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Three-wave-mixing spectroscopy is used to determine the dispersive and absorptive parts of a strongly allowed two-
photon transition in a series of polydiacetylene solutions. The data analysis yields the energy, width, symmetry
assignment, and oscillator strength for the two-photon transition. The data conclusively demonstrate that strong
two-photon absorption is a fundamental property of the polydiacetylene backbone. The remarkably large two-
photon absorption coefficients are explained by large oscillator strengths for both transitions involved in the two-
photon absorption combined with strong one-photon resonance effects. The experimental results are shown to be
consistent with a simple theoretical model for the energies and oscillator strengths of the one- and two-photon-

allowed transitions.

I. INTRODUCTION

The linear and nonlinear optical properties of
polydiacetylenes have received considerable atten-
tion recently.’”® This interest is attributable to
the fully-conjugated backbone structure

A B

which leads to essentially one dimensional elec-
tronic properties. The acetylene mesomer (A)
is the lowest-energy conformation for the poly-
mer, and numerous x-ray structures have yielded
bonding sequences which are very close to A
above.* There is some evidence for the higher -
energy butatriene mesomer®:® in systems, such
as the ones we are considering here, where back-
bone strain is introduced due to intramolecular
interactions of the substituent groups (R).
Extensive electron delocalization along the
chain direction leads to an electronic transition
energy for one-photon absorption (E,) of typically
15000-16 000 cm™ for an unstrained backbone.”
This value is very close to that of polyacetylene
(or polyene) (HC =CH), which has E,~15000 cm™,®
For both polymers, E, varies with chain length
(or conjugation length) in much the same manner.®
This analogy to the polyene system leads to the
expectation that the polydiacetylenes might have
unusually large third-order susceptibilities (x) as
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had been demonstrated for polyenes of varying
length. This expectation was borne out by the
work of Sauteret ef al.’ who found x values for
polydiacetylene crystals which were comparable
to those of inorganic semiconductors. Their re-
sults suggested attractive possibilities for these
one-dimensional materials in nonlinear optical
devices. Applications in parametric oscillators
which utilize three-wave mixing were particularly
attractive. However, three-wave-mixing experi-
ments were unsuccessful due to phase-matching
problems,'® a5 well as nonlinear absorption pro-
blems which Lequime and Hermann'! attributed
to absorption by photogenerated defects.

Recently, polydiacetylenes have been discovered
which are soluble in common organic solvents.!?
These polymers have urethane substituent groups
of the form

o)
&
—(CH,),0C —NH—X ,

where m =3 or 4. The polymers considered in
this paper have X =-COOC,H, and are referred
to as mBCMU (BCMU =butoxycarbonylmethyl-
urethane). The most interesting feature of these
polymers is that the visible absorption spectra
can be varied in a controlled manner by solvent
variation (see Fig. 1). This phenomenon is due
to the fact that the degree of conjugation (or
planarity) of the chains in solution is controlled
by intramolecular hydrogen bonding of the C =O
and N -H functionalities on adjacent urethane sub-
stituent groups. In good solvents, such as CHCl,,
about one out of every four polymer repeat units
(r.u.) is not hydrogen bonded, which leads to a
conjugation length of ~4 r.u. and a large blue
shift in optical absorption (E,~21000 cm™).'? In
poor solvents, such as CHCl,-hexane mixtures,
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FIG. 1. Linear absorption spectra for polydiacetylene
solutions. The three solutions are referred to in the
text as “blue,” “red,” and “yellow” (from left to right in
the figure).

essentially every polymer unit is hydrogen bon-
ded, which leads to E,~15900 ¢cm™ for 3BCMU
and E;~18900 cm™ for 4BCMU. The blue shift
of the latter compared to the usual crystal values
is attributed to strain.'>!?® It is systems such
as 4BCMU which have indicated butatriene back-
bones in single-crystal studies.®

We have undertaken an investigation of three-
wave mixing (3WM)**'° in mBCMU solutions be-
cause of their dramatic variation in linear optical
properties with solvent variation and because of
the elimination of the possibility of any photo-
generated defect absorption, which has been sug-
gested as a problem in two-photon experiments in
crystals.! We find that the nonlinear optical pro-
perties of these solutions are completely domi-
nated by remarkably strong two-photon absorption.
Experimental details are given in Sec. II. The
results for two-photon hyperpolarizabilities of
these solutions are presented in Sec. III. A brief
theoretical discussion of these results in terms
of a simple Hiickel model is presented in Sec. IV.
In Sec. V, we consider application possibilities
and discuss our results in comparison to previous
results with polydiacetylene crystals. A prelimin-
ary report of this work has appeared recently.?®

