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We have investigated the influence of two-photon absorption on the third-order nonlinear
optical properties of model organic molecules using the technique of degenerate four-wave
mixing (DFWM). A theoretical formulation developed here shows that the presence of two-
photon absorption, which is related to the imaginary part of the third-order susceptibility y*’,
leads to an enhancement of the effective third-order nonlinearity and to the appearance of
effects caused by the formation of two-photon generated excited states. The dynamic behavior
of the nonlinearity is then governed by the properties of excited molecules. The nonlinear
effects also involve contributions which depend on the fifth power of the electric field. We have
performed a systematic study of third-order nonlinear optical properties of alkoxy
(—C,oH;,OCH) substituted p-polyphenyl oligomers using the technique of time-resolved
degenerate four-wave mixing with subpicosecond pulses at 602 nm. Experimentally determined
values of the second-order hyperpolarizability y for the oligomers increase smoothly from the
monomer to the trimer, with a more rapid increase to the pentamer and to the heptamer. In
addition, the hyperpolarizabilities for the pentamer and the heptamer appear to be complex. A
smooth increase of the y value is expected from an increase of the 7 conjugation from a shorter
chain oligomer to a longer chain oligomer. The more rapid increase of the y value in the
pentamer, and especially in the heptamer, however, cannot be explained satisfactorily by only
taking into account the 7-conjugation length. Two-photon absorption for the pentamer and the
heptamer at the measurement wavelength of 602 nm is suggested to be important as the
observed dynamic behavior is satisfactorily explained by the predictions of the theoretical
model presented here. It is shown that the effective ¥ value for a two-photon absorbing
material is a function of optical intensity, pulse width, and sample length if one uses the

conventional degenerate four-wave mixing description.

I. INTRODUCTION

Nonlinear optical processes in organic materials have
been a subject of intense experimental and theoretical inves-
tigation during the last decade. Considerable work has been
done toward understanding the microscopic origin of non-
liner behavior of organics.’> Among the problems which
have been addressed are those of the structure-property rela-
tionships for various possible designs of optically nonlinear
molecules that can be used as building blocks for photonic
materials. Here, we investigate the role of two-photon ab-
sorption which is an important factor in the performance of
materials for third-order nonlinear optics. Among the var-
ious processes that are due to the presence of a third-order
material nonlinearity [usually represented by the suscepti-
bility ¥ ( — w4;0,,0,,0;) ], the most interesting ones from
a practical point of view are those which allow one to control
a light beam by another light beam. In the degenerate case,
this means that the propagation of a beam of frequency w can
be controlled by another beam of the same frequency; the
proper susceptibility for this effect is y® ( — w0, — 0,0).
Some examples of various manifestations of this susceptibil-
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ity  are power-dependent refractive  index,®’
self-focusing,®'? optical Kerr effect,’'* and phase conju-
gate reflection.'>"'* Examination of dispersion relations de-
rived for the third-order hyperpolarizability from quantum
chemical considerations tells us that the hyperpolarizability
{and third-order susceptibility ) for a degenerate process will
become one-photon resonant when the frequency of the light
approaches a material excitation frequency. However, for
¥ ( — v, — 0,0), one can also expect resonances at
combinations of input frequencies, which means that, in gen-
eral, both low frequency material modes (molecular oscilla-
tions and vibrations, for example) and the modes at frequen-
cy close to 2w will contribute to the nonlinear response.
Therefore, even though a specific wavelength of light may be
far from any one-photon resonance, in some materials a two-
photon resonance of this frequency may dominate the non-
linearity. The role of such a resonance is dual. The values of
¥ and the corresponding microscopic coefficient y can be
enhanced considerably. However, the closeness of a reso-
nance (one photon or two photon) also leads to the appear-
ance of an imaginary part of the susceptibility, i.e., both y
and y® become complex. Furthermore, as the imaginary
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part of the first-order susceptibility is responsible for one-
photon absorption and is related to the linear absorption
coefficient, similarly the imaginary part of y** is related to
two-photon absorption. Therefore, the effective nonlinearity
observed in a degenerate four-wave mixing experiment may
involve additional contribution due to the formation of ex-
cited species by a two-photon absorption.

The previous studies of thiophene oligomers®® and poly-
p-phenyls?! have indicated that molecules possessing exten-
sively conjugated m-electron systems exhibit large optical
nonlinearity. However, while an extension of the m-electron
system invariably leads to a higher value of the third-order
hyperpolarizability y, there are several complicating factors
which play important roles in determining the nonlinear op-
tical response of the material. First, simple addition of more
mr-conjugated units to an oligomeric chain does not always
bring about the desired effect of a substantial increase in y.
Due to nonplanarity of long molecules, such as oligomers of
benzene, the initial rapid increase of ¥ accompanying an in-
crease in the length of the molecule may saturate for longer
chains.?®?! For the materials used for experimental investi-
gation reported in this paper, the didecyloxy substitution
renders increased solubility to the polyphenyls, so that even
the pentamer and the heptamer are soluble in common or-
ganic solvents such as tetrahydrofuran. This increased solu-
bility has permitted us to investigate the nonlinear optical
response of these higher oligomers. The nonlinear optical
behavior of these higher oligomers demonstrates that with
the increase of conjugation length, another complicating fac-
tor to consider is two-photon absorption.

In this paper, we first present a theoretical description of
degenerate four-wave mixing (DFWM) in the presence of
two-photon absorption. The DFWM signal is shown to be
derived from two dynamic processes. One is the coherent
instantaneous four-wave mixing and the other is the Bragg
diffraction from a two-photon-induced population grating.
Recently, Cao?? et al. have also developed a theoretical for-
malism of transient four-wave mixing which considers both
the fast (instantaneous) and slow components of the four-
wave mixing signal. The experimental DFWM studies of the
didecyloxy substituted poly-p-phenyl oligomers are con-
ducted using the backward wave geometry. The experimen-
tal results for the pentamer and the heptamer are analyzed
using the proposed theoretical description which involves
two-photon processes.

