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Introduction

There is considerable interest in electro-optic materials due to the potential for applications
of these materials in photonic information technology."” One promising approach toward electro-
optic materials involves poled polymers containing nonlinear optical (NLO) chromophores.
Significant progress has been achieved towards the design of materials with high optical
nonlinearities.* However, device applications of poled polymers require the materials to be stable
during device processing. These requirements dictate that the NLO chromophores themselves
must have high thermal and photochemical stability during operations for long periods of time. To
achieve long-term stability of the electric field induced alignment, high performance polymers, with
Tg's over 200°C, are typically employed. Therefore it is imperative that the NLO chromophores
exhibit high thermal stability well over 200°C for times involved in poling, as well as other
processing steps.**

Chromophores should also be photochemically stable, since the poled polymers will be
exposed to high laser intensity in the wavelength range of 800-1550 nm in many applications.
Upon exposure to high intensity light at these operating wavelengths, the chromophores could
undergo two- or multi-photon absorption processes.” In dipolar chromophores, such processes can
populate the lowest singlet excited state, which can also be reached by linear UV-visible absorption
processes, where there can be pathways available for photochemical degradation.*'® The
mechanism of photochemical degradation of chromophores depends on many factors and is
sensitive to the functional groups in the chromophores and the surrounding environment. For
example, it has been established that one of the major pathways for photodecomposition of azo
dyes involves the photoreduction of the azo moiety."' The most commonly used donor moieties in
donor-acceptor NLO chromophores are based on amino groups. It has been experimentally
demonstrated that chromophores bearing dialkylamino groups exhibit low light fastness.'> This

observation has been attributed to an oxygen related degradation process that involves the




abstraction of the hydrogen atoms o- to the nitrogen and generation of reactive radicals."”
Therefore, chromophores which lack o-hydrogens have potential for improved light fastness.
Here, we report studies of the thermal and photochemical stabilities of aminostyryl
thiophene based donor-acceptor NLO chromophores. The acceptor unit constitutes a tricyanovinyl,
dicyanovinyl, B-substituted dicyanovinyl or the heterocyclic phenylisoxazolone acceptor.” We
compare the stabilities of the chromophores with dialkylamino and diarylamino donor
substituents.” The effect of structural variation of the acceptor part of the chromophore upon the
thermal and photochemical stabilities is also reported. From the electrochemical studies, it is also
proposed that the photochemical stability of the chromophores can be correlated to the chemical
stability of the radical anions of the chromophores. The structures of the chromophores under
study are shown in Figure 1.'° It is expected that the alkyl and aryl substituents on the
chromophores reported here also should enhance the miscibility with the polymer host and reduce

chromophore aggregation.'’
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Figure 1. Structures and the Number Scheme for the Chromophores in this Study

Results

Synthesis
We approached the syntheses of these chromophores in a convergent fashion. The donor

triarylamine was synthesized as an aldehyde and the thiophene spacer was synthesized as a




phosphonium salt. The main skeleton of the chromophore was then assembled together by a
Wittig reaction. The acceptor group was installed in the last step of the synthesis.

The triarylamine was synthesized using the palladium catalyzed aryl carbon-nitrogen bond
forming reaction recently reported in the literature."*° Treatment of aniline or m-anisidine with 2.2
equivalents of 4-butyl-1-bromobenzene (7) in the presence of 1.5 mol% of
tris(dibenzylideneacetone)dipalladium and 2.25 mol% of bis(diphenylphosphino) ferrocene
(DPPF) afforded 4,4'-dibutyltriarylamine in good yields. The triarylamine was then subjected to
Vilsmeir-type reaction conditions to afford the (p,p'-dibutyl)diphenylaminoaryl-4-carboxaldehydes
10 and 11.
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The synthesis of 4-(p,p'-dibutoxy)diphenylaminobenzaldehyde (13) was approached in a
stepwise fashion. Treatment of 4-butoxyaniline with 4-bromo-butoxybenzene under palladium
catalysis conditions resulted in dibutoxydiphenylamine (12) in 87% yield. Treatment of 12 with