II. EXPERIMENTAL

The 3WM apparatus has been described else-
where.?! 3WM is accomplished by focusing two
laser beams with frequencies w, and w, in the
polymer solution. Incident laser beams are
generated by two dye lasers pumped by a single
N, laser. Wavelengths for the incident beams
ranged from 760 to 590 nm (or to the region of
large absorption). The beams are focused into

the sample with a 15-cm focal length lens. The
crossingangle between the twobeamsis adjusted for
phase matching (approximately 4°outside the sample
cell). The sample solutions are held in a 1-cm
cuvette. The beam generated at w, =2w, -w, is
filtered with a double monochromator and its
intensity measured with a photomultiplier and
boxcar electronics. Our analysis utilizes the
measurement of the w, intensity as a function of
polymer concentration in the determination of
the real and imaginary parts of the two-photon
hyperpolarizability.2% 2!

In order to extend the range of 2w, possible with
a limited range of laser excitation, both CARS
(coherent anti-Stokes Raman scattering) and CSRS
(coherent Stokes Raman scattering) are used. In
both cases w; =2w, ~w,. In the CARS mode
w,” W, ”> w,; in the CSRS mode w,> w, >w,. One-
photon resonance effects are the same in both
cases as described later. Phase matching is also
the same in both cases with k, =2k, ~k,.

Materials preparation has been described pre-
viously,'? as have the linear optical properties
of these materials in solution,'? in crystalline
phase,” and in solution cast films.” Linear ab-
sorption spectra for the three solutions con-
sidered herein are given in Fig. 1. These solu-
tions are referred to in the text as “yellow”:
4BCMU in CHC],, “red”: 4BCMU in 1:2 CHCl,-
hexane mixture, and “blue”: 3BCMU in 1:1
CHCI,-hexane mixture. The concentration range
in the yellow solution is 0-120 x 10" r.u./cmS3.
For the other solutions an upper limit is im-
posed on the concentration range due to polymer
precipitation: ~4 X107 r.u./cm? for the red
solution and ~9 x 10" r.u./cm? for the blue solu-
tion.'2

III. RESULTS

The two-photon hyperpolarizability is deter -
mined from the variation of the w, intensity with
polymer concentration. The maximum accessible
polymer concentration is determined by the pre-
cipitation (cloud) point, which is largest for the
yellow solution, Therefore, the concentration
dependence is determined most accurately for
the yellow solution. In addition, the low-energy
tail of the linear absorption (which corresponds
to the high-frequency cut off of our experimental
range) is at higher energies in the yellow solution
than in the blue or red solutions. Therefore, the
yellow solutions yield the more extensive data
sets and these results are presented and dis-
cussed first.

Six samples of yellow solution were prepared
with various concentrations up to 1.2 x 10?°
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r.u./cm3, Higher concentrations are available.
However, at higher concentrations and in re-
gions of linear absorption the phase-matching
conditions depend on concentration. These higher
concentrations are not used in order to avoid
changing the phase-matching angle during a series
of measurements. The third-order nonlinear
mixing is determined in both the CARS and CSRS
geometries. w,—w, is tuned away from any
Raman resonances at about 1300 cm™. (A CARS
study of Raman resonances in these solutions

has been previously reported.?!) The output in-
tensity is measured for each sample and for the
solvent without polymer (pure chloroform for the
yellow solution). The total susceptibility is

Xtot =Xs +X, +X 7 =X t Ny, +N(yp +77) NeY)

where x, is the solvent susceptibility (assumed

to be positive and real), x, is the polymer non-
resonant susceptibility, x, is the two-photon sus-
ceptibility, N is the polymer concentration, v, is
the polymer nonresonant hyperpolarizability, and
Y¢ =Yy +iyy is the two-photon hyperpolarizability.
(Note that we take y=x/N, ignoring local-field
effects.?®) The w, intensity I is proportional to
|x|? so that

I xl® Xs X5
where I$*? is the w, intensity for the polymer solu-
tion, I® is the w, intensity for the pure solvent,
and R=%,+77. It has been shown previously that
the contribution of ¥, to R is very small over our
frequency range.? Therefore, R can be identified
as the real part of the two-photon hyperpolariza-
bility 7.