Il. THEORY

In general, a four-wave mixing experiment may be con-
sidered as an interaction of three optical fields in a medium.
The presence of a third-order nonlinear optical susceptibility
x> leads to the creation of various components of material
polarization, which give rise to new optical fields. In favor-
able conditions, especially if the phase-matching condition is
fulfilled (i.e., the phase relation between the waves emitted
by various parts of the whole nonlinear medium leads to
constructive buildup of the resulting wave), new beams of
light are created. In the degenerate case, the three fields
superimposed on the medium are of the same frequency and
the new wave created by their interaction is also of the same

frequency. Therefore, the nonlinear susceptibility involved
is y*( — w;», — o,w) and the phase matching condition is
3k; = 0. In the phase-conjugate geometry (also called back-
ward four-wave mixing ), two beams (labeled 1 and 2) coun-
terpropagate and a third one (3) is incident at a small angle
tobeam 1 (Fig. 1). The phase matching condition predicts a
generation of the output beam (4), which is counterpropa-
gating with respect to beam 3. Another way of looking at a
DFWM experiment is to treat it as the creation of transient
gratings by interference of pairs of waves and Bragg diffrac-
tion of the remaining wave from the grating formed in the
material by its nonlinear response to spatially modulated
light intensity.?>** In the phase conjugation geometry, the
signal beam can also be considered to be the Bragg diffrac-
tion of beam 2 from the grating formed by 1 and 3, and the
Bragg diffraction of beam 1 from the grating formed by 2 and
3

We assume for simplicity that the molecules of a two-
photon absorbing medium can be treated as two-level sys-
tems and their excited state lifetime is 7. The third-order
polarization in the material can be assumed to consist of an
instantaneous part due to the coherent third-order nonlin-
earity (instantaneous four-photon parametric mixing) and a
slow part which is due to the change of susceptibility brought
about by the presence of population grating of excited
states.?® Thus the polarization can be expressed as

N,
P=X§1)'E+X(3)5EEE+—A’;‘(,¥§”—szl))'E’ (1)

where ¥V and y'® are the linear susceptibility and the
third-order susceptibility, respectively; the indices @ and &
refer to the ground and the excited states, respectively. N is
the total density of molecules (N=N, + N,). yiV is the
linear susceptibility of a hypothetical material built of excit-
ed state molecules. Therefore, the first term on the right-
hand side of Eq. (1) is the linear polarization, the second
term is the instantaneous third-order polarization, and the
last term is the polarization increment brought about by the
existence of excited species. Equation (1) refers to the rela-
tion between the vector P and the vector E. The susceptibili-
ties y{"’ and y{" are tensors of the second rank, while y** is
the tensor of the fourth rank. In the following, we replace the
vectors and tensors with their scalar values. It must be kept
in mind that because our experiments are carried out in lig-
uid form, the first- and third-order susceptibilities are orien-
tationally averaged.

The excited state density &V, is governed by the follow-
ing kinetic equation:

Sample
Pump E, |_| Probe E,
Delayed Beam
Pump g, s—*"' z
signat g, ° ¢

FIG. 1. The backward DFWM geometry. E, and E; are pump beams and ,
is the probe beam in our measurement.
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ANy (D) nraiegy N0
dt T,

In the above equation, T} is the molecular excited state life-

time, x, is the two-photon absorption cross section of the

molecule, and /(r,?) is the light intensity in the medium. We

ignore the influence of molecular diffusion on the decay of

the population grating. Equation (2) can be solved as

(2)

N,(r,p) =e /0 f 1, NI (r,t")e' " Tdt . (3)

The fields of the three incident beams (E,, E,, and E,) and
signal beam (E,) can be expressed in the following complex
scalar forms:

E(rt) =&, (r,t)explitkyr —on)] (=12,34),

(4)
where &, (r,t) is the envelope function for the jth optical
field. In the following calculation, we only consider the case
in which the intensity of beam 2 (7,) is much weaker than
that of either beam 1 (/,) or beam 3 (I;), and in which the
intensity of the signal beam (/) is also much weaker than
that of any incident beam. Therefore, the excited state popu-
lation induced by beam 2 and signal beam 4 can be neglected.
In order to simplify the theoretical calculation, we only con-
sider a case where beam 2 is polarized orthogonally to both
beams 1 and 3. In this case, only the interference between E,
and FE, is important. The total field due to these two strong
beams is given by

E(r,t)=E, (r,1) + E;(r,1) (3)

and the intensity profile of incident beams is

Pzt =2V &, (2,0) &, (z,) € ¥ (z,0)exp{i[ (k; + k, — k3 )z — ot |} + 216, B2 (y$V

I(r,t) =B-E(r,t) E*(r,t) =B |&, (0,1)|> + B|& 5 (r,0) |?

+ [BE, (r,)€F(rt)e” T ], (6)

where B = nc/2m and n is the refractive index for the medi-
um at frequency w. From Eq. (6), we have

I*(r,t) = B?[|€, () |* + |, (0, |* + 4|8, (r,0) |2
1m0 2]+ 2B |8, ()] + €5 (r,0)]?]

