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Vibrational sum-frequency spectroscopy and surface tensiometry have been used to study the adsorption of
m- andp-cyanophenol at the air-water interface. Spectra of the cyano (CN) group under different polarization
schemes are utilized to determine its hydrogen bonding environment and orientation. For both isomers, it is
found that the cyano group is hydrogen bonded at the interface but that the CN orientation is independent of
surface density. The average CN tilt angle (θ0), however, is found to differ between the isomers, such that
the CN group points down toward the aqueous phase form-cyanophenol (θ0 ) 96-106°) but points up
toward the vapor phase for thep-cyanophenol (θ0 ) 65-80°). In addition, this average tilt angle is distributed
over a narrow range,σ0 < 10° for the meta isomer andσ0 < 16° for the para isomer.

Introduction

Aqueous surfaces and interfaces play a significant role in a
wide variety of environmental processes, from heterogeneous
atmospheric chemistry to the transport of materials through soils.
Evidence suggests, for example, that the vapor-water interface
in soils may serve as an important domain for the retention of
organic species.1 Understanding the surface reactivity of these
species is critical to the prediction of migration rates of
contaminants through soil-water systems.2 Organic molecules
emitted into the atmosphere can partition between the gas and
liquid phases of atmospheric aerosols and react with atmospheric
oxidants such as O3 and OH.3-5 Investigations into how organic
species adsorb and orient at the aqueous interface are necessary
to better understand the role of aerosols in areas such as
heterogeneous reaction chemistry and cloud formation dynamics.

Phenols such as cyanophenols are an important class of
organic molecules that persist in the environment because
derivatives of these compounds are widely used as bactericides
and pesticides.6 Bromoxynil (3,5-dibromo-4-hydroxybenzoni-
trile) and other halo-cyanophenol pesticides have been detected
in rain samples and in the gas phase.7 The main abiotic
degradation pathways for these pesticides are photolysis by
direct irradiation of sunlight, oxidative reactions with OH or
nitrate radicals, and hydrolysis.7,8 Results from a recent mo-
lecular dynamics study indicate that oxidants such as OH exhibit
a propensity for the air-water interface.9 This is particularly
relevant to the case of cyanophenol-derived pesticides which
can adsorb to the liquid aerosol surface and be potentially
oxidized, providing a mechanism for conversion or removal.
Understanding the importance of such a mechanism requires a
detailed knowledge of the behavior of cyanophenol species at
the air-water interface.

Much experimental work has been carried out to understand
the properties of cyanophenol. Its general toxicity has been

examined repeatedly, including a recent study of dermal
absorption from aqueous solutions ofm-andp-cyanophenol.10

In addition, various laboratory studies summarized by Georgieva
et al. have probed the hydroxy (νOH) and cyano (νCN) stretching
modes to investigate hydrogen bonding and complexes of
cyanophenol with various Lewis bases.6 These studies, however,
elucidate only the behavior of cyanophenol in bulk solution.
Current interfacial data available for cyanophenol are largely
thermodynamic, involving surface tension and surface potential
measurements that reveal macroscopic properties of the aqueous
system.11 By contrast, vibrational sum-frequency spectroscopy
(VSFS) is uniquely ideal for probing interfacial structure at the
molecular level. This nonlinear technique is inherently surface-
selective because of the naturally occurring breakdown of
inversion symmetry at interfaces.12-14

Vibrational sum-frequency spectroscopy has been widely used
to examine the orientation and conformation of surfactant
molecules at the vapor-aqueous interface.15-17 Such studies have
contributed significantly to our understanding of how the
interplay between hydrophobic and hydrophilic portions of a
solute molecule affects its adsorption and orientation at an
interface. For a solute such asp-cyanophenol, however, where
both CN and OH aromatic substituents can participate in
hydrogen bonding, there is less distinction between hydrophobic
and hydrophilic regions of the molecule. In this paper, surface
tension measurements and vibrational sum-frequency spectros-
copy are used to probe the adsorption and orientation of both
meta and para isomers of cyanophenol at the air-water interface.
The stretching vibration of the cyano group is used to determine
both the hydrogen bonding interactions and the average orienta-
tion of cyanophenol molecules at the air-water interface.
Comparisons are made betweenm- and p- cyanophenol to
elucidate the effect of aromatic substitution differences on the
adsorptive behavior of these compounds. In the first sections
of the paper we provide a brief background of the sum-frequency
experiment, followed by a description of our results. We then
describe how our results are analyzed to reveal the orientation
of the cyano group. Our analysis shows that the orientation of
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m- andp-cyanophenol is invariant to changes in surface number
density and that the CN moiety of these isomers adopts different
average orientations at the air-water interface.

2. Vibrational Sum-Frequency Spectroscopy:
Background

When two intense electric fields of frequenciesω1 and ω2

are spatially and temporally overlapped at the interface between
two media, they induce a nonlinear polarization in the medium
that radiates at the sum of the incident frequencies,ωSFG ) ω1

+ ω2. This second-order nonlinear optical phenomenon is called
sum-frequency generation (SFG). While SFG is forbidden in
media with inversion symmetry, it is allowed at interfaces where
inversion symmetry is broken. This principle forms the basis
of vibrational sum-frequency spectroscopy (VSFS), in which
the vibrational spectrum of an interface is obtained by mixing
tunable IR with fixed frequency visible light.