I5*?/I% as a function of N is shown in Fig. 2 for
two values of w,. The closed and open circles
are the data with 2w, =32362 cm™ and 26 554 cm™,
respectively. For the former, the intensity de-
creases with increasing N for small N, which
indicates 75 <0 for 2w, =32362 cm™; for the
latter, the intensity increases with increasing
N indicating 75> 0 for 2w, =26554 cm™. Thus, the
energy of the two-photon state, determined by
y »=0, is between these two values of 2w,. The
solid lines in Fig. 2 are obtained from Eg. (2)
with y4/X, and y7/x determined from a linear

regression analysis of

S+p /1S ’ 7 \2 ”y\2

(Is2/1s-1) _2vg +N[:(7L) S22\ . 3)
N xS XS s

The analysis also determined a range of y /X,

and y 4/x, with a 90%-confidence limit. The X,

values are taken from Ref. 17: x,=0.87 x10™*

esu for CHCL, and x,=1.06 x 10"'* esu for hexane.
There are no two-photon resonances in the sol-
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FIG. 2. Variation in the normalized w; output intensity
with polymer concentration for the yellow solution. The
solid lines represent theoretical fits to the data accord-
ing to Eq. (3).

vents in the frequency range of interest here.'”
The resulting values of 75 and ¥4 with the 90%-
confidence limit expressed as error bars are
shown as the closed and open circles, respec-
tively, in Fig. 3. Each set consisting of one open
and one closed circle is determined from the
concentration dependence of I5*#/I¢ at one value
of w, in either a CARS or a CSRS configuration.

The solid lines in Fig. 3 are a least-squares fit
of the real and imaginary parts to the theoretical
form of ¥, which we will now derive from the fol-
lowing expression:

(e ) 2

Vo< (o

T \wy—2w, —il /[’

where'?

A= e'd ( XeiXis >

127°% \w,; —w, —il,;
X gilvif - + givif - ) . (5)
(wgi —w, —1ng wgi —Wg _ngi

w,, and I';, are the energy and width of the state
accessible to two-photon excitation (only one such
state is assumed for an individual chromophore).
The ground state is represented by g and the
final (two-photon) state by f. The bracket in Eq.
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FIG. 3. Variation of the real (e) and imaginary (©O)
parts of the two-photon hyperpolarizability (y) with two-
photon energy (2w,) for the yellow solution. The error
bars represent 90% confidence limits. All data are taken
in a 1111 geometry (all beams polarized ||). The solid
lines are theoretical fits to the data according to Eq. (4).

(4) represents an average over the ensemble of
chromophores interacting with the photon fields.
Each molecule (or chromophore within a polymer
molecule) has a slightly different set of para-
meters for the frequencies, intensities, and
widths. ThetermsinparenthesesinEq. (5) repre-
sent the one-photonresonance enhancement to the
two-photon absorptionterm inXr, with x;, repre-
senting the transition moment between statesj and
k. It is assumed that one state (labeled ) with
energy w,; and width T',; is responsible for these
resonances. The factor ® accounts for the fact
that the 3WM signal is an average over all mole-
cular orientations in solution; ® varies from 1
for an isotropic chromophore to £ for a one-
dimensional chromophore.

In the experiments in the yellow solution, the
energy differences w,; —w, (#=1,2,3) are large
compared to the width of any single-chromophore
one-photon resonance (although not necessarily
large compared to the distribution of energies
which gives rise to the large inhomogeneous
spectral widths in Fig. 1), so that I',; can be
neglected in A. In taking the average over chromo-
phores in Eq. (4), we approximate A by its value
found by substituting w,; = (w,,)=21300 cm™ from
the one-photon absorption spectrum. (Note that
(w,;) is the same as E, discussed in Sec. 1.) We
also convert to oscillator strengths f;, given by

fin=2miw,)x%. /37 . (6)

Thus, we have as the final form for the data analy-
sis

YTEA/(<wgf> -2w, - il"”) s (7)
where
= 3e4¢’frifif 1
4 167m*(wg)(wsy) ((‘*’;:) -~ w1>
1 1
X<(wxi> - W, * (w,i> -wg) ’ . (8)

The average over the ensemble of chromophores
(i.e., chain lengths) has been approximated by a
Lorentzian with a width T',, which represents the
inhomogeneous width of the two-photon resonance
due to the distribution of chain lengths plus any
vibrational progressions. The frequency {(w,;)
and oscillator strength f,; for the one-photon

g -~ transition are obtained from linear absorp-
tion data such as those in Fig. 1. Therefore, the
only parameters varied in the fitting procedure
are (w,.), T, (the average frequency and in-
homogeneous width of the distribution of states
accessible by two-photon absorption), and fiy the
oscillator strength for the excitation from the
intermediate state to the two-photon final state.
Polarization measurements and theoretical cal-
culations described later show that the state
observed in linear absorption measurements is,
as expected, the intermediate state in the two-
photon resonance. For the theoretical curves

of Fig. 3, values of I',; from 0 to 100 cm™ did
not change the results. Larger values of T',; did
not give as good a fit to experiment.

