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ABSTRACT: Complex formation of various mono- and bis(hydroxyarylidene)alkanones with poly(1,10-
decamethyleneacetamidine) in solution and in the solid phase was investigated by UV/vis and NMR
spectroscopy. It could be shown that due to the strong basicity of the polyamidine a deprotonation of the
chromophores occurred. This resulted in a significant shift of the longest wavelength absorption band of
the chromophores to higher wavelengths. Additionally, third-order nonlinear optical activity was evidenced
on solution cast films. Besides the optical properties, the thermal behavior of the mixtures was also
influenced by the interactions between the polymer and chromophore. An increase of the glass transition
temperature of the polymer of about 60 K was attributed to an ionic network formation. The complexes
showed good film-forming properties and sufficiently high thermal stability.

Introduction

Nonlinear optical (NLO) materials are widely known
and used in a number of processes and applications.
With the help of such materials it is expected to realize
all-optical computing and signal processing. In particu-
lar, an increase in the rate of telecommunication by at
least 3 orders of magnitude is expected.2 Moreover, the
availability of high-frequency laser beams produced by
third harmonic generation (THG) processes will lead to
tremendous progress in atomic and molecular physics
and chemistry.

At present, inorganic crystals such as potassium
dideuterium phosphate, lithium and potassium nio-
bates, and g-barium borate are mostly used as NLO
media in optical devices. However, during the past two
decades, an obvious emphasis has been made on the
design of new organic and organometallic compounds
for NLO applications.®~15 Compared to inorganic crys-
tals, organic materials are much cheaper and have
comparable or even greater nonresonant susceptibilities
and shorter nonlinear response times. In addition, NLO
properties of organic compounds may be tuned by
varying their chemical structures. Their solubility, and
thus processability, may be increased by incorporation
of special functional groups.

Highly polarizable z-electron systems of conjugated
semiconducting organic polymers have made them at-
tractive candidates with a great potential for third-order
NLO applications. An incomplete list of such polymers
includes polyacetylenes,'617 polydiacetylenes,'®1° and
polythiophenes.20~22
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Despite the considerable efforts put into the develop-
ment of these materials over many years, they still
suffer from lack of transparency and thermal and
environmental stability. Therefore, relatively low mo-
lecular weight NLO chromophores are now being de-
signed and realized with enhanced third-order nonlin-
earities due to special structural features different from
merely linear s-conjugation length.32324 |n particular,
two-dimensional intramolecular charge transfer upon
electronic excitation is now recognized as a very favor-
able property of NLO chromophores promoting their
optical nonlinearities.324-26

However, incorporation of such NLO chromophores
into polymer systems is still a challenge for researchers.
It has mostly been done by either simple dispersion of
NLO chromophores in polymer matrixes® (so-called
“guest—host” systems) or covalent bonding of NLO
chromophores into polymer backbones or side chains.2’~30
The former approach has an obvious disadvantage due
to a probable lack of compatibility of an NLO chro-
mophore with polymer matrixes. As to the latter ap-
proach, it could be complicated from the synthetic point
of view. Besides, modification of a NLO chromophore
chemical structure upon its covalent inclusion into a
polymer chain and restriction of its mobility may have
unfavorable consequences for NLO properties of the
polymer system.

An alternative for such polymers with covalently
attached NLO chromophores could be strong noncova-
lent complexes of low molecular weight NLO compounds
and suitable polymer carriers. Following this direction,
we recently reported on ionic H-bonded complex forma-
tion between the second-order NLO-active 2,6-bis(4-
hydroxybenzylidene)cyclohexanone?® and the strongly
basic poly(1,10-decamethyleneacetamidine) (1) (Scheme
1).31

The second harmonic generation (SHG) effect was not
observed at these complexes, probably due to a certain
lack of noncentrosymmetric arrangement of chro-
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mophores. However, drastic changes in the electronic
structure of the chromophore due to ionization and
complex formation lead to the appearance of a third-
order nonlinear optical effect called THG.

In the present paper, a systematic study of complex
formation of various mono- and bis(hydroxyarylidene)-
alkanones (Chart 1) with 1 is presented. UV/vis and *H
and 13C NMR measurements in solution were per-
formed. Complexes precipitated from solution were
characterized by means of solid-state 13C NMR, DSC,
and TGA. THG efficiencies of the complexes were
measured on solution cast films.