Intensity in the VSFS spectrum is determined by the effective
surface second-order susceptibility,øeff

(2), and the intensities of
the incident visible and IR beams:

The effective susceptibilityøeff
(2) is related to the true second-

order susceptibility by Fresnel factorsL(ω) and unit polarization
vectorsê(ω) for each beam:

The second-order susceptibilityø(2) can be expressed as the sum
of a nonresonant component,øNR

(2), and a resonant component
for each vibrational modeν, øRν

(2).

In general, bothøNR
(2) and øRν

(2) are complex quantities, and
their relative phases must be taken into account. In these studies
we assume thatωvis is far enough from any electronic transitions
that the nonresonant component can be treated as purely real.

Assuming a Lorentzian distribution of vibrational energies,
each vibrational transition can be represented as

whereAν, ων, andΓν are fit parameters that denote the strength,
resonant frequency, and damping constant of theνth vibrational
mode, respectively.18 This macroscopic resonant susceptibility
is related to the molecular hyperpolarizabilityâ through the
expression

where N is the surface number density,εo is the vacuum
permittivity, and the angular brackets denote an average over
molecular orientations. It is thus possible to determine the
average orientation of molecules at the surface by relating the
macroscopic susceptibilityø(2) to the hyperpolarizabilityâ.19

This process will be discussed in detail in a later section.
Since the surface of a liquid such as water is azimuthally

isotropic, only 4 of the 27 elements ofø(2) are nonzero and
unique. With the lab coordinates chosen so thatz lies along the

surface normal and thexz-plane is the plane of incidence, they
areø(2)

xxz ) ø(2)
yyz, ø(2)

xzx ) ø(2)
yzy, ø(2)

zxx ) ø(2)
zyy, andø(2)

zzz. In
addition, if ωvis is far from resonance, this leaves only three
nonzero independent elements ofø(2), such thatø(2)

xzx ) ø(2)
yzy

) ø(2)
zxx ) ø(2)

zyy. These elements can be probed using
combinations of incident and outgoing linearly polarized light,
namely: ssp, sps (or pss), and ppp, where the letters represent
light polarized parallel to the plane of incidence (p) or
perpendicular to the plane of incidence (s). All polarization
schemes are given in the format sum-frequency, visible, infrared.

3. Experimental Section

Surface Tension.All surface tension measurements were
made using the Wilhelmy plate method.20 The platinum plate
was cleaned with a solution of concentrated sulfuric acid
containing NoChromix, rinsed with 18 MΩ water from a
Nanopure filtration system, and then flamed until glowing before
each surface tension measurement. At least six measurements
were averaged at each solution concentration. All measurements
were made at 295 K.

3.2. Broad-Bandwidth Sum-Frequency Generation (BB-
SFG) Laser System.Experiments at the vapor/water interface
were conducted using a broad-bandwidth sum-frequency gen-
eration (BBSFG) laser system built in our laboratory and
modeled after the first such system developed in 1998 by Richter
et al.21 In this scheme, a femtosecond IR beam and a picosecond
visible beam are coupled spatially and temporally at an interface
to generate a third beam at the sum of the two incident
frequencies. Like the IR, the sum-frequency has a broad
bandwidth, and so the resolution of the experiment is limited
by the bandwidth of the visible light.

The BBSFG laser system consists of a home-built Ti:sapphire
oscillator that generates 100 fs pulses at 800 nm. These pulses
are amplified to 1 mJ/pulse in a 1 kHz Ti:sapphire regenerative
amplifier (Spectra Physics, Spitfire) pumped by a Nd:YLF laser
(Spectra Physics, Evolution). Approximately 15% of the ampli-
fied energy is spectrally narrowed with a grating-aperture
assembly to yield∼2 ps pulses with∼15 cm-1 bandwidth and
∼20 µJ energy. The remainder of the amplified pulse is used
to pump an optical parametric amplifier (Spectra Physics, OPA
800C) that produces nominally 100 fs pulses tunable from 3 to
10 µm, with energies per pulse ranging from 12 to 2µJ. In the
present studies, the OPA was tuned to the CN stretching region
∼2240 cm-1 where the IR energy was typically 12µJ per pulse
with a bandwidth of∼175 cm-1.

The femtosecond IR and visible pulses were overlapped in
copropagating, external reflection geometry at the interface, with
angles from the surface normal of 60° and 45° for the visible
and IR, respectively; the detection angle was set to∼32°. The
generated sum-frequency light was spatially and spectrally
filtered and dispersed in a spectrometer (Acton, SP150) by a
1200 g/mm diffraction grating blazed at 500 nm. This dispersed
light was then collected with a liquid nitrogen cooled CCD
camera (Princeton Instruments, 512× 512 back-illuminated
array). BBSFG spectra were obtained by integrating the signal
on the CCD for 10-20 min depending on the experiment. These
spectra were normalized with the nonresonant BBSFG spectrum
from an amorphous gold surface. For these studies, the
prominent feature at 2350 cm-1 in the nonresonant gold
spectrum due to CO2 vapor absorption was used as a calibration
reference. The error in calibrating the IR frequency is(3 cm-1.
An average of at least four spectra for each solution concentra-
tion and polarization scheme is presented here, taken over a
period of several days to confirm reproducibility. The SFG

I(ωSFG) ∝ |P(2)(ω)|2 ∝ |øeff
(2)|2I(ωvis)I(ωIR) (1)

øeff
(2) )

[ê(ωSFG)‚L(ωSFG)]‚ø
(2):[L(ωvis)‚ê(ωvis)][L(ωIR)‚ê(ωIR)] (2)

ø(2) ) øNR
(2) + ∑

ν

øRν
(2) (3)

øRν
(2) )

Aν

ων - ωIR - iΓν
(4)

øRν
(2) ) N

εo
〈âν〉 (5)
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amplitude error bars are the standard deviations obtained from
independently fitting data sets acquired on different days.

