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Unlike reaction 1, which is endothermic, reaction 2 is exothermic
by 0.45 eV. This small exothermicity is not, however, sufficient
to lead to any electronically excited products, and we therefore
assign reaction 2 as the exclusive pathway for photoenhanced
dissociative attachment under these conditions.

Discussion
The electron configuration of the A2Z+state of N O is 2pr43sa
and is described well as a Rydberg state of NO. The attachment
of an electron to form the NO- ion at energies near this state was
investigated experimentally by Sanche and Schulz,12who measured
the transmission of monochromatic electrons between 5 and 7.5
eV. These authors observed four sequences of resonances, each
with energy spacings similar to the vibrational energy differences
of NO' in its ground electronic state. By comparing the spacings
and intensities of the electron transmission resonances with the
vibrational energies and Franck-Condon factors of the ground
state of NO', they assigned these resonances to four excited
electronic states of the NO- ion, each composed of two Rydberg
electrons bound to the l2' core of NO'.
Later, Lefebvre-Brion confirmed this assignment theoretically.
Using the stabilization method of Taylor,I3 Lefebvre-Brion calculated the energies of the states of NO- corresponding to the
resonances observed by Sanche and Schultz and attributed the
four resonances to the (Rso)' 'E+, (Rsa)(Rpr) 'II, (Rsa)(Rpa)
3Zf, and ( R ~ T3Z) ~ states.14 The electron affinity of the A state
of NO with respect to these excited states of NO- is 0.45,0.07,
0.02, and -0.96 eV, respectively.
Among these states, the only state which can lead to dissociation
to ground state N and 0- products is the (Rscr)(Rp?r) 311 state.
Strictly speaking, this state does not correlate directly with the
products we observe; it does, however, cross a repulsive state of
the same symmetry which does correlate with those products (see
Figure 1). On this basis, we assign the photoenhanced dissociative
attachment as proceeding through predissociation of the quasibound 311state of NO-.
These results suggest that the population distribuion of electronic states of small molecules such as N O is extremely important
in determining the chemical fate of such molecules in discharges.
Low-temperature electrons are incapable of attaching to a molecule such as N O in its ground state; if the molecule is in its A2Z'
state, however, the dissociative attachment cross section may be
very large. We estimate, based on the observed ion currents, that
the cross section for dissociative attachment to the A2Z+state of
N O is at least a factor of 10 greater than for the maximum cross
section for the ground state, which is lo-'* cm2 at 8.1 eV.I5
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There are several other possible mechanisms for producing 0which must be considered and eliminated before the above
mechanism can be established. These include photodissociation
of NO-, collision of ground-state NO with fast electrons arising
from superelastic collisions, and dissociative attachment of electrons to vibrationally excited NO. The first of these, photodissociation of NO-, may be excluded immediately because the optical
spectrum of 0- production is identical with that of neutral NO;
furthermore, we observe no mass signal corresponding to NOions. The second process would be represented by the reactions
NO*(A28+) + e(s1ow)
and
NO(X211) + e(fast)

-

NO(X211) + e(fast)

(3)

O-(2P) + N(2D)

(4)

Because the fast electrons produced in reaction 3 would have
energies far below the 7.42-eV threshold energy required for
reaction 4, this process can also be ignored. The final process is
represented by the equation
NO*(X211)

+e

-

O-(2P) + N(4S)

(5)
where NO*(X211) designates some vibrationally excited level of
the ground electronic state. Although reaction 5 has never been
observed, it is difficult to discard this possibility out of hand, since
no systematic studies have been performed of highly excited vibrational levels of NO. The vibrational levels populated by
spontaneous emission are, however, relatively low lying because
of the Franck-Condon factors involved, and collisional processes
are expected to be unimportant in our experiment because of the
low pressures involved. We therefore believe reaction 2 is the
exclusive mechanism for producing 0- ions in this experiment.
This technique offers a potential method for studying the
dissociative attachment of electrons to small molecules in rovibronically selected states. Such studies are, in principle, capable
of probing the dissociative potential functions of the negative ion.
Inasmuch as there are few experimental techniques for exploring
these excited potential curves, the information gained would be
unique. We have detected no rotational effect on the cross section
for dissociative attachment; however, our signal/noise ratio is such
that only very coarse effects could be detected.
Finally, our experimental results indicate that autodetachment
competes inefficiently with predissociation in determining the fate
of the (Rsu)(Rpr) 311state of NO-. This conclusion suggests
in turn that photodissociation studies on the NO- ion in the
A311-X3Z- system may yield spectra which are rotationally sharp.
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The technique of second harmonic generation is employed to infer the net orientation of water at the neat liquid surface
by a measurement of the absolute phase of the surface nonlinear susceptibility. The temperature dependence of the second
harmonic signal is measured in order to determine the dipole contribution to the total susceptibility.
We report studies on the orientation of water molecules at the
water liquid/vapor interface. The.issue we consider is the sense
of direction of the water molecule at the interface, Le., do the
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protons point, on the average, toward the vapor or the liquid. The
technique we use, second harmonic generation, has the important
feature of selectively probing the interface between centrosym0 1988 American Chemical Society
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terpret this rapid decay at low temperatures as the dipole part,
Xdipole , which is consistent with the expected decrease in alignment
with increasing temperature. Their roughly equal values further
support this assignment as dipole in origin, in accord with the
Kleinmann symmetry rule.3 As seen in Figure 1, x$LZ shows a
similar, althou h not identical, temperature dependence to that
of ~ $ and
2 xxzx
~e# The monotonic decay of xeffindicates that the
phase of the dipole and quadrupole contributions are the same;
otherwise, xeffwould increase with temperature as the dipole part
decreases.
A separate measurement determined the phase of ~ $ to4 be~
180' with respect to the pump fields. By finding the SH polarization at various input polarizations, we deduce that x$L and
x:iz have the same phase as x$ip We can then use the following
relationship between the macroscopic dipolar susceptibility and
the molecular hyperpolarizability elements to obtain the absolute
orientation

