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Thin spin-cast films of poly[2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) were
prepared from samples whose weight-average molecular weight (Mw) was varied in the range of 10-1600
kg/mol. We have characterized the films by means of transmission and reflection ultraviolet-visible-near-
infrared (UV-vis-NIR) spectroscopy to derive the linear optical constants, and third-harmonic generation
spectroscopy with variable laser wavelengths to get the modulus and phase angles of the complex third-order
nonlinear optical susceptibilityø(3). Increasing molecular weight yields films with significantly largerø(3)

values, absorption coefficients, and refractive indices. Theø(3) values of films from the largest and lowestMw

differ by a factor of 4, which is caused by chain orientation effects, local field effects, and changes of the
effective conjugation length.

Introduction

Poly(1,4-phenylenevinylene) (PPV) and its derivatives find
continuing scientific interest because of their favorable photo-
physical properties for optoelectronic devices1-3 such as organic
light emitting diodes (OLEDs),4,5 solar cells,6 and plastic lasers,7

and for third-order nonlinear optics.8-29 The PPV derivative
poly[2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylenevinylene]
(MEH-PPV, see Scheme 1 for its chemical structure) is
particularly suitable for the preparation of thin films, as it is
fully soluble in common organic solvents and can be processed
by spin-coating.22-44 The synthesis of MEH-PPV is performed
using two alternate chemical routes: The so-called Gilch route
usually yields high molecular weight PPVs with a weight
average molecular weight (Mw) on the order of 105-106

g/mol.45-47 The Horner route, on the other hand, is most suitable
for highly pure MEH-PPV withMw ) (2-4) × 104 g/mol.30-32

Recently, we have shown that Horner route MEH-PPVs can be
processed to optical slab waveguides with propagation losses
of 1 dB/cm or less,24-27,35 i.e., to values suitable for integrated
optical circuits.48 Furthermore, MEH-PPV already satisfies the
figures of merit for ultrafast all-optical switching applications49,50

in a spectral window around 1100 nm.25,29

It is well-known that the chain length, i.e., the molecular
weight, has major influence on the linear and nonlinear optical
properties of one-dimensional conjugatedπ-electron systems.
Short chains such as conjugated oligomers show a significant
increase in the wavelength of the maximum of the main
absorption band (λmax) and the second hyperpolarizability (γ)
per repeat unit, which usually follow power law dependencies
of the chain length in a regime up to approximately 2
nm.10,11,18,51For chain lengths larger than typically 2 nm, so-
called saturation effects are observed, which means thatλmax

andγ per repeat unit converge to finite values that are sensitively

dependent on the chemical structure and conformation of the
polymer.52-60 However, it was noted recently that the two-
photon absorption coefficient of thin films of a polydiacetylene
can still increase withMw, even if Mw is significantly larger
than the saturation limit ofγ per repeat unit.61 This behavior
was attributed to chain ordering effects in thin films which can
have strong impact on the third-order nonlinear optical properties
of thin films of conjugated polymers.62,63

Thin polymer films usually exhibit strong uniaxial anisotropy
due to the preferred alignment of polymer chains parallel to
the film plane.34,35,42-44,64-67 This effect becomes particularly
pronounced for rigid polymer chains. As the electric polariz-
ability and the transition dipole moment of the conjugated
π-electron system are mainly parallel to the chain direction, the
anisotropic orientation of chain segments is strongly correlated
with significant birefringence of the films, i.e., the in-plane
refractive index at transverse electric polarization (nTE) is much
larger than the out-of-plane index at transverse magnetic
polarization (nTM). Numerous studies report the birefringence
of MEH-PPV films.34,35,42-44,64,65Aggregate formation can occur
in solutions already and in thin films of high molecular weight
MEH-PPVs, which might cause chain orientation effects.28,36-38

Recently, we reported that the birefringence of thin MEH-PPV
films increases strongly withMw,34,35 ranging from nearly
isotropic to almost two-dimensional chain orientation parallel
to the layer plane. Consequently, the linear optical constants of
the films, i.e., their absorption, refractive index and birefringence
also increase significantly withMw.34,35 Nevertheless, the
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SCHEME 1: Chemical Structure of Poly[2-methoxy-5-
(2′-ethyl-hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV)
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underlying mechanisms causing the preferred in-plain chain
orientation are still not completely understood.