Experimental Section

Materials. 1,10-Decanediamine, triethylorthoacetate (Flu-
ka), 4-hydroxybenzaldehyde, 4-methoxybenzaldehyde (Ald-
rich), cyclohexanone, and cyclopentanone (Vekton, Russia)
were used without further purification.

Poly(1,10-decamethyleneacetamidine) (1). A mixture of
47.5 mmol of 1,10-decanediamine, 50 mmol of triethylorthoac-
etate, and 40 mmol of acetic acid was heated under nitrogen
from 80 to 120 °C with stirring and continuous removal of the
resulting alcohol by distillation. Then the pressure was
reduced to 5 mbar, and the temperature was raised stepwise
to 180 °C within 45 min. After another 135 min the reaction
was completed. The structure of the polymer was confirmed
by NMR and titration of the amidine groups. The degree of
polymerization determined by NMR end group analysis was
19. Data for

1: 'H NMR (CD3OD) ¢ (ppm) = 1.33 (s, 12H, CH,), 1.53
(m, 4H, CHy), 1.90 (CHs, partially deuterated), 3.10 (t, 4H,
N—CHy).

Bis(hydroxyarylidene)alkanones 2a—c, 3a,b, and 4a,b.
The bis(hydroxyarylidene)alkanones were synthesized accord-
ing to Vorlander.®2 The respective benzaldehydes were con-
verted with alkanones in a molar ratio of 2:1 in ethanol
solution saturated with HCI. After precipitation in water the
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reaction products were filtered off. The crude products were
recrystallized twice from ethanol. Structures were confirmed
by NMR, IR, and elemental analysis.

Data for 2a: *H NMR (CD3OD) ¢ (ppm) = 1.81 (m, 2H, CH,),
2.93 (t, 4H, CHy), 6.84 (d, 4H, Ha/), 7.40 (d, 4H, Ha), 7.67 (s,
2H, —CH=).

Data for 2b: *'H NMR (CD30D) 6 (ppm) = 1.82 (m, 2H, CH,),
2.96 (t, 4H, CHy), 3.89 (s, 6H, OCHg), 6.86 (d, 2H, Hy,), 7.05
(d, 2H, Hay), 7.09 (s, 2H, Hyy), 7.67 (s, 2H, —CH=).

Data for 2c: 'H NMR (CD30D) ¢ (ppm) = 1.84 (m, 2H, CH,),
2.00 (t, 4H, CH,), 3.89 (s, 12H, OCHg3), 6.83 (s, 4H, Hay), 7.67
(s, 2H, —CH=).

Data for 3a: 'H NMR (CD30D) 6 (ppm) = 3.10 (s, 4H, CHy,),
6.88 (d, 4H, Har), 7.47 (s, 2H, —CH=), 7.53 (d, 4H, Ha).

Data for 3b: *H NMR (CD3OD) ¢ (ppm) = 3.13 (s, 4H, CH>),
3.92 (s, 6H, OCHz), 6.89 (d, 2H, Har), 7.18 (d, 2H, Har), 7.22 (s,
2H, Har), 7.47 (S, 2H, _CH=)

Data for 4a: 'H NMR (CD3;OD) ¢ (ppm) = 6.84 (d, 2H, Hay),
7.06 (d, 2H, —CH=), 7.57 (d, 2H, Ha), 7.71 (d, 2H, —CH=).

Data for 4b: 'H NMR (CDs;OD) ¢ (ppm) = 3.93 (s, 6H,
OCH3), 6.84 (d, 2H, Har), 7.09 (d, 2H, —CH=), 7.19 (d, 2H, Ha),
7.30 (s, 2H, Hy), 7.72 (d, 2H, —CH=).

2-(4-Hydroxybenzylidene)cyclohexanone. To a solution
of 2.25 g (0.02 mol) of 4-hydroxybenzaldehyde and 6 g (0.06
mol) of cyclohexanone in ethanol (20 mL) was added with
stirring at 0 °C 8 mL of an aqueous KOH solution (50%). After
12 h the mixture was poured into water and neutralized by
diluted acetic acid. 2-(4-Hydroxybenzylidene)cyclohexanone
was filtered off and recrystallized twice from an ethanol—water
(2:1 v/v) mixture. Yield: 1.5 g (38%).