4-bromobenzaldehyde under similar conditions afforded the carboxaldehyde 13 in 83% yield.
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The synthesis of 4-hexylthiophene-2-methylenetriphenylphosphonium chloride (14) was
previously reported.”’ Reaction of 10 with 14 under Wittig reaction conditions using sodium
ethoxide as the base afforded the product 15 as a mixture of the cis- and trans- isomers. Treatment
of this mixture with tetracyanoethylene (TCNE) in DMF at 50°C afforded the chromophore 2a with
the tricyanovinyl group as the acceptor in 47% yield. The chromophore 2a had only the trans
product. The charge transfer structure for the compound 2a should have a single bond in place of
the double bond in the neutral structure. The tricyanovinyl group, being a strong acceptor, should
have significant contribution from the charge transfer form of the structure, thus providing an

opportunity for compound 2a to isomerize to the thermodynamically favorable trans isomer.”
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The chromophores 2b and 2¢ with dicyanovinyl and phenylisoxazolone as the acceptors
were also synthesized. For this purpose, we synthesized the aldehyde 16 from 15 by
deprotonating the thiophene and treating the resultant organolithium intermediate with DMF. The
compound 16 was obtained as a 6:4 mixture of zrans and cis isomers. Treatment of this mixture
with 3M aqueous hydrochloric acid in THF improved the composition to a ~20:1 mixture as
estimated by IH NMR. Subjecting the aldehyde Knovenaegel condensation with malononitrile and
3-phenylisoxazolone afforded the chromophores 2b and 2¢ respectively as shown in Scheme 1.

The trans isomer of the chromophores was isolated as the only characterizable products.
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The methoxy substituted chromophores 3a and 3b were synthesized through the same
route by using 11 in the place of 10. Similarly the chromophores 1a-1c were synthesized
through the same route by using the commercially available 4-(N,N-dibutylamino)benzaldehyde in

the place of 10. Chromophore 4a was synthesized using 17 as the precursor.
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Thermal Stability

Chromophores with diarylamino groups as donor moieties exhibit enhanced thermal
stabilities compared to their counterparts with dialkylamino moieties (compare entries 1 vs. 2 and 5
vs. 6 in Table I). The magnitude of the stability enhancement depends on the acceptor moiety.
The tricyanovinyl substituted chromophore 1b exhibits a stability enhancement of about 140°C
compared to 1a (see Figure 2), while the enhancement from 2a to 2b was only about 60°C. There
is no significant difference in the stability of the chromophores 1¢-3¢ with phenylisoxazolone

acceptor.




Table I: Thermal Decomposition of the NLO Chromophores

Entry Compound RoN- Acceptor Tq4 (°C)
1 1a BusN- -(CN)C=C(CN)2 204
2 2a ArpN- -(CN)C=C(CN)2 344
3 3a ArpN-Ar'(OMe)- -(CN)C=C(CN)2 325
4 4a (BuO-Ar)N- -(CN)C=C(CN)» 351
5 1b BusN- -CH=C(CN), 321
6 2b (Bu-Ar),N- -CH=C(CN), 383
7 3b ArN-Ar'(OMe)- -CH=C(CN)» 375
8 1c Bu;N- -CH=isox 233
9 2¢ (Bu-Ar))N- -CH=isox 242
10 3c ArN-Ar'(OMe)- -CH=isox 232
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Figure 2. Thermogravametric analysis of 1a and 2a.

Chromophores with phenylisoxazolone acceptor group decompose at around 230°C

independent of other functionalities. At this temperature there is a small yet significant loss of




weight. When the chromophore 1¢ is heated at 250°C for 20 minutes, the peak corresponding to
the C=0 stretching at 1743 cm-! disappeared in the IR spectrum.”’