The aim of this paper is a comprehensive study of the
influence ofMw on the third-order nonlinear optical susceptibil-
ity ø(3) of thin films of MEH-PPV. We used third-harmonic
generation (THG) spectroscopy to measureø(3) of thin spin-
cast films, prepared from MEH-PPVs that hadMw from 10 to
1600 kg/mol. THG is important for analytical purposes as THG
probes the purely electronic nonlinear response of the sample
with high sensitivity, in contrast to other methods based on
measurements of the intensity dependent refractive index, which
may suffer from thermally induced effects. THG spectroscopy
is a versatile method to resolveø(3)(-3ω;ω,ω,ω), where the
frequencyω is related to the laser wavelengthλL. The so-called
three-photon resonance occurs if the laser wavelengthλL is close
to 3λmax.10,18 There,ø(3) approaches the maximum valueø max

(3) .
We have studied the resonance behavior ofø(3)(-3ω;ω,ω,ω)
using tunable laser wavelengths in the near-infrared. Our results
show that theø max

(3) of the MEH-PPV films can increase as
much as a factor 4 with the increase ofMw. We discuss the
origin of this effect by considering local field effects,68

orientation phenomena, and influences of the effective conjuga-
tion lengths in the polymer films.

Experimental Section

Materials. We investigated eight different MEH-PPV samples
1-8 (listed in Table 1) with a weight average molecular weight
Mw in the range of 10-1600 kg/mol. We used polymers from
different sources and synthetic routes. MEH-PPVs2-4 were
synthesized via the polycondensation route using carbonylole-
fination as the step growth polymerization process, the so-called
Horner route.30-32 The synthesis of6 was performed via the
Gilch dehydrohalogenation as described recently.69 MEH-PPVs
1, 5, 7, and8 were also synthesized via the Gilch route and
obtained different sources as listed in Table 1. Molecular weights
were measured by gel permeation chromatography (GPC) using
polystyrene standards and tetrahydrofuran (THF) as eluent.

Thin Film Preparation. Thin films on fused silica substrates
were deposited by spin coating from freshly prepared and filtered
(0.5-1 µm syringe filters) toluene solutions at ambient tem-
perature under a laminar flow hood to minimize dust particles,
as described in detail recently.27,35We varied solution concen-
tration and spinning speed to achieve a typical film thicknessd
in the range 50-70 nm. Subsequently, the samples were placed
in a vacuum oven at elevated temperatures (T ≈ 50 °C) for at
least 6 h to remove residual solvent.

Thin Film Characterization. The film thicknessd was
measured with a Tencor Model P10 step-profiler. We have
measuredd for each sample at several places (typically eight)
in the region where the optical experiments were performed

and used the average value of these measurements. In all
spectroscopic studies described below, we used films with
typical thicknesses on the order of 50-70 nm.

The dispersions of the absorption coefficientR(λ) and the
refractive index n(λ) of each film were determined from
transmission and reflection spectra measured with a ultraviolet-
visible-near-infrared (UV-vis-NIR) spectrometer (Perkin-
Elmer Model Lambda 900) following the same measurement
principles as described in our earlier work.18,27,35 We used
polarized light with the electrical field vector parallel to the
film plane. Therefore, the in-plane components ofR(λ) and
refractive indexnTE were evaluated. We obtain the intrinsic
absorption coefficientR(λ) by subtracting the reflection losses
at the film/air and film/substrate interfaces from the measured
transmission spectra.18,27,35