X &, (r,)E*(r,p)e” M7 4 c.c.}

+ BH{ & (r,) E¥(r,)e” T L et
(7)

Interference terms are contained in the first and the second
curly brackets. The spatial distribution of two-photon-in-
duced species will contain the same Fourier components as
those appearing in the above equation. The bias term (space-
independent term) is not important for the generation of the
DFWM signal. The term in the third curly bracket will only
contribute to the second-order diffraction from the popula-
tion grating.”® Since the second-order diffraction is not
phase matched under our experimental conditions, it would
only be important for samples thinner than the coherence
length, but not for the thick samples used in our present
study. The term in the first curly bracket in the above equa-
tion will, however, contribute to DFWM in the direction of
the usual phase conjugate signal. Therefore, to derive the
properties of the phase conjugate beam, it suffices to consid-
er only the proper component of the second term. Combin-
ing Egs. (1), (3), and (7), the polarization which corre-
sponds to the phase conjugate signal can be written as

—x)

Xe—t/TleXp{i[(k] +kz _k3 ).z_w[]}f [|gl (Z,[’)l2+ 1?3 (Z)t')|2]

X & (2t )%zt )e T dr' €, (z0).

The factor 2 in the first term of the above equation is a degen-
eracy factor. In Eq. (8), the first term describes the contri-
bution of the coherent DFWM process and the second term
describes the contribution of the population grating process.
We now introduce an equivalent third-order susceptibility
¥ =, B* (x5 — y{V) Ty, which contains a contribution
from the population grating process under a cw condition or
under such a condition that incident laser pulse width is
much longer than the excited state decay time T,. We as-
sume that the beams take the following forms:

gj(z,t) = Ep y—(t —2/1.73,7'), _]= 1’3; (9)
Ei(z0) =Ey F (t+2/9,7), j=2, (10)

where &, is the group velocity of the laser pulse in the medi-
um, 7 is the pulse width, and & (£,7) (§ =1t —2z/d, or
t +z/9,) isthe propagation function of the laser pulse enve-

(8)

r

lope. A Gaussian or a sech? functional form may be assumed
for the incident beams. The constant Ej, is the peak ampli-
tude of the jth pulse. Substituting Egs. (8)-(10) into a non-
stationary coupling wave equation®’ and neglecting the at-
tenuation of the optical fields, one obtains

3%, (z,1) 1 3% ,(z0)

3z d, o
2 X
= i 2O Py gyt oD, (11)
kc?

In order to solve the above differential equation, the vari-
ables zand tare replaced withzand n = ¢ + z/4,. If beam 2
is delayed with respect to beams 1 and 3 by T, Eq. (11)
becomes

€ 4 (zm) 27w’ -

2l = D pONgp, T,y e, 12
dz ke? (zm,74) (12)

where

J. Chem. Phys., Vol. 95, No. 6, 15 September 1991
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PP (2,4,T,) =2 PE\GEWEY F (7 — T,7)F (7 — 22/3,,7) exp{i[ (k, + k, —k; )z — w1 ]}

+ 2y P E W EpE Y F (7 — Tyr)e” ™ Texpli[ (k, + k, —k; )z — ot |}

1
T,

1] ’
X [ 1B+ 1B 17 — 22/9,m¢™ T .

(13)

From Eqgs. (12) and (13)with the boundary condition & ,(/,t) = 0, we obtain the amplitude of the signal field

. 27’
g*t (Orta Td) =1 kc2

! pt “
X [|Ewo]? + |Es |7 F (1 = Tyyrye =T -%— f f FH oy =229, " dn’ dz,
1 VO J—-

where / is the sample length. For a material without two-
photon absorption, the DFWM sigtial will be expressed only
by the first term of Eq. ( 14). In this case, the signal is propor-
tional to the cubic power of the input intensities if all three
input beams are derived by splitting one input parent beam.
For a material with two-photon absorption, however, the
detected DFWM signal involves two contributions, i.e., the
coherent DFWM process and the population grating pro-
cess. The former process is described by the first term in Eq.
(14) and the latter process involves the second term in Eq.
(14). For zero delay of beam 2, the three incident beam
pulses arrive together in the sample cell and the DFWM
signal is derived from both the coherent four-wave mixing
process and the population grating process. The DFWM sig-
nal has a power dependence of between a third order and a
fifth order, depending on the relative contributions from the
coherent four-wave mixing and the population grating. On
the other hand, when beam 2 is delayed beyond the pulse
width of the grating forming pulses, the instantaneous co-
herent four-wave mixing process does not occur, but the
population grating contribution is still present if the excited
state produced by two-photon absorption has a long enough
lifetime. As can be seen from Eq. (14), the DFWM signal, in
this case, should obey a fifth-order power dependence on the
input intensity.

There is an additional complication which must be con-
sidered in order to form a fuller picture of the two-photon-
induced DFWM process. The susceptibilities entering equa-
tions for the polarization are complex, i.e., they involve both
the real part and the imaginary part. The imaginary part of
the ground state linear susceptibility y{}), can be taken equal
to zero because we assume no one-photon absorption at the
frequency w. Both nonlinear components, i.e., the true third-
order susceptibility and the effective nonlinear contribution
from excited species, will contain imaginary parts. For y¢*,
the presence of the imaginary part derived from y{'’ makes it
complex and it simply means that the two-photon-induced
species may absorb at @. The imaginary part of y® has an-
other simple interpretation. Inserting y® = y» + iy{? in
the coupling equation [e.g., Eq. (11)], we verify that the
imaginary part of y®’ is responsible for nonlinear (two-pho-
ton) absorption since it gives rise to a change of the electric
field amplitude. Its role is dual. Considering various polar-

ization terms involving y{’, one notices that since #,< &,

l 2
2y DE B E%F (t — Tyyr) f F2Ut —22/9,,7)dz + i%’c‘;— W PE W EnEY
(0]

(14)

<& =& ,, there is no need to consider a two-photon ab-
sorption correction in Eq. (12), i.e., cubic terms involving
& , can be neglected. However, the cubic term involving y {2’
and &, % ,% ¥ will be important. In Eq. (13), it will produce
an amplitude grating and together with the appropriate
imaginary term corresponding to the population grating, the
cubic term will contribute to the DFWM signal. It should be
noted here that the amplitude grating signal is 90° out of
phase with the phase grating signal. The total DFWM inten-
sity can be expressed as the sum of squares of these two
contributions.