2-(4-Hydroxybenzylidene)-6-(4-methoxybenzylidene)-
cyclohexanone (2d). A solution of 2.0 g (0.01mol) of 2-(4-
hydroxybenzylidene)cyclohexanone and 1.6 g (0.012 mol) of
4-methoxybenzaldehyde in 30 mL of ethanol was saturated
by dry HCI over 3 h. After 12 h the mixture was poured into
150 mL of water and neutralized by sodium hydrogen carbon-
ate solution. The product was filtered off and recrystallized
twice from ethanol. Yield: 1.4 g (45%). Data for 2d: *H NMR
(CD30D) 6 (ppm) = 1.81 (m, 2H, CH,), 2.94 (t, 4H, CH,), 3.84
(s, 3H, OCHj3), 6.85 (d, 2H, Har), 6.99 (d, 2H, Har), 7.41 (d, 2H,
Har), 7.48 (d, 2H, Har), 7.68 (s, 2H, —CH=).

2-(4-Hydroxybenzylidene)cyclopentanone. A 2 mL
sample of dried piperidine was added to the solution of 2.25 g
(0.02 mol) of 4-hydroxybenzaldehyde in 5.5 mL of cyclopen-
tanone with stirring at 0 °C. After 12 h the mixture was poured
into water and neutralized by diluted acetic acid. 2-(4-
Hydroxybenzylidene)cyclopentanone was filtered off and re-
crystallized twice from an ethanol—water (1:1 v/v) mixture.
Yield: 1.2 g (30%).

2-(4-Hydroxybenzylidene)-5-(4-methoxybenzylidene)-
cyclopentanone (3c) was synthesized by the same procedure
as 2d. Instead of 2-(4-hydroxybenzylidene)cyclohexanone, 2-(4-
hydroxybenzylidene)cyclopentanone was used. Yield: 1.16 g
(38%).

Data for 3c: 'H NMR (CD30OD) ¢ (ppm) = 3.11 (s, 4H, CH>),
3.86 (s, 3H, OCHs), 6.88 (d, 2H, Har), 7.03 (d, 2H, Har), 7.48 (s,
2H, —CH=), 7.53 (d, 2H, Ha), 7.62 (d, 2H, Ha).

1-(4-Hydroxyphenyl)-5-(4-methoxyphenyl)penta-1,4-
dien-3-one (4c) and 1-(4-hydroxyphenyl)-5-phenyl-penta-
1,4-dien-3-one (4d) were synthesized as described previ-
ously.3

Data for 4c: *H NMR (CD3OD) ¢ (ppm) = 3.85 (s, 3H,
OCH3), 6.84 (d, 2H, Har), 6.98 (d, 2H, Hay), 7.06 (d, 1H, —CH=
), 7.10 (d, 1H, —CH=), 7.58 (d, 2H, Ha/), 7.66 (d, 2H, Har), 7.71
(d, 1H, —CH=), 7.72 (d, 1H, —CH=).

Data for 4d: *H NMR (CD3OD) d (ppm) = 6.84 (d, 2H, Ha)),
7.07 (d, 1H, —CH=), 7.24 (d, 1H, —CH=), 7.42 (m, 3H, Ha),
7.59 (d, 2H, Ha), 7.70 (m, 2H, Ha), 7.75 (d, 2H, —CH=).

Complex Preparation. The polymer—chromophore com-
plexes were prepared by mixing ethanol solutions of the
polymer and the chromophore (5% w/w). Samples for NLO
experiments were prepared by casting the ethanol solutions
of the complexes onto Teflon plates with subsequent evapora-
tion of the solvent at ambient temperature. Before measure-
ments the films were dried in a vacuum (0.1 mmHg). The
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Table 1. Longest Wavelength Absorption Bands of the Chromophores and Their Mixtures with
Poly(1,10-decamethyleneacetamidine)?