THG Spectroscopy.THG spectra of thin films of MEH-
PPV films were measured by means of the Maker fringe
technique18,70,71 using the experimental setup described re-
cently.57,72 In short, we used an optical parametric generator
(OPG: EKSPLA, model PG 501), which produces laser pulses
with a duration of 20 ps, a repetition rate 10 Hz, and a
wavelength tuning range between 680 and 2000 nm. This laser
beam was polarized with the electric field parallel to the film
plane and focused on the sample, which was placed in an
evacuated chamber and mounted on a rotation stage. The
intensity of the THG signal generated from the sample was
measured as a function of the incidence angleθ. Typical Maker
fringe patterns of a thin film on substrate and a substrate alone
are shown in Figure 1 for comparison. We used the same
evaluation procedure as described in our earlier work18,57,71,72

to fit the experimentally measured Maker fringe patterns. Our
evaluation procedure involves data of the sample, which we
measured separately: thickness, refractive index, and absorption
coefficients at the fundamental and harmonic laser wavelengths
(λL, λL/3) for film and quartz substrate, respectively. We apply
a matrix formalism to calculate the electric fields of all forward
and backward reflected waves in the layer system, including
the so-called free and bound harmonic waves and their reflec-
tions at the interfaces, as described in detail earlier.71 This way
we obtain the theoretical fit of the measured Maker fringes. We
used two fitting parameters only: the modulus|ø(3)| and the
phase angleæ of the macroscopic, complex third-order suscep-
tibility

of the films. The values of the orientation average of
〈|ø(3)(-3ω;ω,ω,ω)|〉 with the electric field vector parallel to the

TABLE 1: Molecular Weights ( Mw: Weight Average, Mn:
Number Average) of MEH-PPVs from Different Synthetic
Routes and Sources: American Dye Source (ADS), Max
Planck Institute for Polymer Research (MPI-P), and Prof.
H.-H. Ho1rhold (University of Jena)

polymer route Mw [kg/mol] Mn [kg/mol] Mw/Mn source

1 Gilch 9.3 4.8 1.94 ADS, Canada
2 Horner 13 6.4 2.03 MPI-P
3 Horner 25 9.1 2.75 Univ. Jena
4 Horner 40.3 14.1 2.86 Univ. Jena
5 Gilch 265 87.1 3.04 ADS, Canada
6 Gilch 276 105 2.63 MPI-P
7 Gilch 420 108 3.89 ADS, Canada
8 Gilch 1600 130 12.3 Covion, Germany Figure 1. Angular dependence of the third-harmonic intensity for a

70 nm thick film of polymer2 on the front side of a 1 mmthick fused
silica substrate (full symbols), and the substrate alone after wiping off
the polymer film (open symbols) at a laser wavelengthλL ) 1470 nm.
The solid lines show the theoretical fits.

ø(3)(-3ω,ω,ω,ω) ) |ø(3)| exp(iæ) (1)
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layer plane were determined with respect to the reference value
of the fused silica substrate using|ø quartz

(3) | ) 3.11× 10-14 esu
for all laser wavelengths.70

Results and Discussion

Linear Optical Spectroscopy. As mentioned above, the
evaluation of the third-order susceptibilityø(3) needs a detailed
knowledge of the linear optical constants of the films, i.e., their
refractive indices and absorption coefficients. Therefore, we
measured the values of these constants for all films between
300 and 1700 nm. Selected spectra ofR(λ) and nTE(λ) for
polymers1, 3, 4, 6, and8 are shown in Figure 2, panels a and
b, respectively. The absorption coefficientsRmax and the
wavelengthsλmax of the maximum of the main absorption band
of polymers1-8 are listed in Table 2. Moreover, for quantitative
specification of the refractive index dispersions, we fitted the
spectra in the range 600-2000 nm by the Sellmeier equation73

using two poles. The fit parametersa1, λ1, a2, and λ2 of the
polymers are also given in Table 2. The data ofλmax have an

estimated uncertainty of(2 nm because of the broad absorption
bands. The experimental error ofRmax is on the order of 5%
and is caused mainly by the experimental error ofd. As can be
seen in Figure 2a, the MEH-PPV films show a systematic trend
to larger values ofRmax with the increase ofMw. Similarly, the
in-plane refractive indexnTE increases for higher molecular
weight samples, as shown in Figure 2b. This behavior is related
to the molecular weight dependence of the average polymer
chain orientation in the films as described recently.35