Spectral Fitting. Following normalization and calibration,
the BBSFG spectra were fit to a line shape that accounted for
the effects of homogeneous broadening (Lorentzian line shape)
and inhomogeneous broadening (Gaussian line shape) because
of the multitude of environments present in the condensed
phase22-24

In this expressionAν is the resonant amplitude,ων is the resonant
frequency,ΓL andΓν are the homogeneous and inhomogeneous
line widths, andωL is a variable over which the integral is
evaluated.

Sample Preparation. m-Cyanophenol (Aldrich, 99%) and
p-cyanophenol (Acros Organics, 99%) were used as received
without further purification. Aqueous solutions were prepared
using water from an 18 MΩ Nanopure system. All glassware
were cleaned with a H2SO4/NoChromix solution followed by
copious rinses with Nanopure water.

4. Experimental Results and Analysis.

4.1. Surface Tension.m-Cyanophenol (m-CP) andp-cy-
anophenol (p-CP) display mild surface activity as shown by
their surface pressure isotherms in Figure 1. To determine the
limiting (maximum) surface concentration, these surface pres-
sure isotherms are fit to the Gibbs equation:25

whereΓi is the surface excess concentration at maximum surface
coverage,π is the interfacial pressure in mN/m, andai is the
activity. For dilute solutions, the activity can be replaced by
the bulk concentration,Ci. The surface excess coverage for any
bulk concentration can then be obtained through the maximum
surface excess concentrationΓi and the Frumkin isotherm:

where the subscript 2 indicates the surface pressure or surface
excess at a specific bulk concentration. The maximum surface
excess concentrations ofm-CP andp-CP obtained from the
Gibbs equation are 2.0× 1014 molecules/cm2 and 1.5× 1014

molecules/cm2, respectively. Thus, according to eq 8, the surface
area per molecule of a 75 mMm-CP solution is 56 Å2 (1.8 ×
1014 molecules/cm2), whereas for a 75 mMp-CP solution, the
surface area per molecule is 76 Å2 (1.3× 1014 molecules/cm2).
If the surface area of water and cyanophenol are estimated as 8
Å2 and 30 Å2 respectively, then at the interface of a 75 mM
solution there are∼3 water molecules perm-CP molecule and
∼5 to 6 water molecules perp-CP molecule.26-28

4.2. Spectroscopic Studies.Figure 2 shows BBSFG spectra
in ssp polarization over a range of concentrations, from 25 to
100 mM for m-CP and from 25 to 75 mM forp-CP. Aqueous
solubility limits determined the maximum concentration studied
for both isomers. Only one resonant feature is seen in the spectra
corresponding to the symmetric stretch of the cyano group. The
distinct peak asymmetry is characteristic of interference between
a single resonant peak and the nonresonant background. Each

Figure 1. Surface pressure isotherms of (a)m-cyanophenol and (b)p-cyanophenol at 295 K. The solid lines are fits to the Gibbs isotherm.

Figure 2. SFG spectra of the CN stretching vibration at different bulk concentrations of (a)m-cyanophenol and (b)p-cyanophenol using the ssp
polarization combination. Solid lines shown are fits to the data.

|ø(2)(ωSFG)|(2) ) |øNR
(2) +

∫-∞

∞ Aν

ωL - ωIR - iΓL
exp[-

(ωL - ων)
2

Γν
2 ] dωL|2 (6)

Γi ) 1
RT( ∂π

∂ ln ai
)

T
(7)

π2 ) - Γi ln[1 -
Γ2

Γi
] (8)
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isomer concentration series was fit globally using eq 6 in order
to constrain the fitting parameters. In both cases, the Lorentzian
width was set to 2 cm-1, the nonresonant background was
constrained to be real, and the phase relationship between the
resonant and nonresonant components was allowed to have a
value of either 180° or 0°. The remaining model parameters
were allowed to vary to obtain the best agreement with the data.

Spectral fitting places the CN resonant frequency at 2242(
3 cm-1 for m-CP and 2234( 3 cm-1 for p-CP. That the CN
stretching frequency of the para isomer is a bit lower than that
of the meta isomer can be understood in terms of the OH/CN
polar resonance inp-CP.6,29 A number of studies have shown
that the frequency of the CN stretching mode of nitriles,νCN,
is sensitive to solvent environment. For example,νCN shifts to
higher frequency as a result of hydrogen bonding via the
nitrogen atom to proton donors such as water.30-34 The
frequency of the CN stretching mode depends on the electron
density available to the CN group, with lower electron density
generally producing a stronger CN bond with higher vibrational
frequency.32,35,36 This sensitivity provides insight into the
hydrogen bonding environment ofm- andp-cyanophenol at the
air-water interface.