/Imax, nm lmax, nm

chromophore chromophore mixture chromophore chromophore mixture
2a 373 468 3c 393 477
2b 387 494 4a 380 478
2c 394 522 4b 394 512
2d 367 453 4c 374 456
3a 417 495 4d 365 457
3b 425 527

a The longest wavelength absorption band of poly(1,10-decamethyleneacetamidine) is about 280 nm.
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Figure 1. UV/vis spectra of (a) 4a and (b) a mixture of 4a
with an excess of 1.

thickness of the films was about 175—200 um. The films for
UV/vis measurements were prepared by spin casting on quartz
plates.

Measurements. DSC measurements were performed on a
Perkin-Elmer DSC 7 at heating and cooling rates of 20 K/min
in the temperature range of 60—200 °C. TGA measurements
were performed on a Perkin-Elmer TGA 7 in nitrogen within
a temperature range of 30—700 °C at a heating rate of 10
K/min. UV/vis spectra were recorded with a Varian Cary 100
spectrometer on ethanol solutions (I = 10 mm) and spin-coated
films.

Solution-state NMR experiments were carried out on a
Bruker DRX 500 spectrometer operating at 500.13 MHz for
1H and 125.75 MHz for 13C. CD3;0OD was used as solvent, lock,
and internal standard (6(*H) = 3.31 ppm; 6(**C) = 49.0 ppm).
Solid-state NMR data were collected on a Bruker AMX 300
spectrometer operating at 75.47 MHz for *C and equipped
with a 7 mm CPMAS probe. The spectra were referenced using
the CH signal of external adamantane at 38.6 ppm. The
measurements were performed with a 6.5 us *H 90° pulse
duration, a contact time of 1 ms, and a recycle delay of 2 s. A
dephasing delay of 45 us was applied in the dipolar dephasing
experiments.® The MAS rate was 5 kHz.

The nonlinear optical third-order susceptibilities ¥ were
measured by the THG method. The yttrium—neodymium
granate (YAG:Nd®*) master laser was operated in the Q-
switched regime in zero transverse mode TEMg, at a pulse
repetition rate of 14 Hz. Laser pulses, having a wavelength of
1064 nm and a duration time z; of 15 ns were fed to a single-
pass YAG amplifier and amplified up to 30 mJ. P-polarized
radiation was focused on a sample by a spherical lens with F
= 100 mm. To monitor the intensity of the pulse emitted by
the sample, a part of the radiation (about 4%) was split off
from the main beam and fed to a precalibrated photodiode.
The third harmonic radiation (1 = 355 nm) emitted by the
sample was collected by the optical system, focused onto the
entrance slit of a monochromator, and then recorded by a
photomultiplier.

Taking into account the technical difficulties of determining
the absolute intensity of the radiation emitted by the sample

with sufficient accuracy, a method was used that relates
and THG intensity values of the sample under investigation
to the respective values of a standard sample. In the present
work, we used a quartz plate with a thickness of 0.5 mm,
graduated on the first maximum of the third harmonic Maker
fringes. The following equation is valid:

22 = 1 B @o)1 1" (Bw), ]

where 1(3w), Is(3w) are the THG signal intensities of the
sample and the standard, respectively, I and l.s are their
coherent lengths, and ys® = 3.11 x 10~ esu for SiO, at 1 =
1.06 nm.

Results and Discussion

Complex Formation of Bis(hydroxyarylidene)-
alkanones with Poly(1,10-decamethyleneacetami-
dine) in Solution. Recently, it was reported that
aliphatic polyamidines exhibit strong basic behavoir.3%:35
They are able to interact with proton-donating com-
pounds, resulting in complete deprotonation under
certain circumstances. It could be shown that in alcohol
solution 1 (pK, = 10.9)3! forms ionic complexes with 2,6-
bis(4-hydroxybenzylidene)cyclohexanone (2a). Due to
deprotonation of the chromophore the color of the
solution changed from pale yellow to deep red. Similar
observations were made in the case of the other chro-
mophores studied here (Chart 1). The UV/vis spectra
of the chromophores exhibit a bathochromic shift of their
longest wavelength absorption band by more than 100
nm (Figure 1, Table 1).