Recently, we have reported the syntheses of chromophores functionalized with hydroxy
groups to facilitate covalent incorporation on to high performance polymers.”® Covalent
incorporation of these chromophores on to polymers functionalized with phenolic groups results in
additional ethereal linkages in the materials. Therefore, a study on the effect of ethereal linkages
upon thermal stability is interesting. In addition to poténtially higher optical nonlinearities due to
the enhanced donor strength in the chromophores 3a-c and 4c¢, they also have additional ethereal
functionalities compared to 2a-c to facilitate a study on their effect upon thermal stability. The
chromophores 3a and 4a, with a methoxy group and two butoxy groups respectively, exhibit

thermal stabilities that are similar to the chromophore 2a.

Photochemical Stability

The B-values and the relative rates of decomposition of the chromophores in toluene upon
irradiation for 1 hour at 350 nm are listed in Table I It is clear that the behavior of the
chromophores depend on the donor moiety. Compounds with the diarylamino donors decompose
much more slowly than the corresponding dialkylamino donor based chromophofes (for example,
compare 1a with 2a). The magnitude of enhancement of photostability of the chromophore is
coupled to the nature of the acceptor moiety. Replacing a dialkylamino donor substituent with a
diarylamino donor substituent in a tricyanovinyl based chromophore results in a large increase in
photostability, while such a modification in the phenylisoxazolone based chromophore results in a
smaller enhancement (compare entries 1a vs. 2a and 1c vs. 2¢ in Table II). Increasing the donor
strength through installation of an additional methoxy group or two butoxy groups results in the
deterioration of the photostability of the chromophore (compare 2a, 3a and 4a in Table II).

Upon irradiating a solution of 1b and 2b with 350 nm light, the absorbance at the Amax of
the UV-visible spectra fluctuated up and down within about 15% of its original value. To test the

possibility of trans-cis isomerization as the reason for such an observation, solutions of 1b were
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irradiated for 15 minutes and 60 minutes and !H NMR of these samples were acquired. The
chromophore remained as a purely trans isomer in either of these samples within the experimental
error of lH NMR. Also, there were no other identifiable impurities by !H NMR spectra. At this
time, the origin of the fluctuations in the absorbance is not clear.

Table II: Photochemical Decomposition of NLO Chromophore Solutions in Toluene after
Irradiation at 350 nm.

B-value  Decomposition Decomposition

RoN- Acceptor (x 104 rate constant®  rate constant®
photons / (x 105 min-!  (x 10-5) min-!
molecule  (with oxygen) (deoxygenated)

la Bu,N- (CN)C=C(CN),  5.26 56 27
2a ArpN- -(CN)C=C(CN), 18.50a 7 11
32 AnN-Ar(OMe)-  -(CN)C=C(CN);  11.00 17 2
42 (BuO-AmpN-  -(CN)C=C(CN); 849 17 26
ic BusN- _CH=isox 5.17 53 55
2¢ (Bu-ArpN- _CH=isox 7.70 25 30
5d EiN- “TCBD 5.45 27 i
2d AN- “TCBD 8.63 2 i
Se E,N- (C3F)C=C(CN), 527 60 28
6e PhyN- (CsF7)C=C(CN), 896 14 21

a) ‘B’ value reported for the same compound by pump-probe experiment was 3x10°( ref 15),
b) the decomposition rate constant is obtained from the slope of the plot of time of irradiation vs.

log (absorbance) at .. Uncertainity in decomposition rate constant is estimated to be +25%.

We noticed that the dicyanovinyl based chromophores do not exhibit fluctuations in the
UV-visible absorbance, when irradiated after incorporation into a polymer host as a thin film.
Therefore, the photochemical decomposition trend of 1b and 2b compared to other chromophores
should be clear in the study of thin films. The chromophores were spin-coated on to glass slides
with PMMA as the polymer host and chlorobenzene as the solvent. The relative rates of

decomposition of the chromophores are shown in Table IIl. In all the cases, the chromophores
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containing the diarylamino donors exhibited much higher photostabilities than the corresponding
chromophores with dialkylamino donors. The decomposition rate of the chromophores also
depended on the acceptor. The chromophores with the tricyanovinyl group as the acceptor were the
most stable among the acceptors studied. The photostability of the chromophores based on the
phenylisoxazolone group acceptor exhibited better stabilities than the chromophores based on
dicyanovinyl group, but both of these were worse than the tricyanovinyl based compounds. The
chromophores 2d and 5d with a tetracyanobutadiene (TCBD) acceptor moiety exhibited better
stabilities than the phenylisoxazolone chromophores in solution. It is also noted that the
chromophores 5e and 6e with the heptafluoropropyl group as the B-substituent in the acceptor
moiety exhibited better photostability than the dicyanovinyl chromophores 1b and 2b in thin film
studies. The overall trends in stabilities of chromophores are similar in both thin film studies and