Infrared and Raman frequencies of the CN mode in different
environments are shown in Table 1 for comparison with those
obtained from the BBSFG experiments. In CHCl3, the cyano
frequencies form-CP andp-CP are∼8 cm-1 lower than in the
solid state.37,38 This difference can be understood in terms of
hydrogen bonding to the CN group that is absent in the case of
CHCl3 but present in the solid state. In the solid state,
p-cyanophenol exists as intermolecularly hydrogen bonded
chains involving O-H‚‚‚N bonds to the CN group.6,39 X-ray
crystallography also reveals that, like the para isomer, the solid
state of the ortho isomer is characterized by chains of molecules
connected through O-H‚‚‚N hydrogen bonds. Given the
structural similarities between the isomers, it is reasonable that
the meta isomer also exists in the solid state as extended chains
of intermolecularly hydrogen-bonded molecules. In bulk aqueous
solutions ofm-CP andp-CP, the CN stretching frequencies are
also blue-shifted from the CHCl3 case, indicating hydrogen
bonding to the CN group. Thus, comparison between the
BBSFG νCN and the bulk aqueous and solid CN stretching
frequencies in Table 1 clearly shows that the CN groups ofm-CP
andp-CP are hydrogen bonded at the aqueous interface.

Although it is clear that the cyano groups are hydrogen
bonded at the air-water interface, there remains some ambiguity
as to whether cyanophenol is interacting with water or with
another cyanophenol molecule (i.e., dimerization). Support for
hydrogen bonding interactions with water comes from the
observation thatνCN does not change over the range of bulk
concentrations studied, yet the surface water-to-cyanophenol
ratio increases significantly between the 75 and 25 mM
solutions. For example, at the surface of a 75 mM solution,
there are∼3 water molecules perm-CP, while for a 25 mM
solution there are∼10 water molecules perm-CP (∼106 Å2/

molecule). The likelihood of water-cyanophenol interactions is
therefore higher at the surface of a 25 mM solution, whereas
cyanophenol-cyanophenol interactions are more likely for the
75 mM solution. Such differences in hydrogen bonding interac-
tions should manifest as shifts in the frequency of the CN mode.
However,νCN at the dilute concentration is identical to that at
the higher concentration. For this reason we believe that
dimerization at the air-water interface is unlikely and propose
that the dominant interactions at the surface are between
cyanophenol and water molecules.

Fitting the BBSFG spectra in Figure 2 also provides resonant
amplitudes of the CN peak. This peak amplitude is found to
increase with increasing solution concentration for bothm-CP
andp-CP. Since the sum-frequency spectral intensity depends
on both the number of surface molecules as well as their
orientation, a plot of SFG amplitude against the surface
concentration of cyanophenol will be linear if the average
orientation of the CN group does not change as a function of
concentration. Figure 3 shows these plots form-CP andp-CP
at the air-water interface, and in both cases a linear relationship
between SFG amplitude and surface concentration is evident.
Thus, we conclude that the spectral increases shown in Figure
2 are due predominantly to enhanced surface coverage of the
cyanophenols and not to changes in their molecular orientation.
Interestingly, second harmonic generation (SHG) studies of
another substituted phenol,p-nitrophenol, at the air-water
interface also find that the molecular orientation remains
constant over a wide range of surface concentrations.40 The
invariance of the cyanophenol orientation is, however, in stark
contrast to SFG results for acetonitrile and long-chain alkyl
nitriles in which the CN group changes from a more upright
orientation at low surface concentration to an orientation closer
to the surface plane at high concentration.34,41

Figure 4 shows BBSFG spectra of the CN stretching vibration
taken under three polarization combinations, ssp, sps, and ppp.
The ssp signal is the strongest for both isomers although the
sps signal is also well above baseline noise. Significant peak
asymmetry is evident in all polarization spectra, indicative of
interference between resonant and nonresonant components of
ø(2). These polarization spectra are fit to eq 6 using the
parameters obtained from globally fitting the cyanophenol
concentration series. In the following sections we describe how
these spectra are used to determine the molecular orientation
of the cyanophenol isomers at the air-water interface.

4.3. Quantitative Analysis of Molecular Orientation. The
vibrational normal mode involving the CN stretch is quite
localized, with∼90% of the motion restricted to the cyano C
and N atoms.42,43This mode is therefore well-approximated by
C∞ν symmetry with three dominant elements of the molecular
hyperpolarizabilityâ, of which two are unique: the component
with Raman polarizability and dipole moment derivatives
parallel to the cyano bond axis,âccc, and that with polarizability
derivative perpendicular to this axis,âaac ) âbbc. We believe
that this local-mode approach to the hyperpolarizability tensor
elements is appropriate in this case because of the cylindrical
symmetry of the CN group and the localization of this normal
mode. However, for molecules in which this assumption is not
valid, a more complete determination of the elements ofâ is
necessary.44 To proceed with analysis of the molecular orienta-
tion, we derive expressions forø(2) elements in terms of these
â elements. For this, eq 5 may be expressed as

TABLE 1: Experimental Vibrational Frequencies for the
CN Stretching Mode in Various Hydrogen Bonding
Environments

m-cyanophenol
(cm-1)

p-cyanophenol
(cm-1)

IR (CHCl3)a 2234 2226
Raman (H2O)b 2239 2229
Raman (solid)b 2244 2233
BBSFG 2242( 3 2235( 3

a Reference 37.b Reference 38.