Therefore, a two-photon resonance has the following
role: Its presence enhances the real part of y* and therefore
the instantaneous formation of the phase grating, at the same
time giving rise to an amplitude grating through the imagi-
nary part of y®. The excited species formed by two-photon
absorption contributes to the delayed grating through the
induced change in the first-order susceptibility 5" — yi".

While the two-photon absorption should not be very
important for attenuation of beam 4, there may be situations
when the attenuation of the strong beams becomes nonnegli-
gible. When the probe beam is much weaker than the two
forward pump beams, as with our experiment, one can intro-
duce the first-order correction by simply considering only
the attenuation effect on beams 1 and 3. For the sake of
simplification, we only consider the change of the peak am-
plitude of pulse with spatial position z in the medium, i.e., we
ignore the change of two-photon absorption with time at a
fixed position. We also assume that beams 1 and 3 conform
to the same attenuation law. Based on the above assump-
tions, a spatial attenuation factor 4 (z) is introduced into Eq.
(4). At the same time, the factor & (¢ — z/19,,7) in Eq. (9)
is taken as 1. Therefore Eq. (9) becomes

gj(z) =A(Z)E_,Oa j= 1,3’ (15)

where E, is the peak amplitude of the jth beam at the bound-
ary z = 0. By substituting Eq. (15) into the coupling wave
equation
9€,(z) 27’
oz kc? o

m (8818, +28,838,),
(16)

and assuming that the initial field amplitudes of both pump
beams are the same, E,, = E;;, we have

J. Chem. Phys., Val. 85, No. 6, 15 September 1991
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d4(z) _ 270
9z ke?
Solving Eq. (17) and wusing the boundary condition
A(0) = 1, A(2) is obtained as
1
(1+ 67D Ero ’2) >
where ¥ = 27w®/(kc®) and the peak amplitudes of the
fields are taken as

2
3y |E)?4(2)> (17)

A(z) = (18)

Ey
(1 4+ 67"y D |Eyolz)

Combining Egs. (12), (13), and (19) with the boundary
condition & ,(/,t) =0, we have the peak amplitude of the
signal field with the following form under the conditions of
T,=0and ¥ (n,7) =1

& 4max (2) = i«/a/'X(”EloEzoEg‘o

In[(1+8D/(1+ B2)]
ﬁ ’

#(2) = j=13 (19

X

(20)

where

47w’
B= k2 ¥ E -
B is the spatial attenuation coefficient of beams 1 and 3 due
to two-photon absorption. Therefore, by comparing Eq.
(20) with the usual expression for a third-order nonlinear
process without absorption, we find that the following cor-
rection factor F for two-photon absorption should be used:

- —
In[(1+8D]

It should be noted that unlike the correction factor used for
one-photon absorption, the correction factor F for two-pho-

(21)

(22)

oc, H

(cH,),N ks
|\ ez A EHE
/ W(CH,), Ar
OCIOHZI

A
Oy
Br /

0010“21
r

t-BuOK

RT, Nz. 24 h
Toluene (n = 0, 2)

214°%c (n = 0)

190°C (n = 1, 2) CyoH2,0

10 27

-2 NH(CH_)
e ©@-0-0
1,2,4-Trichlorobenzene /
(n=20, 2), N
2 oconzx
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ton absorption is a function of the incident power intensity.

The theoretical treatment presented above provides the
following conclusions:

(i) the DFWM signal contains a “fast” component due
to the coherent y* term and a “slow” component arising
from the population grating;

(ii) the relative contributions of both components to the
DFWM intensity depend on light intensity, laser pulse dura-
tion, and other experimental conditions;

(iii) power dependence of the DFWM signal is different
from the usual cubic dependence, the fifth-order power de-
pendence being derived from the two-photon induced popu-
lation grating;

(iv) it is necessary to introduce an intensity-dependent
absorption correction to the DFWM signal which accounts
for depletion of pump beams by two-photon absorption.

1ll. EXPERIMENT
A. Materials preparation

The didecyloxy (-OC,,H,;) substituted para-poly-
phenyl oligomers corresponding to the monomer, the
trimer, the pentamer, and the heptamer were synthesized for
measurement by DFWM. The monomer 1,4-bis(decy-
loxy)benzene was synthesized in 84% yield by a procedure
similar to that described in the literature for the synthesis of
aromatic diethers.”® Trimer (n = 0), pentamer (n=1),
and heptamer (n = 2) were synthesized in yields of 53, 41,
and 15%, respectively, by a synthetic scheme developed pre-
viously for the synthesis of unsubstituted and phenyl substi-
tuted para-polyphenyls (Fig. 2).%

Although the trimer, the pentamer, and the heptamer
were prepared by one-pot procedures, isolation of the trimer
and the heptamer intermediates at each step of synthesis was

Triglyme (n = 1),
Chloroform (n = 0, 2)

(CM:’)2 @ t——Ar
"Q / N(CH,),

?

RT, Nz' 24h

¢, H2,0

FIG. 2. A synthetic scheme for the prep-
aration of didecyloxy substituted para-

polyphenyls.

OCIOHBI

.+{o}

n=0-2
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found to increase the overall yield. The advantage of utiliz-
ing such a preparatory scheme was the complete isolation of
the all para isomer from its ortho—ortho and ortho-para
isomers during thermal closure to the final polyphenyls.®°!

