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We present a novel methodology that combines a theoretical description and experimental characterization of
the structure and first hyperpolarizability of ultrathin films of VO-octaethyl-porphyrins (VOOETP, Scheme
1) adsorbed on a BK7 activated glass. Films were characterized by ellipsometry, and the geometry is inferred
from a consistent comparison between the theoretical hyperpolarizability and the experimental measurements.
The hyperpolarizability is determined through second harmonic generation (SHG) techniques, and ellipsometry
is used independently to determine the thickness of the film. An analysis of the Fourier components of the
tensor relating the incident and SHG fields reveals the existence of a linear dependence between the Fourier
components that greatly reduces the amount of required experimental information. Using this methodology,
we obtain reasonable agreement between the observed and calculated intrinsic hyperpolarizabilities (âz

exp/
âz

theo ) 0.95) that we attribute to the dimer.

1. Introduction

The optical response of thin films of optically active
molecules adsorbed on a surface depends to a large extent on
the surface dipole moment created as a consequence of charge-
transfer processes. This is a highly system-dependent phenom-
enon that is influenced, among other factors, by surface coverage
and eventual aggregation processes.

Metal porphyrins have been widely studied because of their
potential for use in optoelectronic devices.1,2 In heavy and extra-
heavy oils, vanadium and nickel porphyrins are important
components, and an understanding of molecular interactions in
these compounds and their role in influencing aggregation
processes may be of importance in improving the extraction
and transport of crude.3

SHG is a powerful tool for the study of equilibrium and
dynamical processes in interfaces because of its ability to
respond to noncentrosymmetric environments. The signal
vanishes for liquids, gases, and solids with centers of symmetry
but is nonzero for boundary-like systems (e.g., solid-air, solid-
liquid, liquid-vapor, and liquid-liquid interfaces).4-6

Semiempirical electronic structure calculations of porphyrinic
systems have proved to be very valuable in systematizing the
influence of chemical substituents on the optical properties of
extended systems. Particularly relevant to our work is the study
of Marks and co-workers where the effect of transition metals
is deemed comparable to that of organic chromophores in
enhancing optical response.7

A consistent model to correlate the theory and experiment
on SHG of adsorbed species hinges on a number of specifica-
tions of the conditions of the measurements, the geometry of
the interface, and the relationship between the measured
susceptibility and the calculated hyperpolarizability. These two
tensors are related through a rotational transformation whose
specific form depends on a consistent treatment of the theoretical
model and the experimental information. This article is orga-

nized as follows: Section 1 presents the relevant theory for the
calculation of the hyperpolarizability tensor. Section 2 describes
the treatment of the experimental measurements of the suscep-
tibility to obtain the hyperpolarizability. Section 3 presents the
results for various models of the VOOETP system. Finally,
section 4 contains a critical appraisal of the model and some
final considerations.

2. Theory

Our approach to calculating the hyperpolarizability of the
adsorbate-surface complex is an extension of the hybrid
quantum classical methodology that we employed in the
description on the interaction between radical and asphaltene
fragments.8 The surface is represented by a cluster of SiO2, and
the geometry of the molecule-cluster system is determined
using the universal force field,9,10 a molecular mechanics-based
method. A semiempirical quantum chemical calculation of the
electronic structure of the complex is then used to compute the
hyperpolarizability as a sum over states.

2.1. Structure of Octaethyl-Porphirines and Semiempirical
Parameters.The structure of VO-octaethyl-porphirines has been
established by X-ray diffraction.11 This result gives a value of
0.543 Å for the distance from the plane to the VO group and
1.620 Å for the V-O bond length. Theoretical studies of Zerner
and Gouterman12 using an all-valence-orbitals version of the
extended Hu¨ckel method predict that the VO group in VOOETP
is out of the plane formed by the pyrrolic nitrogen atoms
(Scheme 1).
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SCHEME 1: VOOETP Structure
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A consistent description of the electronic description of an
open-shell system such as VOOETP (3d1) cannot be achieved
with the standard parameters for INDO/S. In particular, there
are two parameters,fσ andfπ, related to orbital overlap, which
must be reoptimized. The situation resembles that encountered
by Mujica et al. in the description of radical-molecule
interactions when using the standard values of these param-
eters: 0.585 and 1.267, respectively. There the optimization was
based on an energy criterion, whereas in our case we have
chosen the parameters to reproduce the electronic spectrum.

