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Abstract

Amino tricyanovinyl thiophene chromophores (A-TCVT) are prepared by a substitution reaction of amino-phenylene vinylene thio-
phene (A-PVT) with tetracyanoethylene (TCNE). This reaction does not occur directly. The vinylene double bond in the PVT unit first
reacts rapidly with TCNE to form a [2+2] cycloaddition product. It is then reverted to PVT unit prior to the subsequent substitution at
50 �C. This reversible cycloaddition converts the cis-isomer of PVT units into the trans-counterparts, thus the final TCNE substituted
products can be expected for a better performance as non-linear optical materials.
Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
Amino tricyanovinyl compounds with a phenylene
vinylene thiophene fully conjugated bridge (A-TCVT) are
an important class of non-linear optical chromophores
due to their high performance and excellent stability.1–3

They are prepared by reacting amino-phenylene vinylene
thiophene (A-PVT) with tetracyanoethylene (TCNE). This
reaction could be performed through a lithiation reaction,1

or by a nucleophilic substitution reaction.2 The latter was
intensively used for the preparation of A-TCVT containing
polymers,3 where the lithiation reaction often results in
damage to polymer structures due to the harsh reaction
conditions.

Recently we have successfully incorporated A-PVT units
into fluorinated polyethersulfone by using a mild polycon-
densation reaction.4 The structure of the obtained polymer,
P(A-PVT)SO is illustrated in Scheme 1. A post polymeriza-
tion substitution of this polymer with TCNE was tried in
DMF at <70 �C to convert it into a non-linear optical poly-
mer, P(A-TCVT)SO. However, a few initial trials of this
substitution reaction with the use of a slight excess of
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TCNE (molar ratio of [TCNE]/[A-PVT] = 1.1–1.2) follow-
ing the reported procedure did not result in a quantitative
conversion of the PVT group.3 It was found that the
reaction could be easily completed at a lower reaction tem-
perature (50 �C) when higher molar ratios (e.g., [TCNE]/
[A-PVT] � 4.0) were used. Therefore, this reaction was
carefully studied by 1H NMR spectroscopy using 4.0 equiv
TCNE in DMF-d7, with the result shown in Figure 1. In
this experiment, the 1H NMR spectrum of the starting
polymer, P(A-PVT)SO, was collected first (0 min). TCNE
was then added to the solution and the evolution of 1H
NMR spectra with reaction time was recorded at 23 �C.
A clean spectrum was obtained in 240 min. No further
changes were observed after this point, indicating that the
reaction was complete at this time. However, a study of
the 240 min spectrum revealed that the product was not
consistent with the desired structure as shown in Scheme
1. An unexpected pair of doublets appeared outside of
the aromatic region at d 5.53 and 5.98 ppm, indicating that
the fully conjugated structure of the PVT unit had changed.
The structure of the product, which was prepared from a
scaled-up reaction under the same condition,5 was there-
fore carefully studied by 1D and 2D NMR techniques in
acetone-d6. The pair of doublets now appeared at d 5.33
r Ltd. All rights reserved.
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Fig. 2. 1H–13C HMBC spectrum (acetone-d6) of P(A-TCNE)SO showing
the multiple carbon correlations originated from the cyclobutane protons.
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Fig. 1. 1H NMR study of the reaction between P(A-PVT)SO and TCNE
(4.0 equiv) in DMF-d7 (A) at 23 �C and then (B) at 50 �C (see Scheme 2 for
peak assignment).
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and 5.74 ppm in the 1H–13C heteronuclear correlation (2D-
HMBC) NMR spectra due to the use of a different solvent.
1H homonuclear decoupling showed that this pair of pro-
tons was 3-bond spin coupled with a large coupling
constant (3JH–H = 12.9 Hz). Their chemical shift displace-
ments in the olefinic region suggest that they might be on a
double bond but different from the one in the highly conju-
gated PVT group. On the other hand, the one bond 1H–
13C correlation spectrum (2D-HSQC) indicated that these
two hydrogen atoms were bound to two carbon atoms at
low frequencies (d 54.0 and 48.0 ppm), indicating the pres-
ence of two saturated tertiary carbon atoms rather than
olefinic ones. The 2D-HMBC spectrum (Fig. 2) displays a
large number of aromatic and aliphatic carbon atoms
showing long-range couplings (2JC–C–H and 3JC–C–C–H)
with these 2 protons. Totally seven 1H– 13C correlations
per proton were found, including five in the aromatic
region and two in the aliphatic region. Only the structure
in the [2+2] cycloaddition product, P(A-TCNE)SO as
shown in Scheme 2 can account for those specific aromatic
and aliphatic 2- and 3-bond 1H– 13C couplings. These
results clearly indicate that the PVT’s vinylene moiety
had undergone a [2+2] cycloaddition reaction with TCNE.
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Scheme 2. Reaction scheme of P(A-PVT)SO with TCNE in DMF at 23 �C and then at 50 �C.
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The reaction solution for the NMR test at 23 �C
depicted in Figure 1A was then heated to 50 �C and further
monitored by NMR. Figure 1B shows that most signals
shifted to higher frequencies, indicating that a new reaction
was occurring with a strong electron withdrawing group
attaching to the aromatic structure. At the same time, the
pair of doublets at 5.53 and 5.98 ppm from the cyclobutane
unit gradually decreased in intensity, indicating that this
unit had dissociated. A clean 1H NMR spectrum was
obtained in 20 h. It matches perfectly the expected substitu-
tion product, P(A-TCVT)SO. Therefore it can be con-
cluded that the nucleophilic substitution of the A-PVT
group with TCNE does not directly occur as a one-step
reaction. The double bond of the A-PVT group reacted
first with TCNE at room temperature to form a [2+2]
cycloaddition product, which further converted to the sub-
stitution product at 50 �C.6