The physical characterization of the didecyloxy substi-
tuted polyphenyls is summarized in Table I. Typically the
yield decreased as the length of the polyphenyl chain in-
creased; this loss of yield was also observed to occur during
the preparation of the previously reported polyphenyls uti-
lizing such a route.?® Melting points of the polyphenyls also
increased as molecular weight increased. In addition, at
higher boiling, more nonpolar solvents were required for re-
crystallization as the molecular weight of the polyphenyl
increased. All polyphenyls studied here were soluble in te-
trahydrofuran at room temperature and thus provided a
means to prepare dilute solutions of the polyphenyls for
DFWM experiments.

B. Measurements

The absorption spectra of the compounds investigated
in this study were obtained from their very dilute THF solu-
tions. The spectrometer used in our measurement was Shi-
madzu UV-260. The cuvette thickness is 1 cm.

The system used in our experimental study of degener-
ate four-wave mixing is the same as that described in pre-
vious publications.’®?! It delivers amplified and nearly
transform-limited 400 pulses at 602 nm with the repetition
frequency of 30 Hz and with the maximum energy of ap-
proximately 0.4 mJ per pulse. An appropriate set of beam
splitters and mirrors are used to form three beams which can
be synchronized using individually adjustable delay lines to
be simultaneously incident at the sample. By delaying beam
2 with respect to a pair of forward beams 1 and 3, one can
record the temporal profile of the DFWM signal. The signal
is monitored with a photodiode and processed with a boxcar
averager (EG&G Princeton Applied Research, Model
4200). The data are further processed by a computer.

The intensity of the DFWM signal for the solution is
compared to that obtained for a reference sample under

TABLE I. Physical characterization of decyloxy substituted polyphenyls.

Zhao et al.: Nonlinear optical processes

identical conditions. An effective third-order susceptibility
for the solution is then calculated from the following equa-
tion:

I L 2, i)m.é_. 3L F
v=(x) (£) Far

where I stands for the DFWM signal intensity, # is the re-
fractive index of the medium, / is the interaction length, and
subscript s refers to a reference sample. F is the correction
factor taking into account the sample absorption. As there is
no one-photon absorption present for the entire family of the
compounds investigated here, it appeared necessary to use
only the two-photon absorption correction derived in the
previous section for the heptamer solution for which the
two-photon absorption is strong. For solution measurement,
the effective y** calculated from the above equation con-
tains a contribution from both the solute and the solvent.
Therefore, we treat the third-order susceptibility for the so-
lution as the sum of two contributions

x® =LHNys + Novo), (24)

where ¥, and ¥, stand for the hyperpolarizabilities of the
solvent and the solute, respectively. N, and N, denote the
respective molecular density, i.e., the number of molecules
per cubic centimeters, and .% is the local field correction
factor approximated by the Lorentz expression’
P n? 42 ,
3

(23)

(25)

where 7 is the refractive index of a solution at the frequency
of the measurement (i.e., 602 nm). The values of # are mea-
sured by using an Abbe refractometer at the sodium line
(589 nm). No dispersion correction was attempted.

For each compound, the effective y‘*’ value at different
concentrations is calculated by using Eq. (23) and the y
values can be obtained by a least-squares fit to Eq. (24).
Errors in the determination of y are calculated taking into
account the uncertainties of the measurements of the
DFWM intensities for individual points. Other experimen-
tal factors, such as the concentration range, the concentra-

Yield Melting Appearance Solution Formula Elementary analysis E.IM.S.

X mer (%)* point (°C) (solvent) at25°C (FW) calculation (found) m/z (%)°
Monomer 84 68° Colorless CHCl, CeHyO,  C, 79.94(79.92) 390(25M * )

Lit mp 684 plates (MeOH) THF (390.62) H, 11.87(11.85) 110(100)
Trimer 53 65.3-66.3° White powder CHCl, CyHs, 0, C, 84.08(84.38) 542(13M*)
(n=0) (EtOH)f THF (542.81) H, 10.03(9.86) 43(100)
Pentamer 41 123-126° Yellow needles CHCI, C,oHe, O, C, 86.40(86.70) 695(19,M * )
(n=1) (2-propanol)?® Heptane (694.99) H, 8.98(9.00) 43(100)

THF

Heptamer 15 185-187¢ Yellow needles THF Ce,H,00, C, 87.89(87.77) 847(1M )
(n=2) (cyclohexane) (847.17) H, 8.33(8.35) 43(100)
* Purified yield.

*Emission ionization mass spectra performed by WRDC/MLSA, Wright-Patterson AFB, OH.

¢Uncorrected.
dReference 32.

“Corrected melting point from Mel-Temp II apparatus with a calibrated Fluke Model 51 thermocouple.
fAfter chromatography on a silica gel column using 3:1 chloroform:petroleum ether eluent.
# After chromatography on a silica gel column using 1:1 methylene chloride:petroleum ether eluent.
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tion intervals, the number of solutions, and the laser instabil-
ity also induce different errors under different conditions.

Equation (24) is supposed to hold for the case when the
solution nonlinearity is composed of coherent instantaneous
contributions involving real parts of hyperpolarizabilities of
the solute and the solvent. In the presence of two-photon
absorption, the hyperpolarizability is complex and there is a
contribution from the population grating. In this case, we
can only treat the derived ¥ value as an effective quantity and
we use the following equation for fitting the concentration
dependence:

|X§§)| = g4[(Nl Yir + Noyy )2 + (Nﬂ’li)zll/z» (26)

where ¥,, and y,, represent the real and the imaginary parts
of the complex second hyperpolarizability of the solute, re-
spectively, and ¥, is the second hyperpolarizability for THF,
for which we assume no imaginary part.