The two-photon state as determined by the fit
to the yellow-solution data has (wgf)= 30500 cm™.
The effect of the one-photon resonance enhance-
ment on y, can be seen if we consider the form
of the solid curves in Fig. 3 under conditions that
nn one -photon resonance is present. In this case,
vy would be a dispersivelike curve with inversion
symmetry around the y; =0 point at 30500 cm™
and Y7+ would be an absorptivelike curve centered
at 30500 cm™. The large increase in the magni-
tudes of ¥4 and y7 on the high-energy side of the
spectrum is therefore attributed to one-photon
resonance. The peak expected for y7 at 30 500
cm™'is barely discernible as a broad shoulder,
since it is almost completely obscured by the one-
photon resonance.

A test of the consistency of the data is that
¥#/74 should be a straight line which crosses
zero at 2w, =w,. and with slope =-1/I ;. Figure
4 shows the v;/v# experimental points as circles
and the theoretical straight line () -2w,)/T,;
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FIG. 4. Ratio of the real and imaginary parts of Y7
vs 2w for the yellow solution (Fig. 3 data). The straight
line is the corresponding ratio for the theoretical curves
of Fig. 3 (slope=1/T,;; 2w intercept = {wep)e

with the values of (wgf> and I';; previously deter-
mined. The consistency of the theoretical and
experimental values indicates that the values of
(w,s) and I, are well determined.

The strong one-photon absorption is observed
for polarization parallel to the chain axis.”
Polarization studies of the three-wave mixing
demonstrate that the two-photon absorption ob-
served in these experiments is also polarized
along the chain axis. Table I shows the values of
¥ for two frequencies and for the two polarization
configurations 1111 and 1221, where #jji corres-
ponds to w, and w, polarized along ¢ and w, polari-
zed along j. Within experimental error y "
=3y’ and therefore x'* =3x}??!. The polariza-
tion of the intermediate state relative to the mole-
cular chain axis can be determined by considering
the relationship between the macroscopic term
of the susceptibility labeled by the numbers 1 and
2 and the susceptibility in the molecule labeled
by x, v, and z, where x is along the chain axis

TABLE I. Polarization studies in yellow solution
(4BCMU in CHCI;).

Polarization 2w; (em™) ¥4 (1033 esu) V4 (10 esu)

-1.14 +0.11

1111 32362 2.95 +£0.16
1221 32362 -0.32 + 0.04 0.91 £0.04
1111 30581 0.11+0.10 2.40 £0.13
1221 30581 0.04 +0.05 0.77 £ 0.04

andy is inthe plane of the conjugated molecule. No
electronic states accessible by z polarization are
present in the molecule. Therefore, we have

X }1‘111 =T1'5'[3X XXX 3X yyyy
(g TV Y I 4 (¥ +nyxy)] 9)
and '

1221 — 1 [, xxxx yyYYy
X2 =15 [ +x

= (R ) 4200 )], (10)

where all the x’s in the molecule represent two-
photon terms. The two polarizations which cor-
respond to excitation of the two-photon state are
the middle two (or outer two) in the jji notation.
The two-photon state may be accessible by se-
veral combinations of the two photons in the mole-
cular frame. These possibilities lead to the sim-
plification of Egs. (9) and (10) shown in Table II.
The fact that y!**'/x'2?' = +3 is inconsistent with
crossed polarization having access to the two-
photon state; crossed polarization requires
xllll/x1221 =—~2. Whether xww or xxxxx is the do-
minant term in the susceptibility cannot be deter-
mined solely from the polarization measurements.
However, linear absorption measurements show
that the allowed one-photon state is polarized
along the chain axis (x axis) and, therefore,

X*** is the dominant term. Thus, we have ;!
=y2%/5 or ® =% in Eq. (8). The symmetry as-
signments for the two-photon state can also be
inferred as A,, since the highly allowed one-
photon transition is known to be A, ~B, and, as
we show later, the second step in the two-photon
transition is also highly allowed (B, —A E).

Similar measurements and analysis have been
carried out for the red solution. In this case the
concentration of polymer in the chloroform-
hexane solvent is limited to less than 4 x 10"7
r.u./cm® Therefore, the errors for v/, and v
are larger than in the case of the yellow solution.
In addition, the absorption band of the red solu-
tion is shifted to the red with respect to that of
the yellow solution. Therefore, 2w, can only be
extended up to~32000 cm™. The experimental
values of y/, and y 7 and the theoretical curve

TABLE II. Correlation of macroscopic X and micro-
scopic X for various assumptions of accessibility of
two-photon state.

