J. Phys. Chem. B998,102,4927-4932 4927

Generalized Interface Polarity Scale Based on Second Harmonic Spectroscopy

Hongfei Wang,” E. Borguet and K. B. Eisenthal*
Department of Chemistry, Columbia Wersity, 3000 Broadway, New York, New York 10027

Receied: January 6, 1998; In Final Form: April 20, 1998

Quantitative polarity scales have been of great value in advancing our understanding of chemical and physical
processes in bulk solvents. However, an understanding of the polarity at liquid interfaces has been more
elusive and no scale of interface polarity currently exists. Following our demonstration that second harmonic
spectroscopy can be used to measure interface polarity, we have determined the polarity of several liquid/
liquid and vapor/liquid interfaces. The polarities of the water/1,2-dichloroethane and water/chlorobenzene
interfaces have been investigated using the polarity indicator molékhieiethylp-nitroaniline (DEPNA).

The betaine dye 4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxigg30)), was used to probe the polarity

of the air/water interface. The intramolecular charge transfer (CT) absorption band positions of both DEPNA
and Er(30) are measured and used to define the interface solvent polarity. An important finding is that the
polarity of the liquid interfaces is simply related to the polarity of the bulk phases. The interface polarity is
found to be equal to the arithmetic average of the polarity of the adjoining bulk phases. This surprisingly
simple result suggests the possible dominance of the long-range-sstlvent interactions, not the local
interface interactions, in determining the difference in the excited- and ground-state solvation energies of the
interface adsorbed molecules.

1. Introduction It is already well documented that molecular behavior at
interfaces is different from that in bulk medid. This is
exemplified by a number of different observations, such as dif-
ferences betweenky's at interfaces and in bulk liquids. The

Solvent polarity is a catch-all phrase that is used to describe
a range of intermolecular interactions between solute molecules

and the solvent in which they are immersed. The organization b tion that the shift | b ilibria. f th
of solvent molecules about a solute molecule alters the electronic®°S¢rvation that the shift in- actbase equiiibria favors the
neutral form at the airwater interface has been rationalized

and vibrational energies of the solute’s ground and excited states . . ; !
by assuming that the interface is a less polar region than the

and more generally the potential surfaces, intersections, andb Ik luti ch d ) I letel |
barriers that separate different molecular states and structures:. ulk aqueous solution. arged species are 1ess completely sot-
ated at the interface and experience image repulsions at the

As a consequence of these perturbations, the nonradiative energy ; . . .

relaxation processes in a solute molecule can be strongly affectecf'r/ water interface, which raises the free energy of the charged
by the solvent polarity. Thus, the efficiency and dynamics of orm more than .the neutral form.. As a consequence, the neutral,
competing chemical, as well as physical, pathways are often less polar form is favored at the interface compared to the bulk.

sensitive to the solvent polarity. This is especially the case when HOWeVer reasonabl.e this argument may be, it has not been
the chemical or physical process involves a change in Chargequantltatlvely tegted, thg polarity of the alr/water |nterf§ce had
distribution along the reaction or molecular motion coordinates, "t Peen determined, prior to our recent refamd is not listed

To discuss the role of solvent polarity in a quantitative manner, ©n @ny polarity scale. Similarly, the quantitative description
solvent polarity scales have been devised. These scales whictof ionic adsorption at liquid interfaces relies on estimated values

are based on solvent-dependent molecular propértfesave of interfacial pc_JIarity that are _presently unknown. Clearlyz a
enabled chemical and physical behavior in liquids to be knowledge of interface polarity and a means of predicting

rationalized and predictions made in a simple and intuitive interface polarity would be most useful. This is precisely what

mannef—4 It has been shown, for example, that in bulk solu- € Present paper proposes.