Such a procedure leads to values of 2.640 and 0.100, which
result in a much larger weight of theπ factor, thereby providing
a better description of the VO-porphynate. Similar to metalpor-
phyrins, the absorption spectrum of VOOETP presents a number
of characteristic bands:13 two bands (Q) in the visible region
between 500 and 600 nm; one band (a Soret or B band) located
between 380 and 420 nm; a group of lower-energy bands (N,
L, M) blue-shifted from the Soret band and generally located
around 325 nm (N), 215 nm (M), and the L band, of lower
intensity, between the other two. Figure 1 shows general
agreement between these experimental and calculated spectral
features.

To validate the use of the cluster shown in Figure 2, we have
calculated the porphyrin-surface anchoring angle (Figure 3),
esssentially determined by the interaction VO‚‚‚H-O-Si_ , and
have found that our level of calculation fits the experimentally
determined angle as seen in Table 1 for the monomer and the
dimer.

2.2. First Hyperpolarizability. We have adopted a meth-
odology proposed by Marks, Ratner, and co-workers14,15for the
calculation of the first molecular hyperpolarizability,â. First,
we calculate the ground and excited SCI states of VOOETP

for the experimental geometry (C2V), and thenâ is computed
as a sum over states (SOS). The required electronic states are
calculated at the ROHF level using the code ZINDO Cerius2,
version 4 of msi.16 Trsic et al. have used the same level of
calculation17 in their study of porphyrinic dimers. Because of
computational limitations, we have considered only the singlet
configuration of the dimer of VOOETP. For the closed-shell
systems, a similar methodology is employed but at the RHF
level. The SOS18 expression, originally derived by Ward,19 has
the explicit form

Here ω is the frequency of the applied field,rn′n
i )

〈Ψn′|r i|Ψn〉 are the matrix elements of the displacement operator
along theith molecular axis between the electronic statesΨn′

Figure 1. Theoretical and experimental absorption spectra: (s)
theoretical, (- - -) Surface and (‚‚‚) Solution.

Figure 2. SiO2 cluster geometry.

Figure 3. View of the VOOETP/SiO2 anchoring.

TABLE 1: Hyperpolarizability and Geometrical Parameters
for Different Systemsa

d (nm) θ0 (deg) Nb F(θ0)c øT
d âz

exp âz
theo

0.9( 0.3 9.5 1 3.8 7.2( 0.2 6.8 1.6
1.8( 0.3 13.4 2 5.5 3.4( 0.2 2.0 1.9

a The values ofâ are expressed as (× 10-29 esu).b N ) (2d (cos
θ0))/A1/2whereA the is theoretical molecular contact surface given by
Cerius.c Molecular density in (× 1014 molecules/cm2). d Susceptibility
in (× 10-14 esu).
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andΨn, pωng is the energy separation between the ground and
the nth excited stateΨn, and∆rn

i ) rnn
i - rgg

i is the difference
between the dipole moments of the same states. By using the
above-described methodology, we find that for VOOETP the
only nonvanishing element of the hyperpolarizability tensor for
the isolated molecules isâzzz. Similar calculations for the other
analogous structures (NiOETP, OETP) giveâxxz) âxzxandâzxx

different from zero.
Once the tensor components ofâ have been obtained, one

can calculate the diagonal intrinsic components along the axis
of the molecular reference system as20

These components are used to determine the vector compo-
nent along the dipole moment directionâvec, which is the
quantity sampled experimentally:

µ̌ ) (µx, µy, µz) is the dipole moment operator. One can also
define the nondirectional quantity

which is the one that is actually used to compare theory and
experiment.