Furthermore, Figure 2a and Table 2 show a distinct increase
of λmaxwith Mw of MEH-PPVs1-6, which indicates an increase
in the average effectiveπ-conjugation lengthLc.10 We have
observed similar effects in toluene solutions of MEH-PPVs. The
number average molecular weightsMn of 1-6 vary from 5 to
100 kg/mol, which corresponds to chain lengths between
approximately 19 and up to 385 repeat units. The latter number
indicates changes of the effective conjugation length far beyond
the previously reported saturation limits of another PPV
derivative of approximately 30 repeat units58 or polyenes, which
show a saturation limit of 60 repeat units.52,53 It is an open
question currently, whether this is a phenomenon occurring in
single chains or whether it is caused by chain aggregation. This
deserves further experiments for clarification. We are aware that
aggregates can occur already in solution, in particular in the
case of high-molecular weight MEH-PPVs.36-38 We shall
discuss the impact ofLc on the THG results of thin films in the
next subsection.

THG Spectroscopy.Spectra of the modulus|ø(3)| of films
of polymers1, 3, 4, 6, and8 are shown in Figure 3a, and selected
spectra of the corresponding phase anglesæ of polymers1, 6,
and8 are presented in Figure 3b. These spectra show the typical
three-photon resonance that occurs if the harmonic laser
wavelengthλL/3 is close toλmax. The maxima of the modulus
of ø(3) are denoted|ø max

(3) | and are displayed in Table 2 together
with the harmonic wavelength of this maximumλL(ø max

(3) )/3.
The three-photon resonance is verified by the phase angleæmax,
which is always close to 90° (see Figure 3b and Table 2).

We note that the peaks of the three-photon resonance of|ø(3)|
are always red-shifted as compared to the linear absorption
maxima (see Figures 2a and 3a, and Table 2). The harmonic
wavelengthsλL(ø max

(3) )/3 are red-shifted by approximately 5-20
nm versusλmax. This effect is well-known and interpreted by
the statistical distribution of effectiveπ-conjugation lengthsLc

in a conjugated polymer.74,75Because of the super-linear increase
of ø(3) with Lc,10,11 the longer chain segments with largerLc

dominate the THG response and cause the red-shift of the|ø(3)|
spectrum versus the linear absorption spectrum.

Evaluation of Molecular Weight Effects. The THG spectra
shown in Figure 3 reveal a systematic trend to higher values of
|ø(3)| with the increase ofMw at all studied wavelengths. Table

Figure 2. Spectra of the intrinsic in-plane absorption coefficientR
(a) and the in-plane refractive indexnTE (b) of thin films of MEH-
PPVs1, 3, 4, 6, and8.

TABLE 2: Linear and Nonlinear Optical Data of Thin Films of MEH-PPVs 1 -8a

no.
λmax

[nm]
Rmax

[104 cm-1] a1

λ1

[nm] a2

λ2

[nm]
λL(ø max

(3) )/3
[nm]