solution studies, even though the magnitudes of stabilities are different.
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Table III: Photochemical Decomposition of NLO Chromophore in thin film after Irradiation at
350 nm.

Relative rate?

Compound RoN- Acceptor (x 10°5) min-!

la BupN- -(CN)C=C(CN), 18
2a ArN- -(CN)C=C(CN)» 9

1b BupN- -HC=C(CN), 15
2b ArN- -HC=C(CN), 78
1c BusN- -CH=isox 65
2c¢ (Bu-Ar);N- | -CH=isox 46
Se EtpN- -(C3F7)C=C(CN)2 58
6e PhyN- -(C3F7)C=C(CN), 16

a) the decomposition rate constant is obtained from the slope of the plot of time of irradiation vs.
log (absorbance) at A__ . Uncertainity in decomposition rate constant is estimated to be +25%.

We hypothesized that the difference in stability between the dialkylamino and diarylamino
donors can be ascribed to the relative susceptibilities of these chromophores to photooxidation by
oxygen. To test this pathway, the toluene solutions were bubbled with nitrogen for an hour to
exclude oxygen.” Irradiation of these solutions at 350 nm showed a significant enhancement in the
photostability of the dialkylamino based tricyanovinyl chromophore 2a, while it lead to an
enhanced stability for the diarylamino chromophore 1a as shown in Figure 3.2* In fact, from the
results in Table II it can be seen that if anything the diarylamino substituted compounds with
tricyanovinyl have a slightly larger rate constant for decomposition under nitrogen. While in each
case the differences in rate are only slightly greater than the error bar for the measurement, the fact

that the trend holds for several compounds suggests that the effect is real.
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Figure 3. Plot of Ln(Absorbance) versus irradiation time for 1a in air (filled squares) under
nitrogen (open squares); for 2a in air (filled circles) under nitrogen (open circles).

Electrochemistry

We hypothesized that the potential and the reversibility of oxidation and reduction of the
chromophores should provide useful information regarding the photostability of the
chromophores. Therefore, a study on the electrochemical behavior of the chromophores should be
interesting.

All the chromophores reported in Table IV have reversible oxidations independent of the
donor or the acceptor group. However, the reversibility of the reduction wave was found to
depend on the acceptor. The reduction of the chromophores 1a-4a with tricyanovinyl acceptor
group are fully reversible, while the reduction of the other chromophores with dicyanovinyl and
phenylisoxazolone acceptor moieties are irreversible. It is interesting to note that the chromophores
that do not display reversible reduction potentials, such as 1b-3b, 1c¢ and 2¢, have a vinyl
hydrogen in the acceptor moiety. Also, the chromophores which do have reversible reduction
waves lack the vinyl B-hydrogen in the acceptor moiety. For example, the NLO chromophores

with dicyanovinyl moiety as the acceptor group 2d, 5d, Se, and 6e, all of which have a
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substitution at the B-position, exhibit fully reversible reduction waves. Also, it was noted that the
chromophore 19 which has a substituent at the [-position exhibits reversible reduction
characteristics, while the corresponding chromophore 18 with hydrogen as the substituent exhibits

irreversible reduction.?