The reason for this is a much stronger linear z-con-
jugation in the deprotonated chromophores due to a high
contribution of the quinoid-like structure compared to
the benzenoid-like structures in neutral chromophore
molecules (Scheme 2). It should be noted that the same
idea of mixing up quinoid- and benzenoid-like resonance
structures is realized in squaraine dyes recently em-
ployed as NLO chromophores in a PMMA matrix.?*

As an example, Figure 2 shows the UV/vis spectra of
4b in the presence of different amounts of poly(1,10-
decamethyleneacetamidine). It is seen that, upon in-
creasing the polymer concentration, the intensity of the
neutral chromophore absorption band at 394 nm de-
creases and that of the deprotonated chromophore at
522 nm increases. The presence of an isosbestic point
between these two bands demonstrates an equilibrium
between the neutral and the deprotonated chromophore,
which is shifted toward the deprotonated form upon
increasing the relative polymer concentration with
respect to that of the chromophore. It is worth mention-
ing that the maximum absorption of the deprotonated
chromophores at these low concentrations is only reached
at a high excess of the amidine groups (amidine/hydoxyl
group > 15).
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Figure 2. UV/vis spectra of 4b in ethanol in the presence of
different amounts of 1 (concentration of 4b, 1.47 x 107> mol/
L; molar ratio of hydroxyl groups to amidine groups, (a) 1:0.55,
(b) 1:1.35, (c) 1:2.7, (d) 1:5.4).

Scheme 2

Stronger bases such as NaOH and KOH exhibit the
same bathochromic shift. The UV/vis spectra of the
chromophores in the presence of these bases almost
coincide with those obtained in the presence of the
polyamidine. This clearly shows that the nature of the
counterion does not affect the spectra, and thus it has
to be assumed that in both cases the deprotonated
chromophore anion is formed. Furthermore, the un-
changed position of the longest wavelength absorption
even at very high base concentrations indicates that this
absorption is caused by the doubly deprotonated chro-
mophore. An additional absorption band for the singly
deprotonated chromophore has not been found. How-
ever, it cannot be excluded that the absorption of the
singly deprotonated chromophore is completely over-
lapped by the doubly deprotonated one. The sz-electron
conjugation pattern of the singly deprotonated chro-
mophore shown in Scheme 2 should not change signifi-
cantly after the second deprotonation step. Therefore,
similar UV/vis spectra have to be assumed for both
chromophore structures. This assumption is supported
by the fact that the respective deprotonated monofunc-
tional chromophores adsorb nearly in the same region
(e.g., 2c, 3c, 4c, Table 1).

Figure 3 presents 'H NMR spectra of 4a in methanol.
The distinct high-field shift of all signals in the presence
of a moderate molar excess of polyamidine 1 (amidine/
OH group =~ 4) clearly indicates deprotonation. Proton
exchange processes between the protonated and the
deprotonated forms of the chromophores, which are fast
on the NMR time scale, render it impossible to detect
separate signals for both forms. But, the positions of
the appearing averaged signals reflect the degree of
deprotonation o. With increasing o a progressive shift
of all signals is observed.
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Figure 3. *H NMR spectrum of 4a in ethanol (a) and the pure
sample (b) in the presence of a high molar excess of polyami-
dine 1 (numbering according to Table 3).

Table 2 summarizes the 'H NMR chemical shifts of
selected chromophores and of p-hydroxystyrene as a
model compound as well as the maximum signal shifts
Ad in the presence of a moderate molar excess of
polyamidine 1. The same maximum signal shifts were
observed when a high molar excess of KOH was added
(a0 = 1). That allows one to conclude that complete
double deprotonation occurs in the presence of both
KOH and polyamidine, provided that the concentration
of the base is high enough.

The 13C NMR spectra show similar shift effects due
to chromophore deprotonation. The results for 4a, 4e,
and p-hydroxystyrene are summarized in Table 3. For
4a maximum signal shift effects (a. = 1) were obtained
when a 4-fold excess of amidine groups was added. But,
also at nearly equimolar ratios (amidine/OH group =
1.25) a high degree of deprotonation (oo = 0.95) was
observed. This difference from the UV/vis spectroscopic
investigations, where a much higher excess of the base
was required to get the same effects, can be attributed
to the different concentrations at which the measure-
ments had to be carried out.