tions, the solvent dependence of molecular isomerization rates Earlier investigations of polarity in the interface region have
of the cyanine dye DODCI is explained using solvent polarity focused on systems such as water-in-oil microemulsiéos;
scale$? Other examples include the rate of intersystem crossing in-water microemulsion' ionic and nonionic micelle¥;*3and

of aromatic carben&sand the twisted intramolecular charge- aluming*and silica® interfaces. A polarity indicator molecule,
transfer (TICT) dynamics in polar solverftsin a similar way ~ 4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxider(30)),

a knowledge of interface polarity has the potential of providing has also been investigated at free oil/water interfaces by
understanding of a wide range of interfacial phenomena. Visible attenuated total internal reflectance absorption spectros-
However, unlike the bulk liquid, no scale of interface polarity copy’® Unlike second harmonic generation (SHG) and sum
currently exists. frequency generation (SFG), the techniques employed in these
aforementioned studies are not necessarily interface-specific.
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CHART 1: N,N-Diethyl-p-nitroaniline (DEPNA) moves from 453 nm in bulk water to 926 nm in buikhexane.
H,C CH, TheEr(30) value for a solvent is the electronic transition energy
of the molecule in that solvent, in units of kcal/mol. Itis given
HZC\1§1+ - CH, by
E/(30)= 7200 @
lmax (nm)

AmaxiS the peak wavelength of its longest intramolecular charge-
transfer absorption bandr{-z*). A normalized vaIueE¥ is

?_/ *(g_ often used and defined as
CHART 2: 4-(2,4,6-Triphenylpyridinium)-2,6- n _ Ex(solvent)— E(TMS) _ E(solvent)— 30.7
diphenylphenoxide E+(30)) T E,(water)— E-(TMS) 304

using water and tetramethylsilane (TMS) as extreme polar and
nonpolar reference solvents, respectively. Water haﬂ\én
value of 1.00 and-hexane a value of 0.009.

Aside from the widespread use Bf(30) as a bulk polarity
indicator, we are motivated to use it because the solvatochromic
mechanisms of DEPNA ané&r(30) are different*2> The
positive solvatochromism of DEPNA (spectral red shift as the
solvent polarity increases) reflects the fact that DEPNA'’s excited
state is more polar than its ground state. The negative
solvatochromism oEt(30) indicates that the opposite behavior
Recently, we reported the first measurement of the polarity is ope_rative in this _mo_IecuIe. It is_ well-known that even though
of the air/vx}ater interfac@. This was achieved using second there is good qu.alltatlve correlation between the DEPN#S
harmonic generation to rﬁeasure the charge-transfer transitionand Er(30) polarity scales for bulk solvents, there is generally

no one-to-one correspondence betweenthealues ander-

energy of the polarity-sensitive moleculeN-diethyl{p-nitro- .

anilir?g DEPNEIB'”JX(Chart 1) DEPI\LlnAeis one %fa family (30) values for many solvents. These differences have been

of solv:';ltochromic nitroaromati(.: indicatot$® Their solvato- extensively discussed in the literatdré:242> However, the fact

chromic properties are associated Witha:r’; charge transfer that a similar polarity for the air/water interface is obtained for
L . . . " distinct molecules, whose ground and excited states respond

CT) transition involving charge density at the nitro and anilino . ' . :

gub;tituents On the t?asis ogf these r?itroaromatic compounds differently to solvent pola}rlty, strongly supports the contention

a series of (;orrelateﬂ* scales of solvent polarity have been that the measured value is a good representation of the air/water

P y interface polarity.

constructed. The correlated value for a given solvent is The present work further supports the generality of an

i 9
given by interface polarity scale based on SHG measurements. Of
v —92752 particular importance is the finding that a simple analytical
T = ma_XBW Q) expression can be used to predict the interface polarity based

on the known bulk polarities of the two constituent bulk phases.