øijk
(2) ) N

ε0
∫0

2π ∫0

2π ∫0

π
f(θ) âijk(θ) sin θ dθ dφ dæ (9)
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where elements ofâ have been transformed from thelmn )
abc molecular frame to theijk ) xyz lab frame by projecting
the cyano bond onto the surface normal, thereby defining the
tilt angle θ.

There is no azimuthal orientation at a liquid surface and no
twist angle about the cylindrically symmetric cyano bond, so
the Euler anglesφ and æ are uniformly distributed over 2π
radians. The orientation distribution is then a function of the
tilt angle only and is assumed to have either a delta

or Gaussian form

whereθ0 is the mean tilt angle andσ is the width of the angular
distribution. cN is a normalization constant defined such that

Spectra collected with the sps-polarization scheme probe the
yzyelement ofø(2). Substituting the two uniqueâ elements and
performing theφ andæ integration results in

Figure 3. SFG fit amplitudes of the CN stretching vibration under ssp polarization as a function of surface excess for (a)m-cyanophenol and (b)
p-cyanophenol at the air-water interface. The solid lines are linear fits to the data.

Figure 4. SFG spectra of the CN stretching vibration in three different polarization combinations: (a)m-cyanophenol in ssp and sps, (b)p-cyanophenol
in ssp and sps, (c)m-cyanophenol in ssp and ppp, and (d)p-cyanophenol in ssp and ppp. Solid lines shown are fits to the data. Individual spectra
in panels a and b were obtained in 10 min, while those in panels c and d were recorded in 20 min because of the relatively weaker ppp signal.

âijk(θ) ) ∑
lmn

Ulmn:ijk(θ)âlmn (10)

f(θ) ) cNδ(θ - θ0) (11)

f(θ) ) cN exp[(θ - θ0)
2

2σ2 ] (12)

∫0

2π ∫0

2π ∫0

π
f(θ) sin θ dθ dφ dæ ) 1 (13)

øyzy
(2) ) - N

2ε0
∫0

π
f(θ) âccc(r - 1) cosθ sin2 θ sin θ dθ

(14)
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wherer ≡ âaac/âccc. Similarly, spectra collected with the ssp-
polarization scheme probe

Finally, the ppp-polarization scheme probes four elements of
ø(2): xxz, xzx, zxx, andzzz. Therefore, eqs 14 and 15 may also
be used to analyze the ppp data, along with the additional
expression

The analysis then proceeds by taking ratios of the fit amplitudes
obtained with different polarization schemes. The three ampli-
tudes are used to construct two independent ratios

When compared to analogous ratios constructed using eqs 14-
16, the parametersθ0 and σ in the orientation distribution
functions may be obtained. These ratios eliminate the need to
measureø(2) elements to absolute scale and do not require
knowledge of the surface number densityN. Furthermore, the
quantityâccc disappears in the ratios, and so only the ratio ofâ
elements,r, is required.

The effective susceptibilities defined in eq 2 require calcula-
tion of the Fresnel coefficientsL, which in turn depend on
refractive indices. We have used a three-phase model that
requires nine complex refractive indices: those of the two bulk
media (air and water)45 and the interfacial region, each at the
sum-frequency, visible, and infrared wavelength. The interfacial
refractive index,n′, has been calculated based on the two
adjacent bulk phases according to the model presented by
Zhuang et al.46 Values of the refractive indices, unit polarization
vectors, and Fresnel coefficients corresponding to our geometry
appear in Table 2. In our analysis we have found that the
orientation analysis is sensitive to the value ofn′ and the value
of r, the ratio of dominantâ elements; a more detailed discussion
of this sensitivity follows in the Appendix.

The ratios in eq 17 were initially fit to a very narrow Gaussian
(eq 12) or a delta distribution (eq 11), allowing the mean tilt
angle andr to vary. This resulted in best-fit values ofr ) 0.35
for m-CP andr ) 0.23 for p-CP. Subsequently holding these

values ofr fixed, slightly better fits could be obtained using a
Gaussian distribution with adjustable mean tilt and distribution
width. This resulted in the solutionsθmCP ) 74-84° (if ø(2)

NR

> 0) or 180°- θmCP (if ø(2)
NR < 0) and σmCP < 10° for

m-cyanophenol. Forp-cyanophenol, the solutions areθpCP )
65-80° (if ø(2)

NR < 0) or 180°- θpCP (if ø(2)
NR > 0) andσpCP

< 16°. Given that the cyanophenols at the air-water interface
are not likely to be well-ordered as in a densely packed
monolayer, a Gaussian orientation distribution is a better
approximation of the surface structure than a delta function.
The ambiguity in the tilt angle of the CN group can be resolved
if the sign of the nonresonant response is known.

4.4. Polarity of the Molecular Orientation. Since we do
not measure the phase of the sum-frequency signal, we do not
have a direct experimental measure of the absolute orientation
of the cyano group. The spectral features reveal the relative
phase between the resonant cyano mode and the nonresonant
background. The absolute phase of the nonresonant and resonant
response may, however, be shifted by 180°. In the present study
we overcome this limitation by presenting an argument that
reveals the sign of the nonresonant response, and therefore the
absolute orientation for the para isomer.