We see that this magnitude increases in the order OETP<
NiOETP < VOOETP. This effect is clearly related to the fact
that VOOETP is an open-shell system, which in turn translates
into an increased ability to transfer charge from the metal to
the ligand (MLCT).21 This is also evident in Figure 4, which
shows that the HOMO and LUMO orbitals of the reference

porphyrin (OETP) and the Ni-substituted species share a
common localization pattern (Figure 4a and b). This is in sharp
contrast to the situation for VOOETP (Figure 4c), where the
SOMO is largely localized over the vanadium whereas the
LUMO is distributed along the porphynate ligand.

3. Field Propagation in a Prism and the SHG Signal

The incident field with frequencyω propagates perpendicu-
larly to the face of the prism opposite to the one where the
sample is adsorbed, where the beam is totally reflected. The
evanescent wave interacts nonlinearly with the adsorbate,22

producing the SHG signal at frequency 2ω that goes through
the prism and is detected on exiting. Using the reference system
proposed by Felderhof and collaborators,23 we can write the
transmission coefficient through the prism’s faces for the
incoming and outgoing fields at frequenciesω and 2ω as

where n(ω) and n(2ω) are the indices of refraction at the
fundamental and second harmonic frequencies, respectively. The
linear fX, fY , fZ and nonlinearFX, FY , FZ Fresnel factors are
given by

The relevant polarization response in SHG is given in terms
of a third-rank susceptibility tensorø(2) that relates the polariza-
tion to products of the incident and response fields. If the film
is assumed to be isotropic in the (X-Y) plane defined by the
surface of the prism and presents inversion symmetry in the
same plane (case I), then the third-rank susceptibility tensor that
can be written in matrix form as

The experimental determination of the susceptibility tensor
is done indirectly through a measurement of the components
of the polarization parallel (p) and perpendicular (s) to the plane

Figure 4. SOMO and LUMO molecular orbitals for gas-phase
VOOETP.
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1

3
[∑
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FY ) 1
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FZ )
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ø ) [0 0 0 0 øXZX 0
0 0 0 øXZX 0 0
øZXX øZXX øZZZ 0 0 0] (8)
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of incidence. The incident and SHG fields are related by23

The reduced tensor componentsaabc in (s, p) coordinates are
related to the susceptibility tensorøIJK

(2) in (X, Y, Z) coordinates
by23

Once the SHG field passes through a polarizer rotated by an
angleú with respect to its principal axis, it can be written as

and its intensity, relative to the intensity of the incident radiation,
is

Determining the real and imaginary part oføS
(2) requires a

separate analysis of the SHG and the incident radiation on the
polarization angle. To this end, a fourth-wave retarding device
was introduced in the optical path to modify the polarization
of the fundamental incident radiation by an angleæ.

After passing through the retarding device, the incident
electric field polarized in thep direction has the following
components:

The standard way to determine the components of the tensor
aabc ) Re{aabc} + iIm{aabc} involves doing a Fourier analysis
of the intensity ratiosRú(2ω, æ) in eq 8 for four different
values: ú ) 0, 45, 90, and 135°.24 One can evidently write eq
12 as

where the Fourier coefficientsCm,ú andSm,ú are given by

and the dependence on angleæ has been made explicit.
The relationship between the intensity ratios, the reduced

tensor aabc, and the incident radiation components can be

obtained from eqs 9, 11, 12, and 13:

An analysis of the obtained Fourier coefficients in this case
reveals a linear dependence between the coefficients that has
been overlooked in the reviewed literature:

This simple expression implies a drastic reduction of the
number of measurements required to determine and analyze the
SHG signal because it implies that the information contained
in the measurements atú equal to 0 and 90° is already present
in the results for 45°, which would then be sufficient to
determine the values of all of the tensor componentsaabc )
Re{aabc} + iIm{aabc} and, consequently, the components of the
susceptibility tensor.

Another interesting case under consideration (case II) is
defined by the assumption that the film is isotropic in the plane
(X-Y) but lacks inversion symmetry with respect to the same
plane. For this situation, the susceptibility tensor is given by

To take the symmetry into account, eq 9 must be modified
to include the additional components and the equations for the

SHG response are consequently modified as

In this case, the relations, analogous to eq 19, between the
Fourier coefficients corresponding to values of the polarization
angle of 45, 0, and 90° are
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In the summation in eq 24, we have displayed only the
relevant terms for the determination of the tensoraabc) Re{aabc}
+ iIm{aabc}; the remaining terms can be determined using the
same information.