where vmax is the absorption band peak of DEPNA in that
solvent, in units of 1®cm 1. For DEPNA thex—x* band
peaks at 429 nm in bulk water{ = 1.32), which is the most Er(30) was obtained from two commercial sources: Aldrich
polar solvent on the scale. The transition peaks at 359 nm in and Fluka. Both gave the same bVis absorption spectra and
bulk n-hexane £* = —0.11), which is the most nonpolar solvent experimental results. TheKg of Er(30) is about 9! Bulk
on the scale. The principal finding of the SHG study was that aqueous solution pH was kept at 12 using NaOH solutions to
for the air/water interface the charge-transfer peak band maintainEr(30) in its neutral, polarity indicator form. THer-
maximum occurs at 373 nnef = 0.22). This indicates that ~ (30) concentration used in the SHG experiments wadvb
the polarity of the air/water interface is much less than that of DEPNA was initially synthesized and purified by a standard
bulk water and is close to that of nonpolar bulk solvents such literature proceduré' Later it was purchased (Frinton Labo-
as carbon tetrachloridert = 0.26) and butyl ether* = 0.21). ratories, NJ) and used without further purification. Both samples
To develop a general interface polarity scale, it is necessary gave the same experimental results. 1,2-Dichloroethane (DCE)
to establish that the scale is not dependent on the polarity probeand chlorobenzene (CB) were supplied by ACROS and Aldrich,
molecule used in the study or that any differences can be respectively, and were of the highest spectroscopic grade
understood in ways analogous to bulk polarity scales that useavailable.
different polarity probe molecules. For this reason, we extended The SHG spectroscopy setup has been described previously.
our polarity investigations to include a different polarity indicator Briefly, a tunable, femtosecond Ti:sapphire oscillator is focused
molecule, a betaine dye 4-(2,4,6-triphenylpyridinium)-2,6- at the sample interface and second harmonic (SH) photons are
diphenylphenoxideEr(30) (Chart 2). The bulk polarity scale  detected in the reflected direction using single-photon counting
based on its solvatochromic behavior is known asER30) while the fundamental and background were blocked with filters
scale. Itis probably the most comprehensive and simply defined and monochromator. Experiments involving liquid/liquid in-
of the more than 30 polarity scalég® Its intramolecular CT terfaces were performed in a cylindrical optical quartz cell (path
absorption band®{—x*) shows a large solvent shift; the peak length= 5 cm, diametee= 5 cm, from NSG Precision Cells,

2. Experimental Section
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CHART 3 o) - 1400
ET(30) at air/water interface Ie
Bulk pH = 12.0
N 40 Concentration = 5 pM ~ 1200 @
'g O XZX peak at 920 £ 7 nm e} -
® ® ZXXpeakat919+£10nm El
2l 8 — fit for xzx - 10008
Water & gg " fit for zxx 2
DCE or CB { N - 800 _
L g
S -
N O 600 ¥
> 204 X
. . . % i >
Inc.) (Chart 3). A large cell provides a relatively flat interface < L 400 ©
at the center of the cell, which facilitates the optical alignment. £ c
The high solubility of DEPNA in the organic phases20 mM) T =
P wn 107 - 200 &
and much smaller solubility in water<L00 «M) ensure
negligible partition of DEPNA into the water phase. This
translates into a negligible optical absorption of the fundamental, — 0
since the SH radiated from the interface passes through the 800 840 880 920
upper, less optically dense aqueous phase. Doubly distilled Fundamental wavelength(nm)
water was used to prepare all agueous solutions. Experimentsrigure 1. SH spectrum oE:(30) at the air/water interface. The solid
were performed at 22 0.5 °C. and dotted lines are fit to eq 4, yieldirtigha of 920 £+ 7 nm for the

The SH signalsI(?) from the interfaces of the indicator XZXelement and 91% 10 nm for theZXX element.
solutions were normalized to the SH signal of the relevant neat
liquid interface, air/water, water/DCE, or water/CB, which The position of the SH peak indicates that the polarity of the

serves as wavelength-independent referebicEse normaliza- air/water interface on th&r(30) scale is in the range of the
tion for each element of the susceptibility directly yields the nonpolar solvents-heptane, CG| andn-butyl ether, as shown
square of y(@INDICATOR/, (2)solvent \yhere y(2INDICATOR g the in Table 1. In terms of the transition energy values, i.e., the

susceptibility of the interface containing the indicator and Er(30) values, the results are 31.1, 31.1, 32.4, and 33.0 kcal/
y@soventis the susceptibility with no indicator present. The mol, respectively, for the air/water interface, bultheptane,
normalized SH signal is noted §&"°'“*™R in the text, with bulk CCl, and bulk n-butyl ether (Table 13° It is to be
IJK as ZXX or XZX where Z is the lab axis normal to the emphasized that compared with the very large shifts in transition

interface andX is the lab axis in the plane of the interface. energies relative to the bulk water value of 63.1 kcal/mol, the
. _ Er(30) values of the air/water interface and the bulk solvents
3. Results and Discussion heptane, CG| and dibutyl ether are very close to one other.