The nonresonant contribution comes from two sources: water
molecules and cyanophenol molecules at the surface. It has been
demonstrated in experimental47 and theoretical48 studies that the
nonresonant contribution at the neat air-water interface is
negative in the ssp polarization scheme. Sinceø(2)

NR,yyz )
ø(2)

NR,yzy, we know that the nonresonant contribution from water
in sps must also be negative. We have used ab initio methods
to determine the relative magnitude and absolute sign for all
elements ofâNR for the cyanophenol molecules. The nonresonant
hyperpolarizability for both molecules is proportional to the
static hyperpolarizability48 and was determined using the
Gaussian 03 package49 with B3LYP50 and the AUG-cc-pVDZ51

basis set. Unlike the vibrational resonant response for the cyano
mode, the electronic nonresonant response depends on the entire
molecule, so we can no longer assume cylindrical symmetry
about the cyano axis. We therefore assume a uniform distribution
for azimuthal angles only, but consider the molecule aligned
with a polar angle,θ0, and a twist angle,ψ0.

We first consider the para isomer, whose values ofø(2)
NR,yyz

are shown in Figure 5a. Analysis of the resonant CN mode has
shown that the tilt angle is either in the range 65-80° or 100-
115°, that is, pointing toward the vapor phase or away from it,
respectively. Although the magnitude of the nonresonant
response varies as the twist angle changes from 0 to 360°, for
these tilt angles one can see thatø(2)

NR,yyz > 0 (solid contours)

TABLE 2: Parameters Associated with the Sum-Frequency (SF), Visible, and IR Beams at the Air-Water Interface in the CN
Stretching Regiona.

m-cyanophenol p-cyanophenol

property SF visible IR SF visible IR

ω/cm-1 14741 12500 2241 14736 12500 2236
γ/deg 57.2 60 45 57.2 60 45
nair 1.0 1.0 1.0 1.0 1.0 1.0
nwater

b 1.3295 1.3259 1.3145+ 0.01171i 1.3295 1.3259 1.3142+ 0.01190i
ninterface

c 1.1484 1.1469 1.1422+ 0.004896i 1.1484 1.1469 1.1420+ 0.004976i
Lxx 1.038 1.066 0.9522- 0.002759i 1.038 1.066 0.9522- 0.002759i
Lyy 0.6878 0.6625 0.7813- 0.006307i 0.6878 0.6625 0.7813- 0.006307i
Lzz 0.7276 0.7063 0.7923+ 0.002086i 0.7276 0.7063 0.7923+ 0.002086i
êx -sin γSF sin γvis sin γIR -sin γSF sin γvis sin γIR

êy 1 1 1 1 1 1
êz cosγSF cosγvis cosγIR cosγSF cosγvis cosγIR

a γ are the incident or reflected beam angles measured from the surface normal.b Bulk water refractive indices taken from ref 45.c Interfacial
refractive indices calculated according to the model presented in ref 46.

øyyz
(2) ) N

4ε0
∫0

π
f(θ) âccc cosθ(1 + 3r +

(r - 1) cos 2θ) sin θ dθ (15)

øzzz
(2) ) N

2ε0
∫0

π
f(θ) âccc(r - 1) cosθ sin2 θ sin θ dθ

(16)

øeff,sps
(2)

øeff,ssp
(2)

and
øeff,ppp

(2)

øeff,ssp
(2)

(17)

16580 J. Phys. Chem. B, Vol. 110, No. 33, 2006 Kido Soule et al.



for θ0 ≈ 65-80°, andø(2)
NR,yyz < 0 (dashed contours) forθ0 ≈

100-115°. The fact that the variation inø(2)
NR is fairly small

as the molecule is rotated about the cyano bond is reasonable
for thep-CP since the electron density is roughly symmetrically
distributed about this axis. If the cyano bond were pointing into
the lower quadrant (90° < θ0 < 180°), the molecule’s negative
nonresonant response, combined with the negative nonresonant
response of the water, would lead to an overallø(2)

NR (overall:
cyanophenol+ water)< 0. This contradicts the analysis that
was presented for the resonant mode in section 4.3 (where the
cyano group would be pointing into the top quadrant in the case
of ø(2)

NR (overall)< 0). We therefore rule out the possibility of
this orientation. If the cyano group points into the top quadrant
(0° < θ0 < 90°) however, Figure 5a shows that the nonresonant
contribution from the cyanophenol is positive. This allows for
the overall response to be negative (in the case where theø(2)

NR

from water dominates the nonresonant response), consistent with
analysis of the resonant mode. We therefore conclude that
p-cyanophenol is oriented withθ0 ) 65-80° and that the surface
water molecules dominate the nonresonant response.