Table IV: Cyclic Voltammetry Data

Donor Acceptor E|/» [m*/m] E;/ [m/m’]
(mV)2 (mV)
la BupN- -(CN)C=C(CN), 321 -992
2a ArpN- -(CN)C=C(CN), 408 -948
3a ArpN- -(CN)C=C(CN), 367 -960
Ar'(OMe)-
4a (BuO-Ar),;N- -(CN)C=C(CN), 264 -955
1b BujN- -CH=C(CN), 268 -1594b
2b (Bu-Ar);N- -CH=C(CN), 370 -1573b
3b ArpN- -CH=C(CN), 327 -1533b
Ar'(OMe)- '
lc BupN- -CH=isox 242 -1461b
2¢ (Bu-Ar)oN- -CH=isox 359 ' -1444b
3c ArN- -CH=1sox 314 -1353b
Ar'(OMe)-
5d BuyN- TCBD 322 -847, -1119
2d ArpN- TCBD 399 -822, -1095
Se BusN- -(C3F7)C=C(CN)> 291 -1087
6e AryN- -(C3F7)C=C(CN), 495 -1037

a) Eyyp relative to Fct/Fc in CH2Cly (0.1M (n-BugN*)(PFg)). b) Maximum of the
reduction peak is reported. The overall process is not reversible.

18 19
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The oxidation potentials are sensitive to the nature of the donor functionality. The
chromophores bearing the dilakylamino groups were oxidized at lower potentials than the
corresponding bis(butylphenyl)amino moiety by 87-117 mV. The magnitude of the difference in
the oxidation potential is dependent on the strength of the acceptor. Such an observation attests the
effective communication between the donor and the acceptor moieties through the conjugated 7-
system. It is interesting to note that the chromophores with phenylisoxazolone moiety are easier to
oxidize compared to their counterparts with dicyanovinyl group as acceptor, although the charge
transfer band in the linear optical spectra is more red shifted for the chromophores with
phenylisoxazolone acceptors. This result is taken to suggest that the substitution of the
phenylisoxazolone acceptor in the place of the dicyanovinyl acceptor not only stabilizes the LUMO,
it also destabilizes the HOMO level of these chromophores.

It is noteworthy that the presence of additional alkoxy groups in the diarylamino based
chromophores affects the oxidation potential of the chromophore. The introduction of a methoxy
group on the conjugated bridge renders the chromophores easier to oxidize (for example, compare
compounds 2 and the corresponding 3). These chromophores however, still remain difficult to
oxidize when compared to the dialkylamino based chromophores (compare compounds 3 and the
corresponding 1). Introduction of two butoxy groups on the terminal aryl rings instead of the
methoxy group in the conjugated bridge has similar effect on the linear optical spectra. However,
such a modification renders the chromophore 4a much easier to oxidize than even the dialkylamino
based chromophore 1a.

Discussion

Chromophores with diarylamino groups as donor moieties exhibit enhanced thermal
stabilities compared to their counterparts with dialkylamino moieties, consistent with previous
observations.” It is noteworthy that the magnitude of the enhaﬁcement in stability upon
diarylamino substitution is coupled to the nature of the acceptor moiety. It is reasonable to assume
that the difference in the magnitude depends on the relative contribution of the acceptor moiety in

the overall thermal decomposition process. For example, the chromophores with
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phenylisoxazolone acceptor 1c-3¢ do not exhibit any significant difference in thermal stabilities,
since the major pathway for the thermal degradation involves the acceptor moiety. The mechanism
of decomposition presumably involves the decomposition of these chromophores through loss of
CO; in the acceptor moiety, occurs at around 230°C.* The onset of thermal decomposition of the
chromophores clearly showed a dependence on the acceptor moiety. The chromophores with
dicyanovinyl group are stable at temperatures over 300°C (entries 5-7 in Table I), while the
corresponding chromophores with tricyanovinyl moiety are relatively less stable (entries 1-4 in
Table I).

Substitution of two butoxy groups in the place of butyl groups on the donor part of the
chromophore did not have any deleterious effect on the thermal stability of the chromophores
(compare 2a with 4a in Table I). Similarly, the installation of an additional methoxy group on the
conjugated bridge did not have any significant effect on the thermal stability of the chromophores
(compare 2a with 3a and 2b with 3b in Table I). These results suggest that unfunctionalized
chromophores can be used as model compounds to study the thermal stabilities of functionalized
chromophores with ether functionalities upon attachment to functionalized polymers.