(a) E+(30) at the Air/Water Interface. The surface tension This result also compares V\_/ell with our_previous_ly reported _SH
of the Ex(30) solution is the same as that of the air/neat water Méasurement of the polarity of the air/water interface using
interface within our measurement accuraeyO(1 dyn/cm), D_EPNA.9_The DEPNA study indicated that the polarity of the
indicating a low surface density d#(30) molecules 4000  air/water interfacest* = 0.22+ 0.07, 76.9+ 0.6 kcal/mol) is
A2molecule). similar to, but slightly less than, that of the bulk solvent carbon

The SH spectrum oEr(30) at the air/water interface, which ~ tetrachloride (CG) on thez* scale (z* = 0.26, 76.2 kcal/mol)
is one-photon resonant in the region of the fundamental laserand likewise similar to bulk butyl etherrt = 0.21, 76.9 kcal/
wavelength, is shown in Figure 1. As discussed previously, mol).? It is clear, therefore, that the polarity of the air/water
the peak in the SH spectrum does not necessarily coincide withinterface determined usirtgr(30) is similar to that determined
the peak of thez—s* CT transition peak because of interference using DEPNA. Both indicate that the air/water interface is
effects®22 The peak of the CT band of the interface species honpolar and is in the narrow polarity range corresponding to
can be determined when the interference between the resonarihe bulk liquids carbon tetrachloride, butyl ether on E1¢30)
and nonresonant terms is accounted for using an expression suckcale, and heptane on the scale (see Figure 4).

as eq 4, used previously. (b) DEPNA at Water/Organic Interfaces. The adsorption
) of DEPNA at water/organic interfaces is reduced compared with
(QEGE) — gy & 2 4 the absorption at the air/water interface. To obtain a detectable
1IK | | ( ) . . .
1 1 +ir interface population, DEPNA concentrations several orders of
Amax A magnitude greater (5 mM in DCE and 20 mM in CB) than for

experiments at the air/water interface were necessary. The
wherea, b, I, andAmax are the amplitudes of%% Koonan@nd apparently weak force driving DEPNA to the organic/water

l(i)(E’K‘(ggr)esonam the line width, and the transition peak wave- interface is consistent with the low interfacial tension of DCE/

length, respectively.l is the fundamental (laser) wavelength. Water (32.8 dynes/cm) and CB/water (37.4 dynes/cm) interfaces
The fits of | @5(30) and|(22>2>E<T(30) to eq 4 are shown in Figure 1, compared with that of the air/water interface (72.8 dynes/cm).
yielding Amax of 920+ 7 nm for theXZX element and 91% The SH spectra of DEPNA$REPNY at the DCE/water and

10 nm for theZXX element. The SH spectra are not complete, CB/water interfaces are plotted in Figures 2 and 3, respectively.
owing to the limits of tunability of the laser with the existing The CT band, due to a two-photon SH resonance, peaks at 415
optics set. However, the data are sufficient to identify the peak + 4 nm and 409+ 4 nm at the DCE/water and CB/water
position. Allowing for this, we place an upper limit on the interfaces, respectively. The corresponding polarity values on
location of the peak position gf2fre0) - of 20 nm, i.e., 920  the 7* scale are listed in Table 1 (see Figure 4). The DCE/
+ 20 nm. water and CB/water interfaces have polarities that in bulk
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TABLE 1: E1(30) and DEPNA Charge Transfer (CT) Band Peaks and Polarities for Various Solvents and Interfacés

E+(30) DEPNA
CT peak (nm) E¥ scale Er (kcal/mol) CT peak (nm) m* scale E. (kcal/mol)
expt (calcd) expt (calcd) expt (calcd) expt (calcd) expt (calcd) expt (calcd)

water 453 1.00 63.1 429 1.32 66.4
air(vacuum) (far-IR) €0.93+ 0.02) (®) 329 —0.90 86.9
n-butyl ether 866 0.07 33.0 372 0.21 76.9
CCly 882 0.05 324 375 0.26 76.2
DCE 398 0.75 71.8
chlorobenzene(CB) 394 0.67 79.6
n-heptane 922 0.01 311 359 -0.11 79.6
air/water 920+ 20 0.01+ 0.02 31.1+ 0.7 372+ 3 (373) 0.22+ 0.07 (0.21) 76.9- 0.6 (76.6)
CB/water 409t 4 (411) 0.96+ 0.07 (1.00) 68.9+ 0.7 (69.1)
DCE/water 415+ 4 (414) 1.08+ 0.07 (1.04)  68.9t 0.7 (69.1)
n-heptane/water 60q608) 0.52(0.51) 47.7(47.1)

aValues in brackets are calculated from eq 4 for the appropriate polarity 8¢aiem ref 16.
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Figure 2. SH spectrum of DEPNA at the 1,2-dichloroethane (DCE)/
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water interface. The circles are SH data for X element. The solid
line is fit to eq 4, yielding a peak position of 4154 nm. The dotted ) .
and dashed lines represent the absorption spectra in bulk water andhe energy difference between the ground and lowest excited