Two-photon
polarizations Xl xizt
X, % (8X*¥**) /15 (X*2%) /15
x,9 2(x*W + x¥*%) /15 — (XY 4 V%) /15
Y,y (3x¥)/15 xX¥)/15
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including all one-photon resonances are shown
in Fig. 5. Although the errors are considerably
larger for the data in Fig. 5 than that in Fig. 3,
the determination of (wg,) =28100 cm™ and T,
=4000 cm™ is reasonable and consistent with
(wgf) and I';; for the yellow solution, as is shown
later. Also, we have previously shown at selec-
ted frequencies that these y, values yield reasona-
bly good fits to the Raman resonances in CARS
experiments for both the red and the yellow solu-
tions.

The blue solution, 3BCMU in chloroform and
hexane, has similar linear optical properties
to the 4BCMU red solution but with a considerable
red shift of the linear absorption spectrum.
Therefore, the accessible range of 2w, is effec-
tively limited to a single frequency (26 554 ecm™).
The values of (w,,) and I, have been determined
in two ways. In the first case (w,)/(w,,;) is as-
sumed to be the same as in the yellow and red
solutions (~1.46) which gives (w,;)=23200 cm™.
The value of v7./7# = ({w,;) - 2w,)/T,; at 2w, =26 554
cm™ thenyields I, = 2200 cm™, and the amplitude of
Y% yieldsf;; =2.3. Inthe second case I, is assumed
to be 4000 cm™, as this is the maximum reasona-
ble value of I';; consistent with I;; for the yellow
and red solutions. Then v;7/77 yields (w,;)=20500
cm™ and the amplitude yields f;, =2.7.

A comparison of the concentration dependence
of the yellow solution and the blue solution at the

15 T T T T T T T T T

4BCMU in CHCI3/Hexane
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Imaginary
Part

¥t (10733 esu)

-5 1 1 L L 1 1 1 1 1
26 27 28 29 30 3 32 33 34

2w (103em™)

FIG. 5. Variation of the real () and imaginary (o)
parts of ¥, vs 2w; for the red solution.
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same w, such that (w,;) (blue)< 2w, <{(w,.) (yellow)
clearly shows the effect of the change of sign of
¥r. This effect is shown in Fig. 6 for 2w, =26 554
cm™,

The values (wﬁ> and I, determined from the
fitting to v ,(2w,) from the red and yellow solutions
along with (w,) and I, estimates for the blue
solution are shown in Table III. The results for
fgi determined from linear absorption data and
fiy determined from the y, data for all three
solutions are-also included in Table III. Note that
these oscillator strengths correspond to the values
appropriate for polarization parallel to the chain
direction. Though the restricted data for the blue
solution yields large uncertainties in the (w,,) and
L', values, f;. for the blue solution is reasonably
well determined nevertheless.

It should be emphasized that the {w,,) and Ty,
values correspond to a Lorentzian description of
the energy distribution of two-photon accessible
states. The inhomogeneous width I',, is attributed
to a distribution of conjunction lengths plus vi-
brational sidebands. It is reasonable to expect
this width to be similar to or somewhat greater

20 T T
2w,=26 554 cm”!
15} .
@, o Yellow Solution
=0 ¥ 1=(015+10.30) x 103 esu i
]
-

Blue Solution
31 =(-536+i352)x10">2esu

w =13 277cm’!
wp=14 577cm”!
w =11 977 cm”!

(CSRS mode)
1 1 .
10 20 30
N0 ru.zem®)

FIG. 6. Variation of the normalized w; output intensity
(CSRS) versus polymer concentration for the blue solu-
tion (e) and the yellow solution (0) at 2w; =26 554 cm™.
The solid lines are theoretical fits to the data: vy
=(0.15+0.30) x 10" esu for the yellow solution and v

= (=5.36 +13.52) x 103® esu for the blue solution.
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TABLE III. Energies, widths, and oscillator strengths
for one- and two-photon absorption in polydiacetylene
solutions (energies and widths in cm),

Solution (wg fei® wgp) Ty fir®

Yellow 21300 1.3 30500 4600 2.7
Red 18900 1.6 28100 4000 2.5

23200 2200 2.3
Blue 15900 1.4 {20500 4000 2.7

2Both f,; and f;; represent oscillator strengths for
polarization parallel to the chain direction.

than the inhomogenous width of the one-photon
transition (~2500 cm™; see Fig. 1). As a con-
sequence of this fitting procedure, (w,.) repre-
sents an average energy for the two-photon state
and the electronic origin (0-0 two-photon transi-
tion energy) would probably be less than (w o) BY
at most a few thousand wave numbers, i.e., ~T'.
This effect would be most important for the red
and blue solutions where a fairly well defined
0-0 transition is evident in the solution spectra
of Fig. 1. Thus, for the blue solution a near
coincidence of w,; and w,, cannot be ruled out.
These approximations in our estimate of W,y are
of little consequence in the simplified theoretical
discussion to follow and are ignored.

