions constraint
compared with the experimental distribution in Figures 8C and deviations from RPB theory to very short-range variations
10A (solid line). As discussed in section Il the theoretical involving one, at most two, water molecules or cesium ions. If
distribution needs to be convoluted with the effective experimental the actual ionic distribution is nonmonotonic, departures from
resolution function. The distribution resulting from the convoluted RPB theory are even more constrained as it follows from the
RPB, with no fitting parameters, with (I' ~ 3.8 A) obtained discussion in Figure 11.
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T T T T T " T characteristic spatial distance of the orderef A or less. As

1 for claims based on the modification of PB by hydration forces
(see for example, ref 12), our experimental results conclusively
rule out the possibility of modifications of PB within the Q0
Arange from the interface and confine such corrections, if present,
to within the first 3-4 A from the interface as discussed. Although
the experimental counterion distributions are well described within
the RPB theory, we point out that the reflectivity and GIXD hint
E at water restructuring at the interface. Future theoretical or
] numerical work may clarify this issue.

A recent report analyzing the accuracy of PB near charged
liquid—liquid interfaces by the use of X-ray surface sensitive
techniques shows thation distributions are well described by PB
107 — . L . 1 . 1 at concentrations of 10 mM, but marked deviations are found at
-15.0 -125 -10.0 -7.5 5.0 -25 O higher concentrations (of the order 100 mM), where—i@n

Z(A) correlations have to be included in the theoretical anafsi¢e
did not perform anomalous reflectivity for concentrations above
10 mM, so we are not able to provide ionic distributions for these
concentrations. We point out, however, the good agreement found
for the integrated quantities at these concentrations (Figure 10B),
which provides an example of integrated quantities possibly hiding
deviations from actual distributions as pointed out in the
Introduction.

The results presented in this study enhance our understanding
of the electrostatics in aqueous media, and also show the strength
4 of surface sensitive X-ray synchrotron techniques in obtaining
high-resolution data.
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Figure 11. (A) Solid line corresponds to the RPB profile at bulk