The different signal shifts A¢ of the deprotonated
forms allow some conclusions to be made regarding their
electronic structures. The strongest effect upon addition
of base was found for the ipso-atoms of the phenolic
rings C!, which undergo a low-field shift by more than
12 ppm. This shift is caused by the inductive effect of
the negatively charged oxygen and is still detectable at
the C2 atom. The high-field shift observed at C* and C®
is consistent with a considerable quinoidization of the
chromophore as shown in Scheme 2. Delocalization of
the negative charge through resonance effects causes
an increase in the electron density at these atoms and
results in negative AJ values. The signal shifts of the
C7, C5, and C8 atoms are relatively small since resonance
stabilization of the charge at these positions is impos-
sible.

Interestingly, the monofunctional chromophore 4e
responds nearly equally upon deprotonation, so that for
the bifunctional chromophore 4a the influence of the
second deprotonation step on the electronic structure
is assumed to be negligible. This supports the above
assumption that the singly and doubly deprotonated
chromophores might absorb in the same UV/vis region.
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Table 2. 1H NMR Chemical Shifts of the Chromophores 2a, 2b, and 4a in the Protonated and Deprotonated Forms in
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CD30D
structures 1 H’ B H¢ Ht W HY
2 3
] 450 5(ppm) | 6.84(d) | 7.40(d) | 7.67(s) - 2.93() | 1,81 (m) -
HO OH
DasVal,
@
8 - 2a AB® -0.24 -0.12 +0 - -0.03 £0 -
5(ppm) | 6.86(d) | 7.05(d) | 7.67(s) - 296(t) | 1.82(m) | 7.09(s)
ABT -0.25 -0.06 +0.03 - -0.01 +0.02 -0.12
S(ppm) | 6.84(d) | 7.57(d) | 7.71(d) | 7.06 (d) - - -
AS* 027 -0.20 -0.08 -0.27 - - -
| 5.55(d)
2.3 S(ppm) | 6.73(d) | 7.25(d) | 6.62(m) | (5 @ - - -
( >4 5
HO
; AG® 0.18 017 | 009 | 020 - ] ]
e - ’ -0.22

a Chemical shift effect in the presence of a high molar excess of polyamidine 1 (deprotonation).

Table 3. 13C NMR Chemical Shifts of 4a, and 4d in the Protonated and Deprotonated Forms in CD3;0D

structure c! o c ct c C* c’
) s S(ppm) | 16155 | 11694 | 13166 | 127.75 | 14515 | 12350 | 191.72
[o]
X R~
7 ABp* | H1269 | +399 | 40,65 | -610 | +125 | -408 | -032
4a
Adgou® | 1258 | +399 | +0.65 | -6.02 | +142 | 413 | +0.07
2.3 vz S(ppm) | 16175 | 11697 | 13178 | 127.64 | 14584 |12336 | 191.58
o 4 5 5 4 1
\
¢ % A%" | 1345 | 4413 | 4112 | -634 | +288 | -475 | -049
§(ppm) | 15842 | 11625 | 12842 | 13078 | 137.83 | 110.77 -
2 3
\ ASp* | H9.54 | +331 | 001 | -522 | 4107 | 37 -
6
Adgon® | 1057 | 4368 | 0.2 | 572 | +L12 | -3.96 -

a Chemical shift effect in the presence of a high molar excess of polyamidine 1. ® Chemical shift effect in the presence of an excess of

KOH.

Furthermore, a distinct correspondence between the
Ao values of the chromophores and the model compound
p-hydroxystyrene was found (Table 3). In comparison
to the chromophores p-hydroxystyrene possesses only
one oxygen on which the negative charge can be local-
ized. Owing to this, it is assumed that the negative
charges of the deprotonated chromophores are also
mainly localized at the phenolic groups and not at the
oxygen in the center of the molecule.

Complex Formation of Bis(hydroxyarylidene)-
alkanones with Poly(1,10-decamethyleneacetami-
dine) in the Solid State. UV/vis spectroscopic inves-
tigations on spin-cast films should clarify how far
complex formations in solution and in the solid phase