4. Experimental Section

Figure 5 shows the experimental setup. The source is a Nd:
YAG pulsed laser (Continuum, modelo Surelite I) that emits
nanosecond pulses at 1064 nm with a surface density energy
of 8 mJ/cm2, and the polarization of the incident pulses is
controlled with aλ/4 retarder. The radiation goes through a set
of filters that remove wavelengths other than 1064 nm. The
sample is supported on an optical-quality glass prism. The
fundamental radiation is simultaneously transmitted through a
quartz crystal to produce a reference beam in order to normalize
the SHG signal.

Films are prepared by dropping diluted solutions of VOOETP
in dichloromethane on the activated glass surface. To ensure
an adequate surface concentration of-OH groups, we use a
tested methodology to fabricate self-assembled films.25-27 The
width and homogeneity of the film is determined through
ellipsometric measurements.28,29 The fundamental radiation is
disposed normal to the entry face of the prism to guarantee total
internal reflection on the face where the sample is adsorbed.
The SHG radiation is directed to a polarizer to select the desired
component before arriving at the detection system. A system
of filters are arranged at the exit of the Glan-Thompson
polarizer to eliminate any residual fundamental radiation that
may contaminate the SHG signal, which is detected by a
Hammamatsu R955 photomultiplier in a spectrometer and
averaged in a boxcar (Stanford Research Instruments, SR 250).

5. Comparison between Theoretical and Experimental
Results

It is not possible, in general, to carry out a straightforward
comparison between the measured and calculated susceptibilities
because the experiment does not provide direct information
about the orientation of the molecules on the surface. Rather,
information about the geometry is extracted from theoretical
calculations and is then used to obtain the experimental
hyperpolarizability, something that can be directly compared
to the theoretical results.

The basic assumption used in this comparison is that the
susceptibility tensor can be written as a geometric transformation
of the hyperpolarizabity tensor, where the geometric part of this
expression is the same for the experimental and theoretical
magnitudes (i.e.,øtheory ) Sâtheory andøexperiment) Sâexperiment).
This is a very reasonable assumption that allows us, using a
given level of theoretical modeling, to compute the matrixS.
Figure 6 displays a flowchart that makes explicit, in a schematic
way, the various steps involved in the comparison of the
calculated and experimental hyperpolarizabilities.

5.1. Calculation of the Average Orientation.As explained
above, the calculation of an approximated orientation starting
from the experimental measurements of the susceptibility
requires knowing which components of the tensor in the isolated
molecule respond to the applied field. One can write the explicit
relationship between the susceptibility in the laboratory system
of reference (I, J, K) and the hyperpolarizability in the (i, j, k)
molecular reference system as30

where d(φ, θ, ψ) is a distribution function andDlm are the
director cosines, which can be expressed in terms of the Euler
angles (φ, θ, ψ), whereφ is the rotation angle about a normal
to the surface,ψ is the rotation angle about the molecular axis,
and θ is the angle between these two axes. The symbol〈 〉
indicates an orientational average, and the simplest distribution
function d(φ, θ, ψ) is obtained under the assumption that the
molecules are randomly distributed on the surface plane (i.e.,
intermolecular interactions are neglected). If we furthermore
assume that molecules are symmetric with respect to the
molecular axis then theθ part of the distribution function
becomes aδ function.

Equation 25 can be rewritten so that the general connection
betweenø andâ is made explicit:

The index correspondence between the axis and index isx
) 1 and 2,z ) 3 for both coordinate systems. The orientational
average is carried out as described above:

Figure 5. Experimental setup.