DCE, respectively.
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Figure 3. SH spectrum of DEPNA at the chlorobenzene (CB)/water
interface. The circles are SH data for tA¥X element. The solid line

is fit to eq 4, yielding a peak position of 460 4 nm. The dotted and
dashed lines represent the absorption spectra in bulk water and CB,
respectively.

electronic states, are essentially the same for solute molecules
whether located in the interface or in the bulk region of the

solvents correspond to ethylene glycol and benzyl alcohol, solvent. This may be surprising because the local interfacial

respectively.

(c) Generalized Polarity Scale The results of the experi-
ments with DEPNA at the air/water interface, the DCE/water the solute-solvent interactions in the bulk region of the solvent.

interface, and the CB/water interface suggest a simple relation-The asymmetry in forces imposed by the interface affects the
ship between the interfacial polariti?{;s) and the polarity of

the constituent bulk phaseBA and Pg):

P, + Py
AIBZT

®)

The validity of this relationship for the* scale is supported
by the good agreement between the experimentally determinedsolid that constitute the other bulk medium (vapor, liquid, solid)
polarity values using DEPNA and those predicted on the basis at the interface. Furthermore, a polar molecule will align itself
of the knownrz* scale polarity values of the bulk solvents. These such that its more polar part projects into the more polar solvent,

results are summarized in Table 1.

interactions of the adsorbate molecules with neighboring
interfacial solvent molecules would be expected to differ from

absolute and mutual orientation of both the solute and solvent
interfacial molecules and their mutual interactions. The ar-
rangement of solvent molecules about the interfacial solute
molecule is determined not only by the interfacial sotute

solvent and interfacial solversolvent interactions but also by

the interactions of both the interface solute and solvent
molecules with the solvent molecules or vapor molecules, or

e.g., water, and the less polar part into the less polar solvent. It

These results indicate that the solvation interactions of the would be unexpected if the local interfacial solvation interactions
interface molecules with the solvent molecules, which determine would be simply related to the individual bulk solvation when
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for all interfaces and is independent of the polarity indicator
molecule employed. To this end, we turn to the results of recent
investigations oEr(30) at alkane/water interfaces that use the
method of total internal reflectiol. The large solvatochromic
shift of Er(30), its surface activity, and the fact that the polarity
of the interface is so different from that of the constituent bulk

n-heptane/water

(608jnm) phases ensure that the spectrum of interfacial species can easily

be distinguished from those in the bulk. The CT bandeef
(30) was measured at tineheptane/waten-decane/water, and
~o cyclohexane/water interfaces and found to peak at 6000
N nm in each case. This correspond€tb= 0.52+ 0.03. The
- prediction, based on eq 5, yields B} value of 0.51, which is
INFRARED 920 600 453 once again in excellent agreement with the experimental result.
Transition Wavelength (nm) On the basis of these several results for DEPNA &hd it
4 appears that eq 5 describes a general property of liquid
F—___ interfaces.
Excited State ™~~~ There is no experimental measure of the position of the CT
~— peak ofEr(30) in the gas phase. This value is important, since
the gas phase (vacuum) CT peak serves as the zero solvation
standard. The measurement of the CT band positidf-(80)
at the air/water interface and the relationship between interface
and bulk polarities (eq 5) enables the band position in the gas
phase to be determined. This relationship yieEﬁ'F —0.98
+ 0.03, orEr(30) = —1.05 kcal/mol for the gas phase. This
corresponds to an approximate energy degeneracy for the ground
79 pon e w5 2t a5 4w state and excited states. To explore the reasonableness of this
Transition Wavelength (nm) result, the energy difference between the ground state and