We have also performed studies of the power depen-
dence of the DFWM signal. The intensity of the incident
beams is changed with a pair of polarizers. In order to mini-
mize the measurement errors, each data point is averaged for
over 30 laser pulses. During these studies, the intensities of
the incident beams were chosen so that the saturation of the
DFWM signal is avoided.

IV. RESULTS AND DISCUSSION
A. Linear UV-visible absorption

The UV-visible absorption spectra of the alkoxy substi-
tuted poly-p-phenyls in THF are shown in Fig. 3 where the
concentration for each molecule is 2 X 10 ~% M. The transi-
tions observed in these systems can be of n7* or wa* type.
We leave the precise assignment of the transitions to more
detailed studies of the energetic levels in substituted poly-
phenyls and discuss the spectra only in a qualitative manner.

Two absorbance peaks are observed in the monomer.
For the trimer, there are three absorption maxima. One can

‘1.5

1.2} Py e

Absorbance

Wavelength (nm)

FIG. 3. UV-visible absorption spectra for the monomer and the various
oligomers in THF solution. The concentration for each molecule is
2% 10~ * M and the cell thickness is 1 cm. The numbers 1, 3, 5, and 7 repre-
sent the monomer, the trimer, the pentamer, and the heptamer, respective-

1y.

expect that for a quasi-one-dimensional system, there should
be several absorption transitions corresponding to the var-
ious phase relations between the repeat units. The lowest
energy excitation should be that for all units excited in phase.
Other transitions will be more or less localized to one or
more repeat units. Indeed, the shortest wavelength transi-
tion in the trimer has almost the same wavelength as one of
the transitions in the monomer, which may imply that it
represents the local absorption of one phenyl unit. Two long
wavelength peaks in the trimer have their analogs in the pen-
tamer and the heptamer. They show an expected red shift
with the elongation of the m-electron system. We notice,
however, that the shift between the pentamer and the hep-
tamer is already very small, possibly indicating that long
polyphenyl chains exhibit poor overlap of 7 electrons due to
their deviation from planarity.

The positions of the absorption peaks (4,,,,) and the
linear absorption coefficients at each peak are summarized
in Table II. Figure 4 shows the dependence of the transition
energies for the two low energy transitions on the number of
phenyl units. The near leveling off for the m-electron conju-
gation after the pentamer is clearly seen. The introduction of
a long alkoxyl chain increases the steric hindrance between
the substituted phenyl ring and the neighboring rings; the 7-
electron overlap for the oligomer is therefore reduced.

B. Second hyperpolarizability

The second hyperpolarizabilities y for these oligomers
are calculated by measuring the DFWM signals in a series of
THEF solutions. The concentration range used for each oli-
gomer is limited by its maximum solubility. Although the
monomer has a reasonably high solubility in THF, its rela-
tively small third-order hyperpolarizability produces a rela-
tively large experimental error during the measurement. For
larger oligomers, the reduced solubility is compensated by a
much higher third-order nonlinearity and the experimental
error in determination of the effective hyperpolarizability is
lower.

For the heptamer solutions exposed to our laser beam
(602 nm), we observe a very strong visible blue (upconvert-
ed) fluorescence even at a concentration as low as 0.001 M.
The pentamer shows a much weaker blue fluorescence com-
pared to the heptamer in a comparable concentration range.
The monomer and the trimer solutions did not show any
visible fluorescence in the experimental concentration range
used. Since a blue light emission is observed in solutions of
the pentamer and the heptamer, there is strong evidence that
a two-photon absorption takes place at 602 nm within the
power range used in our measurements. The presence of
two-photon-induced excited species is likely to contribute to
the DFWM signal by formation of a population grating. The
first indication that the two-photon processes are of impor-
tance for the pentamer and the heptamer comes from the
comparison between the temporal profiles of the DFWM
signal for a trimer solution (Fig. 5) and those of a heptamer
solution (Fig. 6). For the trimer (as well as for the mon-
omer), we observe a symmetric temporal response, the
width of which is most likely limited only by the width of the
laser pulses used, together with the geometrical factors (the
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TABLE II. The peak absorption wavelength, the respective bandgap, the linear absorbance coefficients, and the third-order hyperpolarizabilites for didecy-

loxy substituted p-polypheny! oligomers.

Monomer Trimer Pentamer Heptamer
A(nm)* 291.9 318.9 3314 335.8
vXx10~*(cm™') 3.426 3.136 3.018 2.978
e(fmol~ ' em~") 2800 12 300 31900 32000
A(nm)® 238.2 266.1 289.6 299.6
yX10~*(cm~') 4.198 3.758 3.453 3.338
€(¢fmol~' em~') 3200 21 000 32000 42 000
y(esu)® 2.2X10-% 6.9x10-3% 3.5x107% —3.3%10"%(x)

7.2 10~ (im)

*The peak wavelength refers to the lowest energy transition for the monomer through the heptamer.
®The peak wavelength refers to the second lowest energy transition for the monomer through the heptamer.

°Orientationally averaged scalar part of the third-order hyperpolarizability.

thickness of the sample). In other words, there is no indica-
tion of formation of a population grating, i.e., a grating
formed by excited species that can live much longer than the
pulse width. On the contrary, for the pentamer and the hep-
tamer, the temporal behavior of the DFWM signal is differ-
ent, indicating a fast response superimposed on a slow decay.
We can rule out a contribution of ordinary one-photon ab-
sorption to the formation of the slow component in DFWM
since our measurement wavelength of 602 nm is far away
from the A of one-photon absorption (340 nm) of the
heptamer.