Figure 6. Schematic flowchart for the theory-experiment comparison.
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Because the only nonzero element isâzzz (VOOETP case),
we find the expressions for the tensor components of the
susceptibility as functions ofθ0 andâzzz:

Dividing eq 28 by eq 29 leads to

If the nonzero tensor components are

(i.e., NiOETP, OETP), then the ratio of tensor components is
given by

6. Results

6.1. Experimental Determination ofâ. As discussed previ-
ously, the determination ofâ requires the obtaining of tensor
componentsaRâγ. In Figure 7, the normalized response obtained
with the analyzer at 45° is shown (eqs 12 and 23). A Fourier
analysis of these data was realized, and by taking into account
the relationship between the Fourier components for the case
where inversion symmetry is absent (case II, eq 20), it is possible
to determine the real and imaginary parts ofaRâγ as expressed
by eqs 10 and 21. The equations describing the quartz signal
are taken from the literature,31 and the nonlinear coefficient of
quartz (0.3 pm/V) is the most recently reported value.32

To compare the experimental and theoretical responses, we
adopt the following convention that relies on the imposed sys-
tem symmetry and is independent of the reference system
used:

In this equation,F(θ0) is the molecular surface density

dependent on the anchoring angles:

A is the contact surface of the molecule, andN is the number
of layers. Local field correction factorsf(ω) andf(2ω) are given
by33

The values forn(ω) andn(2ω) were 1.5 and 1.4, respectively.
The refractive indices and thicknessd of the film are simulta-
neously determined by ellipsometry.

6.2. Comparison of Theoretical and Experimentalâ. A
comparison of the calculated and measuredz components of
the hyperpolarizabilities for the different models is presented
in Table 1. For the other components, the comparison is
meaningless because they cannot be observed experimentally.
The hyperpolarizability values obtained for the monomer-
surface system and the dimer are too close; therefore, the
dominant optical response could not be assigned to either type
of association in a conclusive way. The solution to this problem
comes from the ellipsometric results. As shown in Table 1, the
thickness of the layers,d, permits us to identify the number of
layers. Consistency with both set of data requires that the
experimental value forâz be interpreted as arising from the
response of the dimer. This interpretation does not neglect the
importance of the surface-adsorbate interaction: this is essential
to break the symmetry, to induce the resulting geometry, and
to activate the components of the hyperpolarizability tensor with
nonzero contributions along the surface plane. For small clusters,
one gets responses associated with null components of the
susceptibility, but these spurious responses vanish as the size
of the cluster increases.

A charge-transfer mechanism, coupled to the low-lying SHG
transitions, seems to be involved in both the surface-monomer
and dimer responses. This can be seen in the orientation of the
SOMO and LUMO orbitals either in the direction toward the
surface or in direction toward the other member of the dimer,
as seen in Figure 8.

7. Conclusions

Using a hybrid quantum classical description that relies on
an extended semiempirical approach to the description of the
electronic structure of adsorbate-cluster systems, we have
provided a consistent description of the optical response of
VOOETP on glass surfaces. Such a description includes
experimental information and educated theoretical modeling,
which can, in principle, be extended to other porphyrinic
systems.

The methodology also provides a way to reduce substantially
the amount of experimental information needed to obtain the
relevant observables, via a Fourier analysis and subsequent
manipulation of a simple novel relationship between the
expansion coefficients. Our analysis indicates that the dominant

Figure 7. Rotational pattern of the SHG signal.

øT ) xøX + øY + øZ (33)

âz
exp )

øT

f2(ω) f(2ω) F(θ0)
(34)

F(θ0) ) N
A(sin θ0)

(35)

f(ω) )
n(ω)2 + 2

3
f(2ω) )

n(2ω)2 + 2
3

(36)

øZZZ
(2) ) π cos2 θ0âzzz (28)
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(2) ) 1

2
π cosθ0 sin 2 θ0âzzz (29)

øZXX
(2)
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(2)
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2
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âxxz) âxzx, âzxx
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øX ) 0

øY ) 0 (32)

øZ ) øZZZ + 1
3
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species is the dimer and that the surface plays mostly an
orienting role of the adsorbate through a hydrogen bond-induced
anchoring. This conclusion is borne out by independent ellip-
sometry studies that provide information about the thickness
of the adsorbate layer. The dominant mechanism, as reported
earlier by Ratner and co-workers, seems to involve a charge-
transfer mechanism coupled to the low-lying transitions, a
situation that can be adequately represented by a sum-over-
states approach to the hyperpolarizability.
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