are comparable. As an example UV/vis spectra of
films of polyamidine 1 with different amounts of chro-
mophore 4a are shown in Figure 4. Although the
absorption bands do not appear as separated as in
solution, the influence of deprotonation can be identified
by a distinct shift of the absorption maximum and
the signal shape indicates an overlap of two bands at
about 380 and 500 nm. The maximum of the deproto-
nated form appears in the same region as in the solu-
tion spectra. The spectra show that at an equimolar
ratio of amidine and phenolic groups a considerable
amount of chromophore is deprotonated. The absorp-
tion maxima of the other chromophores in films with
polyamidine 1 appear in the same region as found for
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Figure 4. UV/vis spectra of solution cast films of chromophore
4a and polymer 1 (molar ratio of hydroxyl groups to amidine
groups, (a) 1:0.5, (b) 1:1, (c) 1:4).
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Figure 5. C NMR CPMAS spectra (dipolar dephasing
experiments) of mixtures of chromophore 4a and polyamidine
1 (molar ratio of hydroxyl groups to amidine groups, (a) 0:1,
(b) 0.5:1, (c) 1:1; *, signals of deprotonated chromophores; A,
signal of the amidine carbon).

the deprotonated chromophores in solution.
Solid-state 3C NMR CPMAS spectra of 4a in a
complex with 1 are shown in Figure 5. To make the
assignment easier, signals of protonated carbon atoms
were suppressed by dipolar dephasing.®* In contrast to
the 13C NMR spectra obtained in solution, signals of the
deprotonated and protonated chromophore can be ob-
served. This is caused by more slower or suppressed
proton exchange processes in the solid state. Particu-
larly, the ratio of the C* signals at about 125 and 121
ppm, caused by the protonated and deprotonated forms,
respectively, clearly shows the increasing content of
deprotonated moieties with increasing polyamidine
content. In case of the C! atom, the signal of the
protonated form is overlapped by the signal of the
amidine carbon. However, the intensity change of the
C? signal of the deprotonated form at about 174 ppm

A New Class of Third-Order NLO Chromophores 7105

80
0] _—
60-
50—-
401
30+
20+

q
104

04

glass transition temperature in °C

0,0 02 04 06 08 10
chromophore to polyamidine molecular ratio

Figure 6. Dependency of the glass transition of polymer 1
on the content of chromophore 2a.

related to the C7 signal also indicates the influence of
deprotonation.

The differences between the chemical shifts of the
protonated and deprotonated forms (Ad) in the solid
state (C1, +12.8 ppm; C*4, —6.4 ppm) are close to those
obtained in solution, showing that the structure in the
solid state should not differ much from the one in
solution. From the NMR spectra we can estimate that
at an equimolar ratio of the phenolic and amidine
groups the deprotonated form distinctly predominates
in the solid phase.

Phase Behavior and Thermal Stability. It was
shown earlier3! that the as-prepared polyamidine 1 is
a highly crystalline sample with a melting temperature
at about 60 °C. After melting, recrystallization is
strongly retarded and polyamidine 1 exhibits only a
distinct glass transition at about 5 °C. At ambient
temperatures the sample remains in the molten state.
In the presence of chromophores the thermal behavior
of the polymer changes considerably. As shown for
chromophore 2a, the T4 values increase with the molar
content of the chromophore and tend to level off at
chromophore molar amounts higher than 75% (Figure
6). For the pure chromophore no significant transition
was found in the investigated range.

These observations confirm that the products under
investigation are not simple mechanical mixtures but
new materials with specific properties caused by strong
noncovalent intermolecular interactions. Films prepared
from these mixtures are stable at ambient temperature
over a long time. At a chromophore molar fraction of
approximately 30—40% the complexes lose their solubil-
ity in alcohol, probably due to a physical network
formation.

As evidenced by thermogravimetric (TG) investiga-
tions all chromophores were thermostable up to at least
250 °C. Polyamidine 1 showed 1% weight loss at about
230 °C. Also the complexes of the chromophores with
polyamidine 1 did not show any decomposition up to at
least 200 °C, so that their thermal stability is high
enough to resist the possible increase of temperature
up to 150—180 °C during the THG measurements
caused by the laser beam. As an example, the derivative
weight loss curves (DTG) of mixtures of 1 and 2a at
different compositions are shown in Figure 7. The profile
of the curves indicates that complexation increases the
thermal stability of the polyamidine whereas the ther-
mal stability of the chromophore is reduced.