IV. THEORETICAL CONSIDERATIONS

In this section, we present a simple theoretical
approach to the energy levels and the oscillator
strengths for optical transitions between them.
There have been several calculations of the energy
levels of polydiacetylenes reported. Hiickel-theory
molecular-orbital (MO) models,?* extended Hiickel
models,?*® and exciton models?* have been em -
ployed, but to our knowledge have not considered
explicitly the chain-length dependence of the opti-
cal transitions. These calculations are analogous
to the work on the polyenes, for which much more
complete studies have been done. In order to
describe the low-lying excited states of the
polyenes, in particular the one-photon optical
band gap, one can use a free-election model,* 2>
a Hiickel MO model®® with bond alternation, or
a Pariser-Parr-Pople m-electron calculation
with configuration interaction (with or with-
out bond alternation).?” The one-photon gap has
also been described using an exciton model.?? In
recent years, the low-lying g states have been
the subject of a great deal of scrutiny, both ex-
perimental?®® and theoretical.3® The lowest g state
seems to be below the first optically allowed u
state for large polyenes, and can be thought of as
a double excitation state. Although there are
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many similarities between the polyenes and poly-
diacetylenes, there are also many differences.
For example, the polydiacetylenes have larger
intrinsic bond alternation than the polyenes. In
addition, many polyenes have been studied iso-
lated in the gas phase, while all studies on poly-
diacetylenes are either in solid or solution phases.

In this section, we will describe the energy-
level structure of the polydiacetylenes using
Hiickel molecular-orbital theory. This is clearly
an oversimplified description; however, it has
the advantage of being simple and giving sur-
prisingly good results. I is our belief that a
more sophisticated and accurate calculation is
necessary in order to give a detailed under -
standing of the electronic transitions; however,
no such calculation has been done to our know-
ledge. Our calculations are performed for both
the acetylenic and butatrienic backbones, though
it remains unclear whether or not a butatriene
backbone is the best representation of the red
solution polymer.'?

The model is the standard Hiickel theory: one
m electron per carbon atom and nearest-neighbor
one-electron integrals, B(r), where » is the dis-
tance between the two neighboring atoms. The
molecular orbitals for an N-carbon chain are
calculated by diagonalizing the N X N one-elec-
tron matrix. (Note that N=4n, where » is the
number of unit cells each containing 4 relevant
carbon atoms.) The highest-occupied molecular
orbital (HOMO) is number N/2 (number 1 is the
lowest-energy orbital), the lowest unoccupied
orbital is number N/2 +1, and the next unoccupied
orbital is number N/2 +2. We will assume that
the first optically allowed one-photon transition
g —1 is the excitation of an electron from N/2 to
N/2 +1, and that the first two-photon transition
g —f is the excitation of an electron from N/2 to
N/2+2 (or from N/2 -1to N/2+1, which has the
same energy).

In order to perform the calculation, we must
have a form for B(»). Several forms have been
suggested in the literature.?® Qur approach is
semiempirical. We take

B(r) =Cexp(~&r) 1)

and then find sets.of values of C and £ which, for
N -, give the experimental one-photon band gap.
The final choice of C and £ was made by picking
values that also gave 8’s which were close to the
values suggested in the literature. We used
C=8.30%x10° em™ and £=25.9 nm™,

We then diagonalized the one-electron matrix
for values of N from N=4 to N=40, and found
the energy of the one-photon transition (wg,.) and
the energy of the two-photon transition (w,,).
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These values are fitted to smooth curves in Fig.
7 for the acetylenic and butatrienic forms of the
polydiacetylenes. The geometries are taken from
the x-ray data.® We may also fit the one-photon
optical transition w,; to a series in N™* and find

Wl =7.1x10% +1 x 105N™
+1.5x10*°N2 em™,

(12)
w2t =1,5x10* +8.9 x 10*N™"

+1.8 X10°N2 cm™.

The two-photon energy gap found by this method
is

w?}’“‘ =7.3x10°+1.9x 10°N™*

+2.7x10°N2 cm'i,
(13)
w:f“” =1.5x10*+1.9 x105N™
+4.4x10°N2 em™.