Figure 5b shows that the analysis ofm-cyanophenol is more
complicated sinceø(2)

NR (cyanophenol) changes sign on the basis
of the value of the twist angle. This result itself seems reasonable
since rotating the molecule about the cyano axis causes the OH
group, a major contributor to the molecule’s polarizability and
dipole moment, to reorient substantially. It is interesting to note
that regardless of the quadrant in which the cyano group of the
meta isomer points, it is reasonable to believe that the OH group
will prefer to be directed toward the aqueous phase. Our choice
of the molecular axes labels this orientation as one withψ0 in
a broad range about 90° (as opposed to centered about 270°
with the OH group in the air). Figure 5b shows that in a broad
region aboutψ0 ) 90°, either choice for theθ0 quadrant would
result inø(2)

NR (cyanophenol)> 0. If however, on the basis of
our analysis ofp-cyanophenol, we make use of the result that
the nonresonant contribution is dominated by water, this results
in ø(2)

NR (overall) < 0, and on the basis of the analysis of the
resonant mode in section 4.3, the assignment that the CN group
of m-cyanophenol is oriented withθ0 ) 96-106°. These
orientations are illustrated in Figure 6. Thus, by deducing the
sign of the overall nonresonant background we can resolve the
ambiguity in the cyano tilt angle form- andp-cyanophenol at
the air-water interface and determine their absolute orientations.

Discussion

One of the objectives of this study was to determine the
influence of meta versus para substitution on the orientation of
cyanophenol at the air-water interface. We have used vibra-
tional sum-frequency spectra of the cyano mode to determine
the orientation of the CN bond inm- and p-cyanophenol.
Interestingly, our results show that the isomers adopt different
orientations at the air-water interface. As depicted in Figure
7, on average, the CN group inm-CP points down (θ0 ≈ 96-
106°) into the aqueous bulk, while inp-CP the CN group points
up (θ0 ≈ 65-80°) toward the vapor phase. Although in both
cases the cyano tilt angle lies close to the surface plane, the
peak frequencies indicate that both CN groups are hydrogen
bonded and so do not protrude out into the vapor phase.
Moreover, the orientation analysis shows that this average tilt
angle is distributed over a relatively narrow range,σ < 10° for
m-CP andσ < 16° for p-CP. That this distribution width is
slightly larger in the case of the para isomer may, in addition
to a lower surface concentration, explain the weaker SFG

Figure 5. The nonresonantyyzelement ofø(2) for (a) p-cyanophenol
and (b)m-cyanophenol. The mean tilt angle,θ0, is defined between
the surface normal (laboratoryz-axis) and the cyano bond (molecular
c-axis). The mean twist angle,Ψ0, defines the molecule’s orientation,
rotated about the cyano bond. Solid contour lines indicate positive
values ofø(2)

NR,yyz; dashed lines indicate negative values.
Figure 6. By deducing the sign of the nonresonant background to be
negative for both isomers, the absolute orientation may be assigned.
The shaded areas represent the range of tilt angles consistent with the
observed resonantø(2) components. (a) In the case ofp-cyanophenol
θ0 ) 65-80°, so the cyano bond points up toward the air. (b) For
m-cyanophenolθ0 ) 96-106°, so the cyano bond points down toward
the aqueous phase.

Figure 7. Illustration of the relative CN orientations ofm-cyanophenol
(left) andp-cyanophenol (right) at the air-water interface showing the
average polar angleθ0 and average Gaussian distribution widthσ0.
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intensity observed forp-CP relative to m-CP at all bulk
concentrations. The aromatic ring also likely has a preferred
orientation with respect to thez-axis at the air-water interface,
but without SFG spectra of the aromatic CH stretching modes,
this orientation cannot be absolutely determined. Though we
have obtained SFG spectra in this region, unambiguous mode
assignment for each isomer is not possible.

The difference in CN orientation betweenm-andp-cyanophe-
nol may arise from the relative hydrogen bonding strengths of
the cyano and phenolic OH groups. For example, Raman spectra
of benzonitrile in hydrogen-donating solvents such as phenol
and methanol show, in addition to the CN stretching band of
the monomer, a feature shifted by∼6 to 9 cm-1 to higher
frequency.27,31This additional band is attributed to the hydrogen-
bonded complex between the CN group of benzonitrile and the
hydroxyl group of either phenol or methanol. In contrast, laser-
induced fluorescence studies ofo-cyanophenol show that upon
complexation with methanol, the phenolic OH group experiences
a much more substantial red shift of∼400 cm-1 with respect
to free o-cyanophenol.52 The modest CN frequency shift
indicates that hydrogen bonds between water and the CN group
of m- andp-cyanophenol are likely considerably weaker than
those between water and the phenolic OH. These strong water-
phenolic OH interactions may serve as a driving force for the
overall orientations of these isomers at the air-water interface.

It is interesting to view thep-CP average tilt angle within
the context of what is known about the interfacial orientation
of two closely related compounds, benzene and phenol. In
several experimental53,54 and theoretical studies55,56 of phenol
at the air-water interface, it was shown that the most probable
orientation is one in which the aromatic ring is perpendicular
to the interface with the molecular long axis tilted∼50° from
the surface normal. In this orientation the hydroxyl group points
down toward the water and part of the nonpolar ring protrudes
into the vapor phase. In contrast, molecular dynamics simula-
tions show that the absence of an OH substituent in benzene
has a significant effect on its orientation at the same interface.
Upon removal of the OH group the benzene ring reorients at
the surface so that it is parallel to the surface (i.e.,θ0 ≈ 90°),
thereby maximizing the van der Waals interactions between the
solute and water.56 Comparing these aromatic tilt angles with
that ofp-CP, we find that thep-cyanophenol angle (θ0 ≈ 65-
80°) is intermediate between the flat orientation of benzene and
the near perpendicular orientation of phenol. Thus thep-
cyanophenol orientation that we have determined is entirely
reasonable given the requirement that both CN and OH groups
are hydrogen bonded at the interface. Relative to phenol, the
interaction between the cyano moiety and water increases the
tilt of the aromatic ring orientation away from the surface
normal.