The photochemical decomposition of organic chromophores with dialkylamino moieties
could involve the formation of a radical cation on the amino donor through photooxidation and
subsequent o-hydrogen abstraction.” We therefore hypothesized that replacing the alkyl groups
with aryl groups in the donor part of the chromophore should increase the oxidation potential and
also obviate the above decomposition mechanism due to the absence of hydrogen atoms a- to the
nitrogen. It is clear from the results listed in Table II that the compounds with the diarylamino
donors decompose much more slowly than the corresponding dialkylamino donor based
chromophores.  Since the mechanism of the o-hydrogen abstraction involves oxygen, the
enhancement in photostability upon bubbling with nitrogen is more pronounced with dialkylamino
based chromophores (see Figure 3). Increasing the donor strength through installation of an
additional methoxy group or two butoxy groups results in the deterioration of the photostability of

the chromophore (compare entries 2, 3 and 4 in Table II). It is noteworthy, however, that
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precluding hydrogens 0 to the nitrogen did not completely obviate the degradation process of the
diarylamino based chromophores. This result is taken to suggest that additional decomposition
pathways operate in the photochemical degradation of the chromophores.

The magnitude of enhancement in photostability, upon replacing a dialkylamino group with
a diarylamino moiety, is coupled to the nature of the acceptor group. Replacing a dialkylamino
moiety with a diarylamino moiety in a tricyanovinyl based chromophore results in a large increase
in photostability, while such a modification in the phenylisoxazolone based chromophore results in
a much smaller enhancement of photostability (compare entries 1 vs. 2 and § vs. 6 in Table II).
The difference in the magnitude of stability enhancement is attributed to the decomposition
pathways available through the acceptor moiety. If the acceptor moiety provides a facile pathway
for degradation, then the differences in stability between the diarylamino and dialkylamino based
chromophores are small. However, if the acceptor moiety is relatively photostable, then the
differences between the dialkylamino and diarylamino chromophores becomé, larger, since the
relative oxidative stability of the donor moieties dictates the relative overall stability of the
chrémophore.

It was also observed that the substituent at the (3-position of the vinyl group significantly
influences the stability of the chromophore. For example, the stability difference between 1b and
2b is smaller when compared to the stability difference between Se and 6e. This observation
suggests that the acceptor moiety with the heptafluoropropyl substituent stabilizes the dicyanovinyl
based acceptor unit. This effect is attributed to the chemical stability differences between the
radical anions of the acceptors as observed in electrochemical studies. We suggest that radical
anions can be formed in these chromophores upon irradiation through a photoinduced electron
transfer from the amino donor to the acceptor moiety.” It should be noted that, despite the
presence of a B-substituent, the difference between the stability of the chromophores 2d and 5d is
small. We suggest that the presence of butadiene moiety in the acceptor moiety renders the
chromophore susceptible to Diels-Alder type pathway for decomposition through inverse electron

demand.”* Finally, the fact that the diarylamino substituted compounds with the tricyano vinyl
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acceptor may decompose photolytically sligthly faster under nitrogen than in air, suggests that this
effect should be examined further for other systems containing very strong acceptors and has
implications for packaging strategies. In particular, it may bring into question, the need to take

drastic steps to exclude all oxygen.

Summary

Thermal and photochemical stabilities of several NLO chromophores have been studied.
Diarylamino donor based chromophores exhibit enhanced thermal stabilities compared to their
dialkylamino counterparts. The magnitude of the enhancement is coupled to the stability of the
acceptor moiety. The photostabilities of the chromophores are correlated to the chemical stabilities
of the radical cations and radical anions. The differences in photostability between the
dialkylamino and diarylamino moieties are attributed to the differences in the radical cation stability
of the chromophore. The radical cations of the dialkylamino moieties can undergo facile
decomposition through the o-hydrogen, while with diarylamino moieties this pathway is not
available. Similarly the chromophores with chemically stable radical anions, as estimafed by their
electrochemical behavior, exhibited better photostabilities. Thus, we suggest the presence of
substituents in the acceptor moiety that stabilizes the chemical stability of the radical anion will

provide enhanced photostabilities.
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