〈|ø max
(3) |〉

[10-11 esu]
æmax

[°]
1 472 13.2 1.418 190 0.145 518.0 480 2.43 92
2 474 13.9 1.402 190 0.137 511.2 480 2.78 89
3 477 15.0 1.431 200 0.165 529.9 490 3.84 91
4 489 16.6 1.416 200 0.208 528.9 510 6.50 88
5 489 18.2 1.550 210 0.164 539.9 510 7.58 93
6 491 18.4 1.564 210 0.188 542.6 510 7.67 84
7 495 19.1 1.573 259 0.190 547.4 510 9.17 97
8 495 19.4 1.583 252 0.197 541.1 510 8.95 92

a See text for symbol assignments. The data have the following typical experimental errors:λmax: ( 2 nm;Rmax: ( 5%; λL(ø max
(3) )/3: ( 10 nm;

|ø max
(3) |: ( 10%; æmax: ( 5°.

n2(λ) ) 1 + ∑
i)1

2 aiλ
2

λ2 - λi
2

(2)
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2 shows that the maxima|ø max
(3) | increase strongly from MEH-

PPVs1-8. This trend is displayed in Figure 4 for comparison,
which shows saturation of|ø max

(3) | for the highest molecular
weight polymers. We evaluate the impact ofMw on |ø max

(3) | by
means of the fundamental relation between the macroscopicø(3)

and the microscopic molecular hyperpolarizabilityγ per repeat
unit, which is given in the case of THG generation by10,11,68

whereN is the is the number of repeat units per unit volume,
and f is the dimensionless Lorentz local field factor, which is
related to the frequency dependent refractive indexn(ω)10,11,68

We introduce the total local field factorF

where the fundamental frequencyω refers to the laser wave-

lengthλL. We calculateF at the maximum|ø max
(3) | by means of

the data of the real parts of the refractive indexnTE(λ) of thin
films for all MEH-PPVs. The data ofF are also shown in Figure
4. AlthoughF increases significantly withMw of the polymer,
its change is less than the change of|ø max

(3) |. Therefore, we have
to discuss two further factors to explain the influence ofMw on
|ø max

(3) |.
The first factor is related to the molecular hyperpolarizability

γ per repeat unit, which is dominated by the tensor component
γxxxx in the direction of the long axis of the one-dimensional
conjugated chain segment. The tensor componentγxxxx increases
strongly with Lc, as described by the power lawγxxxx ∼ Lc

µ,
where the exponentµ is on the order of 4-5.10 As Lc is also
related toλmax, a power lawø(3) ∼ (λmax)10 was derived earlier
from a master plot of several conjugated polymers.10,18 There-
fore, we can summarize this and obtain the relation

whereγ, γxxxx, Lc, andø(3) clearly are ensemble averages that
differ for each thin film sample of MEH-PPVs1-8. As Figure
2 and Table 2 show,λmax increases withMw. Therefore, we
expect thatø(3) will increase accordingly withλmax.

The second factor that contributes to the increase of|ø max
(3) |

with Mw is related to the average orientation of the conjugated
chain segments with respect to the layer plane. We have shown
recently that the average chain orientation of thin films of MEH-
PPV depends strongly onMw.34,35While films made from low-
Mw polymers are nearly isotropic, those cast from MEH-PPVs
with larger Mw have an increasing amount of PPV chain
segments aligned parallel to the layer plane. We performed all
THG experiments with incident laser light having TE polariza-
tion, i.e., the electrical field vectorE is parallel to the film plane.
Therefore, the angleΘ betweenE andγxxxx is smaller in the
films of higherMw. As a result, the macroscopicø(3) of the films
grows with increasingMw. We treat this effect more quantita-
tively by writing the in-plane component of the orientation
average of〈|ø(3)|〉 of the films, i.e., withE parallel to the layer
plane in the form

following the treatment of Kajzar et al.62,63 Depending on the
arrangements of polymer chains in the film, we can distinguish
several situations:62,63For a mono-orientation, i.e., all polymer
chains are parallel to a given direction, we obtain〈cos4Θ〉 ) 1.
The case of two-dimensional disorder, i.e., all polymer chains
are parallel to a plane and randomly oriented within this plane,
yields 〈cos4Θ〉 ) 3/8. The three-dimensional disorder is
represented by〈cos4Θ〉 ) 1/5.