Experimentally, we find that w2{**=16 000 cm™
(assuming the blue solution to be the acetylenic
form) and w%* =18900 cm™ (assuming the red
solution to be the butatrienic form). This implies
that in the butatrienic form N is between 8 and 12,
while in the acetylenic form N>40. The two-pho-
ton energy gap is found experimentally to be
w?}“‘ =~28000 cm™ and w:}" =~20200-23400 cm™,
leading to N,,,, between 8 and 12 again, and N,

uta acet
between 20 and 36. For the yellow solution,
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FIG. 7. Hiickel-molecular-orbital-theory results for
energies of two-photon and one-photon-allowed transi-
tions as a function of number of carbon atoms in chain.
(The number of polymer repeat units equals N/4.) Re-
sults are shown for both acetylenic and butatrienic
backbones.

which we presume has an acetylene backbone,
both the one- and two-photon transition energies
are consistent with N=12-16 (which is identical
to the estimate made from the degree of intra-
molecular hydrogen bonding in the substituent
group*?). Thus, the internal consistency of the
model is reasonably good. Note, however, that
these are very approximate results and the pre-
cise numbers should be given little weight.

If the red-solution results are interpreted with-
in the acetylenic model, w,; requires N=24-28
while w,, requires N=12-16. Thus, our red-
solution results are more consistent with the
butatrienic backbone. However, as pointed out
previously, intramolecular hydrogen bonding be-
tween the urethane substituent groups for the
4BCMU polymer results in a strain on the back-
bone. Thus, the supporting evidence for the bu-
tatriene -backbone conformation, including this
work, could be a fortuitous consequence of the
backbone distortion induced by an intramolecular
strain field.’® Also, as mentioned previously,
w,, would tend to be overestimated by our treat-
ment of the experimental data.

We turn now to the calculation of oscillator
strengths in this model. We assume that the one-
photon oscillator strength is just that for the
transition N/2 to N/2 +1. We further assume
that the oscillator strengths for the two-photon
absorption are (1) from N/2 to N/2 +1 and (2)
from N/2 +1 to N/2 +2. This approach neglects
the configuration mixing which will occur in the
g states, but we expect this approximation to be
qualitatively accurate. We compute the transi-
tion moments (from N/2 -~ N/2 +1 and from N/2
+1 -~ N/2 +2) by neglecting differential overlap
so that, for example,

TABLE IV. Transition moments from theoretical
model. Values of x given have not been normalized by
number of carbon atoms in chain (N).

N %gi €)% %y (0)

Acetylenic structure

8 1.5 (9°) 2.2 (09
16 2.3 (6°) 4.3 (0°
24 2.7 (4°) 6.3 (~1°)
40 3.2 (3°) 10.0 (~=1°)

Butatrienic structure

8 1.7 (12°) 2.2 (09
12 2.4 8°) 3.3 (09
16 2.9 (7°) 4.3 (0°
32 4.4 (4°) 8.3 (09

2The number in parentheses is the calculated angle
between the transition moment and the chain direction.
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TABLE V. Relative oscillator strengths from theoret-
ical model.

Acetylenic form Butatrienic form

N fei/ T N feilis
8 1.2 8 1.1
16 1.1 12 0.9
24 1.0 16 1.0
40 1.0 32 0.9

Dl F| O ysa) = gcwzc;”mwilflup
B i

= > crloNrag |Fluy, (14)
i

where ¢, is the kth molecular orbital, «; is the
atomic p, orbital on site i, and C% is the coef-
ficient of the ¢th atomic orbital in the kth mole-
cular orbital. By assuming

(u;| Fluy) =¥,

we can reduce the transition moment to a simple
sum. Using the geometries of the molecules from
the x-ray structures and the coefficients from
our energy calculations, we compute the relevant
transition moments. They are given in Table IV
for both transitions and both structures for a
number of N values. In addition, we have calcu-
lated the angle the transition moment makes with
the long axis of the molecule, and this is also
given in Table IV. In Table V, we give the re-
lative oscillator strengths for the g—1¢ transition
with respect to the i —f transition.

A number of comments should be made about
these results. First, the transition N/2 +1 - N/2
+2 lies within 1° of the long axis of the molecule
while the transition N/2—~N/2+1 is about 4° off
the long axis for both structures for large N and
is farther from the axis for small N. Second, the
relative oscillator strengths are approximately
1 for all N; thus, the “second step” in the two-
photon absorption is as allowed as the first step
for all N considered, in complete agreement with
experimental results.