As discussed in the theoretical section, the decay time of
the coherent four-wave mixing process is determined by the
pulse width of the laser beam, but the decay time of the popu-
lation grating process is determined by the lifetime of the
molecular excited state. By comparing the temporal beha-
viors of the DFWM signal for the trimer and the heptamer
solutions as shown in Figs. 5 and 6, it can be seen that the
four-wave mixing process in the trimer solution is dominat-
ed by coherent interaction of the light beams because it
shows only a fast component. In the heptamer solution,
there seems to be a dominance of the population grating
process induced by two-photon absorption as evidenced by
the very slow decay of the DFWM signal.

max

4.4
= *
- 404
£ \
& o
Y 36 \
(@]
‘>-<- o\ .\0
A 321
O.
2.8 +——t + + + et
0 1 2 3 4 5 6 7 8
Number of Repeat Units

FIG. 4. The bandgap dependence on the number of phenyl units. The curve
with open circle data points represents the lowest energy transition and the
curve with solid circle data points stands for the second lowest energy tran-
sition.

For a quantitative correlation between the theoretical
description presented above and the experimentally ob-
served time-resolved DFWM signal obtained for the trimer
solution we use Eq. (14), limiting it to the terms which de-
scribe the coherent four-wave mixing process only. As
shown in Fig. 5, the theoretical fit to the experimental curve
is excellent, confirming the assumption that the DFWM sig-
nal for the trimer solution is derived from the coherent four-
wave mixing process. For the experimental as well as the
theoretical curves, a plateau is obtained for the trimer solu-
tion. The occurrence of the plateau is due to the fact that the
geometric length corresponding to the pulse width of the
laser is much shorter than the sample thickness. Since the
laser pulse width used in our experiment is about 500 fs, the
spatial overlap length for two counterpropagating laser
pulses is about 0.15 mm, which is much shorter than the
sample thickness of 1 mm. As a result, a full overlap of three
laser pulses (yielding the maximum DFWM signal) will oc-
cur within the sample cell for a period of time which corre-
sponds to the plateau of the DFWM signal when the back-
ward pump beam is delayed. Therefore, the width of the
signal plateau is determined by the sample thickness.

For the DFWM signal obtained for the heptamer solu-
tion, both the coherent four-wave mixing and the two-pho-

Signal Intensity (a.u.)

Delay Time (ps)

FIG. 5. The temporal DFWM profile for the trimer solution obtained by
delaying beam 2. The solid curve is a theoretical fit.
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Signal Intensity (a.u.)

Delay Time (ps)

FIG. 6. The temporal DFWM profile for the heptamer solution obtained by
delaying beam 2. The solid curve is a theoretical fit.

ton absorption-induced population grating processes are in-
volved. However, it can be seen from our experimental data
curve that the DFWM signal for the solution shows a very
long decay as shown in Fig. 6, which indicates that it is domi-
nated by the population grating process. For this reason, we
use the population grating terms of Eq. (14) to correlate
theory with the experimental results. The solid curve in Fig.
6 shows the theoretical fit. The slight deviation of the theo-
retical curve from the experimental data points in the rising
part of the signal may be due to the neglect of the contribu-
tion of the coherent four-wave mixing process in our theo-

retical fit.
The contribution of two-photon absorption of the hep-

tamer to its overall behavior in the third-order nonlinear
optical processes is also reflected in the concentration depen-
dence of the measured y**’ value. In the concentration de-
pendence curve shown in Fig. 7, a dip is found at low concen-
trations. The presence of such a dip can be explained by
assuming that the real part y*’ of the solute has a sign oppo-
site to that of the solvent.!** However, if only the real parts
of y® for both the solvent and the solute contribute, the
DFWM signal for the solution will disappear completely at a

20.0

15.04

10.0 T

X&) X10"* (esu)

5.0¢

0.0 + } +
0.000 0.005 0.010 0.015 0.020
Molar Concentration
FIG. 7. The concentration dependence of y** for the heptamer solution.

The dip at low concentration implies that the real part of y or y** for the
heptamer has an opposite sign to that of THF.

certain concentration. This is not observed in our measure-
ments. Therefore, we assume that the second hyperpolariza-
bility ¢ for the heptamer is a complex quantity at 602 nm. In
terms of the transient grating description of the DFWM pro-
cess, a complex y*) means that there are contributions from
both the phase (refractive index) and the amplitude (ab-
sorption coefficient) gratings. These contributions are 90°
out of phase with each other and, therefore, the DFWM
signal is proportional to the sum of their squares. According-
ly, we have fitted the concentration dependence of the effec-
tive y» value for the heptamer solutions using Eq. (26).

It was necessary to adopt a slight absorption correction
in order to obtain a good fit of the concentration dependence
at the concentrations investigated. The absorption correc-
tion, which was found from the fit using Eq. (22), gives a
spatial attenuation coefficient equal to 7.34 cm ~ . This coef-
ficient corresponds to an estimated peak light intensity of
I =10 GW/cm?. This value of B is therefore equivalent to a
two-photon absorption cross section , =4.2x10"%
cm* s/erg?. Furthermore,

_ kN’
Ym = ¥

where .7 is the local field factor and 4 is the Planck con-
stant. y,,, obtained from Eq. (27) is 1.5 10~ 3 esu, a value
that is in reasonable agreement with the one obtained using
the concentration dependence analysis involving Eq. (26).
One should note here that this agreement is remarkably
good, since the fit of the concentration dependence relies on
the comparison of the DFWM signal for the solution to that
of the solvent, from which both the real and the imaginary
parts of ¥ are obtained. The determination of y,,, by estima-
tion of the spatial attenuation coefficient is, on the other
hand, an absolute way of measuring the imaginary compo-
nent of the hyperpolarizability and, therefore, is heavily de-
pendent on the simplifying assumptions about the laser pulse
geometric and temporal shapes as well as on additional com-
plications due to, e.g., self-focusing (actually, in the case of
the heptamer solutions, we should expect a self-defocusing
effect, because of the real part of ¢ being negative).