For a quantitative description of the molecular weight effects,
we investigate now the ratio of the coefficients of eq 7 for the
highest and lowest molecular weight MEH-PPVs8 and 1,
respectively. Using of the data of Table 2, the left side of eq 7
yields the ratioRls ) 〈|ø max

(3) (8)|〉/〈|ø max
(3) (1)|〉 ) 3.7 ( 0.8. The

right side of eq 7 gives the following ratios for polymers8 and
1: F(8)/F(1) ) 1.68 andγxxxx(8)/γxxxx(1) ) [λmax(8)/λmax(1)]10

) 1.61. If we attribute the orientation distribution of the chain
segments of polymer8 as two-dimensional, we obtain
〈cos4Θ(8)〉 ) 3/8. Similarly, we get〈cos4Θ(1)〉 ) 1/5 if we
consider random orientation of polymer1. For this limiting case
considered here, the ratio of the orientation factors becomes
〈cos4Θ(8)〉/〈cos4Θ(1)〉 ) 1.88. Assuming the same density of
the films, i.e.,N(8)/N(1) ) 1, the total ratio of polymers8-1

Figure 3. Spectra of the modulus〈|ø(3)|〉 (a) and phase angleæ (b) of
the third-order optical susceptibilityø(3)(-3ω,ω,ω,ω) measured by THG
versus harmonic laser wavelengthsλL/3 for thin films of MEH-PPVs
1, 3, 4, 6, and8.

Figure 4. Modulus of the third-order susceptibility〈|ø max
(3) |〉 (full

circles, left scale) and the total local field factorF (open circles, right
scale) of thin films of MEH-PPVs versus their molecular weight (on
logarithmic scale).

ø(3)(-3ω,ω,ω,ω) ) Nf(3ω)(f(ω))3γ(-3ω,ω,ω,ω) (3)

f(ω) ) (n2(ω) + 2)/3 (4)

F ) f(3ω)[ f(ω)]3 (5)

γxxxx ∼ (λmax)
10 (6)

〈|ø(3)|〉 ) NFγxxxx〈cos4Θ〉 (7)
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of the right sideRrs of eq 7 is approximately 5, which is close
to the result of the left sideRls ) 3.7( 0.8. Taking into account
that we have probably overestimated the orientation factors by
considering the limiting cases only, the agreement of the ratios
Rls andRrs of polymers8 and1 is rather good. This shows that
the observed increase of the third-order nonlinear optical
susceptibility withMw is caused by three main contributions:
local field effects, orientation effects, and, presumably, chain
ordering effects, which influence the effective conjugation
length.

Summary and Conclusions

We used THG spectroscopy to study the third-order nonlinear
optical susceptibilityø(3) of thin spin-coated MEH-PPV films,
prepared from polymer samples whose weight-average molec-
ular weight was varied in the broad range of 10-1600 kg/mol.
We observed that theø(3) values of the films increase as much
as a factor of 4 with the molecular weight. This effect is a
primary consequence of the preferred in-plane chain orientation
in the films of high-Mw polymers as compared to the nearly
isotropic chain arrangement in the case of low-Mw polymers.
Additionally, we see an increase ofλmaxat chain lengths between
approximately 20 and up to 400 repeat units. This indicates
changes of the effective conjugation length, which can also have
impact on theø(3) values of the films.

A related effect, namely, aMw dependence of the two-photon
absorption coefficient, was observed recently in thin films of
poly-3BCMU.61 Therefore, the molecular weight effect on the
nonlinear optical properties is not limited to thin films of MEH-
PPV only, but seems to occur more generally and should also
be observed for many other conjugated polymers with a rigid
backbone. Here we have shown how the molecular weight acts
as a key parameter to tailor and control the linear and nonlinear
optical constants of thin films of conjugated polymers.
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