x$p!+ 2x$!g- = Ns(a + P)(COS0 )

(OC)

Fi re 1. The effective susceptibility with varying temperature: (+)
xzzz,
.Fi" ( X ) x$L,(0) x:ix The surface is on the X-Y plane.

metric media in the dipole approximation.' To obtain the absolute
orientation of water molecules at the interface, we use a procedure2
developed for measuring the absolute phase of the elements of
the surface nonlinear susceptibility tensor x. In the dipole approximation, the absolute orientation of molecules at an interface
can be obtained from such phase measurements.*
For the case of water, however, there is a difficulty that must
be addressed before this approach can be used. Since its dipole
susceptibility is small, contributions from bulk and surface
quadrupole terms to the total susceptibility xeffmust be considered.
Indeed our measurements of the relative magnitudes of two of
the susceptibility tensor elements, xxzx and xzm, show that
quadrupole contributions cannot be neglected. In the limit of being
far from a molecular transition, the Kleinmann symmetry rule3
requires that these elements be equal; we find at 20 OC that xxzx
is about 2.3 times larger than xzm, indicating a significant
quadrupole contribution.
To separate the dipole and quadrupole susceptibility contributions we note that the dipolar part is strongly dependent on the
absolute orientation of molecules, Le., up vs down, whereas the
quadrupolar contribution is only weakly dependent on such. Since
two molecules having opposite orientation would mutually cancel
their contribution to fde,randomization of molecular orientations
with increasing temperature would eventually reduce it to zero.
We thus expect a much stronger temperature dependence of xhpole
than xquadru~lc,
whose isotropic part would remain even at temperatures where the molecular orientations are random. We
therefore seek to distinguish between these two by studying the
temperature dependence of the second harmonic (SH) signal.
Measurements were carried out in a sealed container from 9
to 80 OC with the temperature held constant to 0.2 O C by a Neslab
circulator. The experimental apparatus has been previously describedU4 By choosing the input polarization and measuring the
ap ropriately polarized SH signal, we obtain x$ix, x$L, and
C R
xzzz.
The latter requires values for the other two for its determination. The results are summarized in Figure 1. Both x?Lx
and x$L show an initial rapid decay that flattens out at higher
temperatures. In addition, we note that the magnitudes of their
rapidly decaying components are approximately equal. We in(1) Shen, Y . R. Principles of Nonlinear Optics; Wiley: New York, 1984;
Chapter 25. Shen, Y . R. J . Vacuum Sci. Technol. 1985, B3, 1464.
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where N s is the number of surface molecules and 0 is the angle
between the permanent water dipole and the laboratory normal.
This equation can be derived with the minor approximation of
neglecting the much smaller out-of-plane hyperpolarizability
components compared with the in-plane hyperpolarizabilities a
and 6. As seen in (l), information about the signs of the x's and
( a p) is required to determine the net orientation of the water
dipole. While our data for the phase refers to xeff,we have
concluded that both terms in xeffhave the same phase in each case:
thus all xd1Pleare negative. The left-hand side of (1) is thus
negative. In order to determine if (cos 0) is positive, which
corresponds to the protons pointing toward the vapor, or the
reverse, we need information on the sign of ( a + p). Theoretical
calculations on the isolated water molecule5 yield a negative value
for ( a p); this leads to a positive (cos 6'); Le., protons are up.
However, measurements of dc-induced second harmonic generation
(SHG) in bulk water6 have been interpreted to give a positive ( a
+ p); this coupled with our results give a negative (cos 6 ' ) . It is
plausible to expect that (a p) obtained for the bulk liquid rather
than for the isolated molecules better corresponds to the molecular
hyperpolarizability in the interface of an associated liquid. Our
experimental results then imply that the protons are down, which
is in accord with a number of theoretical ~ t u d i e s . ~ - 'It
~ is of
interest that one of these, a recent molecular dynamics simulation
of the water interfa~e,'~
showed the protons predominantly pointing
up on the vapor side and down on the liquid side. This model
would also be consistent with our SHG phase determination for
any relative density of molecules on the vapor and liquid side,
provided that the nonlinear response of the isolated molecule is
used for the vapor side, and the bulk liquid measurement is applied
to the liquid side. It should be recognized that a definitive conclusion requires further research on the molecular hyperpolarizabilities in the environment of an interface.
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