Table II lists the effective ¥ values obtained from our
measurements. These values increase from the monomer to
the trimer, with a more rapid increase from the trimer to the
pentamer and to the heptamer. The dependence of ¢ on the
number of repeat units is shown in Fig. 8. The increase of ¢
from the monomer to the trimer can be expected from the
conjugation length change between the two oligomers. How-
ever, the rapid y increase from the trimer to the pentamer
and especially to the heptamer is clearly not only the result of
conjugation elongation, but is due to the two-photon reso-
nant behavior. In the cases of the monomer and the trimer,
the hyperpolarizability seems to contain only a real part. In
the case of the pentamer, there is an indication of the pres-
ence of the imaginary part, although we have not been able to
obtain a good fit which would allow us to separate these
parts. In the case of the heptamer, however, the imaginary
part of ¥ dominates the complex hyperpolarizability. This is
an effective value, which apart from the instantaneous part
contains a contribution from the population grating effects.

(27)
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FIG. 8. The dependence of y values on the number of repeat phenyl units.

C. Power dependence

For a nonresonant degenerate four-wave mixing pro-
cess, the intensity of the DFWM signal can be written as
follows:

I (o,8) = [0/ Qegeny) |2 ()L (0,0) ], (w,1)

XI; (w,1), (28)

where I, is the DFWM signal intensity. I,, I,, and I, are the
intensities of counterpropagating radiation fields E,(w,t),
E,(w,t), and E;(w,t), respectively. The term /is the interac-
tion length. Therefore, if the ratios of intensities of the three
incident beams are kept constant, and they are derived from
the same source, a cubic dependence of the DFWM signal on
the source intensity should be observed. For solutions of the
monomer and the trimer, we have in fact established this
power dependence. In the case of contribution from a one-
photon resonance, a population grating can be formed.
However, in the absence of any saturation of absorption, a
cubic dependence of DFWM on the source intensity should
still be observed.

When a two-photon absorption is dominant, one can
expect the appearance of a different power dependence.
Therefore, we have performed the power dependence studies
for various delays of the backward beam, i.e., within differ-
ent regions of the DFWM signal temporal profile for solu-
tions of both the pentamer and the heptamer. At the delay
times of the backward probe beam corresponding to the ris-
ing edge of the DFWM signal temporal profile, the slopes of
the output—input intensity dependence in a log—log plot are
about 4 and 4.5 for the pentamer and the heptamer solutions,
respectively. For the delay corresponding to the maximum
of the DFWM signal temporal profile, the slopes for both the
pentamer and the heptamer solutions are close to 5. As an
example, Fig. 9 shows the power dependences for the hep-
tamer solution (0.02 M) at different regions of the DFWM
signal temporal profile. These experimental results can be
well interpreted by referring to the theoretical predictions of
Sec. I1. There seems to be a smaller contribution from a two-
photon absorption induced population grating for the pen-
tamer solution than for the heptamer solution. The relative

2.8 x
3 I
3 25
§ 22t
1.9 : s
2.63 2.70 2.77 2.84
Log [ Inpur (8..)]

FIG. 9. The power dependence for the heptamer solution: filled triangles
refer to a situation of pure population grating process; filled circles repre-
sent a situation when both the coherent four-wave mixing process and the
populating grating contribution coexist (delay time is 4 ps as shown in Fig.

6).

importance of the coherent DFWM and the population grat-
ing terms depends, however, on the delay time. At the maxi-
mum of the DFWM signals, the two-photon population
grating terms are dominant for both the pentamer and the
heptamer. Once more, these experimental results confirm
that the high values of the effective third-order nonlinear
parameters for the pentamer and the heptamer are due to
two-photon absorption.

V. CONCLUSIONS

We have investigated the third-order optical nonlineari-
ties for a series of sequentially built poly-p-phenyl oligomers.
The following conclusions can be drawn from the experi-
mental studies:

(i) For the substituted poly-p-phenyl oligomers, their
effective third-order nonlinearity increases with the number
of repeat phenyl units. The ¥ increase from the monomer to
the trimer can be expected on the basis of the 7-conjugation
elongation. The m-conjugation length (represented by the
position of the absorption maximum) does not increase very
rapidly from the trimer to the pentamer to the heptamer.
However, a rapid increase for the effective ¢ value is ob-
served from the trimer to the pentamer to the heptamer. This
increased effective ¥ value has contributions from both the
coherent four-wave mixing process and the two-photon ab-
sorption-induced population grating process.

(ii) The ¥ value for a two-photon absorbing material
calculated using the conventional DFWM theory is not the
true nonresonant  value. The calculated y value is an effec-
tive value which is actually a function of the intensity, sam-
ple thickness, and the laser pulse width. Therefore, the mea-
sured y values for the pentamer and the heptamer can only
be treated as effective values.

(iii) The power dependence study of the DFWM signal
shows that a nonlinear material with two-photon absorption
exhibits different power dependence laws in different regions
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of the DFWM temporal profile. A fifth-order power depen-
dence is observed in the time regime where pure population
grating effects are dominant. A power dependence between
third order and fifth order is observed in the time regime
where both the coherent four-wave mixing and the two-pho-
ton-induced population grating contribute.

(iv) The presence of a two-photon resonance manifests
itself in the increase of the effective nonlinearity, which in
the case of DFWM involves both the real and the imaginary
parts of y*. However, two-photon absorption also leads to
the depletion of the pump beams. This depletion can be ac-
counted for by using the expression derived in the theoretical
section.
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