Nonlinear Optical Properties of Complexes of
Bis(hydroxyarylidene)alkanones with Poly(1,10-
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Table 4. THG Efficiencies of Complexes of Poly(1,10-decamethyleneacetamidine) with Bis(hydroxyarylidene)alkanones

%@ x 10 (esu), y x 103 (esu),

%@ x 10 (esu), y x 103 (esu),

chromophore measd calcd chromophore measd calcd
2a 11 172 3b 24 246
2b 34 206 4a 27 279
2c 83 318 4b 38 270
3a 10 209

drt (%/min)

—1

150 200 250 300 350 400 450 500 550
temperature (°C)
Figure 7. Derivative curves of the weight loss (DTG) of

mixtures of polymer 1 and chromophore 2a.
320
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Figure 8. Correlation between the molecular second-order
hyperpolarizabilities, vy, calculated for singly deprotonated
chromophores by the PM-3 method and measured susceptibili-
ties, @, for films of complexes of different chromophores with
polyamidine 1.

decamethyleneacetamidine). All complexes of bis-
(hydroxyarylidene)alkanones with the polyamidine 1
were found to display third-order NLO effects (THG).
The measured susceptibilities ¥ and molecular second-
order hyperpolarizabilities y, calculated by the PM-3
method,3® are given in Table 4.

It is necessary to point out that neither the pure
polyamidine nor any of the chromophores show THG
effects. Moreover, chromophores incorporated into a
PEO matrix are also inactive in THG, although H-
bonding between chromophores and the polymer matrix
should also occur in this system. Obviously, ionization
of the chromophores plays a fundamental role in the
THG activity of the complexes studied.

Figure 8 presents the correlation between the mea-
sured y¥® and calculated y values. Both values charac-
terize the magnitude of the THG effects. The latter
represents the susceptibility of one molecule. The
observed correlation (correlation factor 0.92) confirms
the connection of macroscopic optical properties with

structural characteristics on a molecular level. The
experimental data show that the introduction of auxo-
chromic (electron-donating) substituents R; and Rz into
the benzylidene fragment leads to the enhancement of
the THG activity. According to this observation, it is
possible to conclude that an increase of the electron
density in chromophore molecules amplifies the THG
signal.

The structural changes in the chromophore core also
affect the NLO activity of the complexes. Complexes of
chromophores 2 and 3 which possess a cycloaliphatic
central fragment are less THG active than those con-
taining a linear aliphatic spacer between the aromatic
moieties. This behavior is probably caused by a lower
s-conjugation in the diarylidenecycloalkanone anions.
This assumption is supported by quantum-chemical
calculations using the PM-3 method. The diarylidenecy-
cloalkanones have a nonflat conformation due to a steric
repulsion between the ortho protons of the phenyl rings
and the methylene protons of the cyclic central frag-
ment, whereas diarylideneacetones have an almost flat
conformation.

Conclusions and Outlook

Complexes of bis(hydroxyarylidene)alkanones with
strongly basic poly(1,10-decamethyleneacetamidine) have
proven to be a new class of ionically bonded polymer
systems with a certain potential in third-order NLO
applications. One requirement for NLO activity of the
chromophores is their deprotonation. It could be evi-
denced by UV/vis and NMR spectroscopy that in the
presence of the aliphatic polyamidine 1 deprotonation
in the solid phase takes place to a high extent. Obvi-
ously, the basicity of the aliphatic polyamidine is high
enough. In addition, it has to be mentioned that other
polymers with lower basicity such as aromatic polya-
midines or poly(vinylpyridine) do not show this behav-
ior.

Comparative measurements on monofunctional (hy-
droxyarylidene)alkanones indicate that the optical prop-
erties of the bifunctional chromophores are mainly
determined by a single deprotonation step. Deprotona-
tion of the second phenyl group takes place but does
not influence the absorption behavior significantly. The
complexes are thermo- and hydrolytically stable and
possess good film-forming properties.

Compared to those of polythiophenes with more
complicated architecture,?? the measured THG efficien-
cies are smaller. However, the third-order nonlinearities
of bis(hydroxyarylidene)alkanones can be considerably
increased by modification of their chemical structure.
In particular, a distinct increase in third-order nonlin-
earity for o,w-diphenylpolyenes was found upon intro-
ducing electron-withdrawing substituents and increas-
ing the conjugation length.337:38 A similar approach on
(hydroxyarylidene)alkanones, which in their deproto-
nated quinoid-like form are structurally similar to o,w-
diphenylpolyenes, is now in progress.
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