V. DISCUSSION

The internal consistency of results for the three
polymer solutions and the good agreement between
theory and experiment described above strongly
suggest that the large two-photon hyperpolariza-
bility is a general property of polydiacetylenes.
The origin of the large y, values is a combination
of large oscillator strengths and large one-photon
resonance effects. Polydiacetylene crystals,

which have w,; =15000-19 000 cm™, should also
display large two-photon absorption TPA. This is
an important point if these materials are to be
considered for use in nonlinear optical devices
based on the large susceptibilities measured with
infrared lasers.’

There have been two previous measurements of
‘TPA in polydiacetylene crystals. Reimer and
Bissler® found a two-photon absorption coeffi-
cient, B, of ~5x10™* c¢cm* sec/photon r.u. at 2w
=18880 cm™ for PTS (R in polydiacetylene struc-
ture is —CH,SO;C¢H,CH;; (w,;)=16200 cm™).
This value is large, though not remarkably so.

B can be derived from our measurements as

= 9"264fzifibf(2w)2 < 1 + 1 )
4n202m2<wﬂ><w if) (‘%i) W, <wgi> - Wy
X G2w —w,,) , (15)
where ‘
G(2w —w,) =T/ [((wgp) = 2w)* +T%,]. (16)

The frequencies w, and w, (2w =w, +w,) are the
excitation frequencies. In the Reimer and Bissler
experiment w, =w,=9440 cm™. The above 8 is
related to the hyperpolarizability by

60h (2w)?
= "jr?"(c';i)' I (5. (17)

The y, term in this equation is y (- w,,w,,w,,

- w,) compared to y,(-w,,w,;,w;, —w,) measured
here. The only difference is the form of the one-
photon resonance terms [see Eq. (8)].

Lequime and Hermann'® measured TPA over an
extended range in two polymers: PTS and TCDU
[R is —(CH,), OCONHC.H;; (w,;)=18500 cm™].
They utilized 2 9440-cm™ excitation beam (w,) and a
low-intensity probe beam (w,). Their results,
shown in Fig. 8, are in good agreement with the
single-frequency result of Ref. 31 and indicate
remarkably large 8 values, especially for PTS.
They attributed this absorption to a two-step pro-
cess involving defect formation and defect absorp-
tion. The solid lines in Fig. 8 represent fits of
Eq. (15) to their data with f,;f;; as an adjustable
parameter and other TPA parameters in Eq. (15)
estimated as follows: PTS, (w,,)=22000 cm™ and
I,,=3000 cm™, and TCDU, (w,,)=27500 cm™ and
I',;=4000 cm™. We find f,;f;; =1.5 for PTS and
feifi;=3.0 for TCDU. The one-photon oscillator
strengths f,; have not been determined accurately
for either of these materials but are on the order
of unity. Therefore, the f;. values are in quite
reasonable agreement with our solution results.
We conclude that the data of Lequime of Hermann,
including the large difference between PTS and
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FIG. 8. Two-photon absorption coefficient versus two-
photon energy (w,+ w,) for two polydiacetylene crystals.
Experimental data are from Lequime and Hermann and
are taken with both beams parallel to the polymer chain

direction. The solid lines are theoretical fits to the
data according to Eq. (14).

TCDU, are easily explained by TPA without in-
voking defects. We further conclude that strong
TPA is a fundamental property of the polydia-
cetylene backbone.

The large values of the hyperpolarizability in
these molecules imply large susceptibilities for
more concentrated solutions or solid-state films.
This large susceptibility can be utilized in a para-

metric oscillator, even though x has its origin
in two-photon absorption.3? Linear absorption
limits these devices to energies below 600 nm in
4BCMU, for example. This energy range is ap-
propriate for extending the output of the alexan-
drite laser which produces line emission at 680 nm
and tunable emission from 700 to 820 nm.3* 3WM
leads to generation of light with wavelengths as
long as 1.1 um. The efficiency of converting
680-nm radiation to the ir for an oriented film
of 4BCMU is calculated to be 1-10% depending
on incident intensities. TPA limits the intensity
of the incident beams which may be used.

Two experiments were attempted with higher
density polymer materials. CSRS was observed
in 4BCMU single crystal, ~69 um thick, with
w, =730 nm. Very little energy (~1.8 nJ) focused
on the sample caused visible change; the sample
turned red, presumably due to melting and con-
jugation length shortening.” In a second experi-
ment CARS was observed in a 4BCMU gel®* with
a density of ~10%® r.u./cm®. The incident beam
at w, =650 nm was not absorbed and no damage
occurred. However, the CARS signal was strongly
dependent on position of focusing in the sample due
to inhomogeneities in the gel and was not as large
as predicted from solution measurements. There-
fore, these polymers are not at present practical
parametric oscillators because of limitations of
sample quality and, possibly, of TPA.
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