Figure 4. E+(30) and polarity scales. Observed transition wavelengths €XCited configurations dEr(30) in the gas phase was evaluated
for Er(30) and DEPNA in bulk liquids and interfaces. CB is chlo- by semiempirical calculations using Professor Clark Still's
robenzene and DCE is 1,2-dichloroethane. Solid arrows representMacromodel MM2 force field parameters. This calculation
_transitions in bulk liquids, and dotted arrows represent_ transi_tions at gives the energy difference as 12.4 kcal/mol, corresponding to
L?;irsf%%enswl\tleelegratﬁlgeted wavelengths are the predicted interfaceyy alectronic transition at 230@ 10 nm E¥ = 056+

gihs. 0.01). As with any calculation performed with a variational
method, Macromodel yields an energy that is always greater
than the actual enerdy. Therefore, with the same basis set,
the energy of the excited configuration is not as well minimized
as that of the ground state. A more accurate quantum mechanics
calculation should give a smaller energy difference between
these two configurations, i.e., a smaller gas-pl&a£80) value
and a transition at longer wavelength. As an extreme case, this
gap could be so small that one could consider that these two
electronic states have the same energy. The essentially degen-
erate ground and first excited states would make the electronic
transition disappear, yieldin§$ = —0.93 £ 0.02, which is
consistent with the value obtained from the SH measurement
and the prediction based on eq 5.

~ water
~
~

|
|
~

Increasing Energy

~
~

Increasing Polarity: Er (30) Scale  (blue shift)

\)

air n-butyl ether [
+ DCE/water
CCly | @1 «I# nm)
CB :
CB/whter !
(@11 dm) |

Increasing Energy

air/water
(372 nm)

Ground State water

—

)
i
i
——

(red shift)

_—

Increasing Polarity: m* DEPNA Scale

»
>

different parts of the solute are projecting into different phases.
An interpretation that is in accord with the interfacial polarity
being directly related to the two bulk solvent polarities is a
model in which the difference in excited- and ground-state
solvation energies are determined chiefly by the long-range
interactions of the interface solute molecules with the bulk
solvent molecules. The polarity-sensitive solute molecules
undergo large changes in their charge distributions, e.g., dipole
moments, on photoexcitation. Dipole interactions are long-range
interactions, and the larger number of bulk solvent molecules
beyond the interface solvent shell will make their contribution
the dominant one relative to the solvation energies. The finding
that the interfacial polarity or, equivalently, that the differential
solvation energies are equal to one-half of the arithmetic sum
of the bulk polarities is a consequence of the fact that each
solvent occupies only one-half of the total space and thus only The SH spectroscopy of polarity indicator molecules at liquid
contributes to one-half of the observed polarity. The fact that interfaces has been used to investigate the polarity of the air/
we can independently add the two bulk contributions to the water, 1,2-dichloroethane/water, and chlorobenzene/water in-
polarity for a series of different interfaces, air/water, 1,2- terfaces. The consistency of the results obtained for the air/
dichloroethane/water, and dichlorobenzene/water, brings into water interface using two distinct indicator molecules, DEPNA
guestion a model in which the details of the different first-shell andEr(30), indicates that the SH method is useful as a method
interfacial structures play the dominant role in determining the to probe interface polarity and that the air/water interface has a
electronic transition energies. Nonetheless, it must be notedpolarity corresponding to the narrow range of the bulk liquids
that only four different interfaces have been investigated up to butyl ether,n-heptane, and carbon tetrachloride. Of particular
this time and furthermore the possibility that the first shell interest is the finding that the SH results lead to a simple
dominates in some appropriate physical arrangement of therelationship enabling prediction of interface polarities using
solvent about the interfacial solute molecule has not so far beenknown bulk polarities; the polarity of the interface between two
decisively eliminated by the present studies, which have beenfluids is the arithmetic average of the polarities of the constituent
restricted to water interfaces. bulk phases. This simple relationship of interface polarity with
It would be of great practical and fundamental interest to the polarities of the bulk phases suggests that the difference in
determine if the relationship expressed in eq 5 holds in generalexcited- and ground-state interface solvation energies of the

4. Conclusions
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adsorbed solute molecules could be chiefly due to long-range
interface solute-bulk solvent interactions and not to local (first
shell) solute-solvent interface interactions. Studies of interfaces
other than the water interface of the present investigation are

necessary to clarify these issues.
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