The orientation ofm-cyanophenol at the air-water interface
is also determined by the balance of intermolecular interactions
between hydrophobic and hydrophilic portions of the molecule
and water. Unlikep-CP, however, in the case ofm-CP the CN
group tends to point down toward water. We propose that such
an orientation not only allows solvation of both CN and OH
substituents, but because of the meta substitution pattern, also
readily enables a portion of the hydrophobic aromatic ring to
protrude into the vapor phase.

Conclusions

A comprehensive study of the structure and orientation of
m- and p-cyanophenol has been conducted using broad-
bandwidth sum-frequency generation spectroscopy in combina-

tion with surface tension measurements. Surface tension and
SFG experiments reveal that both isomers are surface active,
though for the same bulk concentration,m-cyanophenol is
present in slightly higher number at the interface thanp-
cyanophenol. We have also shown that the cyano group of both
isomers is hydrogen bonded at the interface and therefore is
not protruding into the vapor phase. Furthermore, SFG spectra
of the CN stretching mode in different polarization schemes
have been used to quantitatively determine the CN average tilt
angle,θ0, as well as the average angular distribution width,σ0.
Our analysis reveals that the orientation of both isomers does
not change with surface density. However, we find that the
cyano groups adopt different average orientations at the air-
water interface such that in the case ofm-cyanophenol the CN
group tilts down toward the aqueous phase, but tilts up toward
the vapor phase forp-cyanophenol. The average cyano tilt angle
in both cases lies relatively close to the surface plane and is
narrowly distributed, although the width of the angular distribu-
tion is slightly larger forp-cyanophenol. While the aromatic
ring orientation was not directly determined, we infer that the
shallow cyano tilt angle would enable the hydrophobic ring
portions of both isomers greater access to the water surface.

The results reported here form- and p-cyanophenol could
have implications for the fate of halobenzonitrile pesticides in
the environment. Such pesticides are primarily degraded in the
atmosphere through direct photolysis and photooxidative reac-
tions with OH radical or ozone. The surface adsorption and
orientation of the cyanophenol isomers determined in this study
indicate that heterogeneous reactions with oxidative species at
the air-water interface could be an important pathway for their
removal from the atmosphere.
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Appendix

In our analysis, we have observed that the average tilt angle,
θ0, is very sensitive to the choice ofn′, the interfacial index of
refraction. However, since the precise refractive index of the
interfacial layer is often unknown, a number of approaches have
been used to estimate its value. Many researchers adopt a two-
phase model in whichn′ equals either of the bulk phase indices
of refraction. However, it is not always clear which bulk index
should be used. Zhuang and co-workers for example, found that
assuming a two-phase model produced unreasonable results in
their analysis of the orientation of pentyl cyanoterphenyl
molecules at the air-water interface.46 Upon adopting a three-
phase model for the interface in whichn′ is calculated on the
basis of estimates of local field corrections at the interface,
however, these difficulties were resolved.46 This suggests that
the value ofn′ used in the analysis of SFG data needs to be
considered with care and that it may not correspond simply to
the refractive index of one of the bulk phases at the interface.
Like Zhuang and co-workers, we initially adopted a two-phase
interfacial model in our analysis of the cyanophenol orientation
but found that it did not yield any agreement between
experimental and calculatedø(2) ratios (eq 17). As a result, we
used a three-phase model for the interface [45] which gaven′
≈ 1.15.

Using this value forn′, the values ofr for m-CP (0.35) and
p-CP (0.23) determined from the data analysis are in good
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agreement with those derived from other SFG studies of
monolayers of long-chain cyano compounds at the air-water
interface.41,46As in the present study, these works quantitatively
determined the orientation of the CN headgroup. In both cases,
the authors deduced the value ofr for the cyano mode from an
orientation analysis done in a similar way to that presented here,
and foundr ) 0.26 andr ) 0.25( 0.03. Another widely used
approach is to deducer from Raman measurements of the
depolarization ratio,F, which can be related tor. Our gas-phase
calculations of the depolarization ratio yieldsr ) 0.07 form-CP
and r ) 0.05 for p-CP. These values ofr are significantly
different from those deduced from our SFG data, and attempts
to use them in the orientation analysis resulted in no agreement
between calculated and experimentalø(2) ratios, regardless of
the value ofn′.

This discrepancy between estimates ofr based on Raman
depolarization ratios versus analysis of SFG data could stem
from the sensitivity of â to molecular environment. The
Gaussian calculations above yield gas-phase values which
clearly do not reflect the hydrogen-bonding environment of the
cyanophenol isomers. Such sensitivity ofâ has been nicely
illustrated in a recent SFG experiment by Hommel et al. of the
air-liquid benzene interface.57 The strong CH stretching signal
observed from the neat benzene surface is an unexpected result
given that benzene is centrosymmetric, and thereforeâ is
calculated to be zero. The authors suggest that distortion to the
benzene electron density arising from the anisotropy of the
interface results in a perturbation of the hyperpolarizability from
the local environment, and hence a nonzero interfacialø(2)

response.
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