The process at 50 �C for the formation of the substitu-
tion product actually involved two reactions, that is, the
dissociation of the cyclobutane unit and the substitution
with TCNE. These two reactions might occur simulta-
neously or one after another. The double bond in the
PVT unit will allow the rich amine electrons to delocalize
all the way to the thiophene ring to promote the nucleo-
philic substitution. Therefore, the PVT units should have
higher reactivity for this reaction than the cyclobutane
derivatives, and it is more likely that the substitution
occurred after the cyclobutane unit was reverted to the
PVT unit. A UV spectroscopy study of the purified [2+2]
cycloaddition polymer showed that it was reverted to the
original PVT polymer at 22 �C in two days. It is believed
that this cycloreversion should be faster in the reaction at
50 �C. However, the 1H NMR spectra in Figure 1B showed
no signals associated with the cycloreversion product, PVT
polymer, formed during the reaction. It may indicate that
the recovered PVT unit can react with TCNE immediately
to form the substitution product. This assumption was
checked using 1H NMR to monitor the behaviors of the
purified cycloaddition product in dried and in untreated
DMF-d7 at 50 �C. The results showed a nearly quantitative
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conversion to the final substitution product in the dried sol-
vent in 24 h. However, about 90% of cycloaddition product
was reverted to PVT polymer in the wet solvent, with the
formation of a new peak at �6.23 ppm, attributing to
HCN,7 a hydrolysis product of TCNE. This result indicates
that the cycloreversion occurred first to recover PVT units
and TCNE, then the recovered TCNE reacted with the
formed PVT unit for substitution in dry solvent, or TCNE
was scavenged by the trace of water in the wet solvent due
to hydrolysis,8 so that its substitution on the PVT unit was
prevented. This result confirms that the cycloreversion
occurred prior to the substitution.

The effect of the [2+2] cycloaddition on the subsequent
substitution was further examined using a model com-
pound (PVT-BPE) as shown in Scheme 3. In this com-
pound, two ethylene linkages instead of two phenylene
moieties were attached to the amino group in order to sim-
plify the spectrum in the aromatic region. Figure 3 illus-
trates the changes in the NMR spectra during the
reaction. As soon as TCNE (4.0 equiv) was added into
the PVT-BPE solution in DMF-d7 at 23 �C, a clean, stable
but completely different spectrum was observed in 2 min
with two new doublets at d 5.50 and 6.07 ppm, which is
attributed to the formation of the cyclobutane unit by
the [2+2] cycloaddition reaction of PVT-BPE with TCNE
as discussed above, indicating that the cycloaddition of this
model compound is very fast. A [2+2] cycloaddition reac-
tion can be initiated photochemically or thermally. The
combination of an electron-rich alkene and an electron-
deficient one (nitro- or polycyano-alkene) as the reactants
will facilitate the thermal process.9 It might explain that
the cycloaddition of A-PVT with TCNE could be con-
ducted at such unusually low temperature in dark.

The reaction temperature was then raised to 50 �C and
NMR spectra recorded at 2.5, 16, and 24 h are displayed
in Figure 3. The reaction resulted in a gradual change in
the 1H NMR spectra within 24 h. During this period, the
two doublets at d 5.44 and 6.00 ppm from the cyclobutane
unit decreased in intensity while accompanied by the for-
mation of two new coupled doublets at d 7.60 and
7.70 ppm with a much larger coupling constant. This is in
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good agreement with the formation of a highly conjugated
double bond, further confirming that the cyclobutane unit
was dissociated. On the other hand, the spectrum of the
cycloaddition product (2 min) showed three thiophene pro-
ton peaks (two d-lets and one dd-let), which were easily
identified due to their smaller coupling constants. During
the reaction, the dd-let gradually disappeared, while the
two d-lets shifted to much higher frequencies, indicating a
strong electron-withdrawing group attached to C-10 of
the PVT unit. The IR spectra of the TCNE substituted
products displayed two new peaks at 1588 and 1422 cm�1

corresponding to the formation of disubstituted thiophene
ring.10

Figure 3 also reveals a significant impact of the revers-
ible [2+2] cycloaddition on the steric conformation of the
PVT vinylene moiety of the final product. Several weak
peaks can be seen in the aromatic region of the starting
molecule, PVT-BPE. These peaks cannot be removed by
a careful purification, meaning they are not attributed to
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impurities. NMR analyses indicated that they were related
to cis-isomer of PVT-BPE. The PVT unit was synthesized
from the Wittig reaction. Accompanying the predominant
trans-isomer, a small amount of the cis-isomer was also
formed.11 The content of the cis-isomer was estimated to
be �8% from the 1H NMR analysis. If this cis-structure
remained in the final TCNE substituted product, it would
act as a bending linkage between the electron-donating and
electron-accepting units, resulting in lower electro-optic
efficiency than the linear trans-counterpart. The reversible
process of the [2+2] cycloaddition has favorably converted
all the cis-isomer into the trans-isomer, showing a similar
effect as the iodine treatment.12 This effect is evidenced by
the absence of peaks from the cis-isomer in the NMR spec-
trum of the final product (24 h) in Figure 3.

It is worth to note that a new singlet appeared at d
6.23 ppm in all of the spectra recorded from reaction solu-
tions in DMF-d7 except in carefully dried solvent. Its inten-
sity increased gradually with reaction time. Some additional
features of this peak are following: (1) It appeared immedi-
ately after the addition of TCNE and was accompanied
with the shift or disappearance of the water signal at
3.61 ppm; (2) its maximum intensity was similar to the
intensity of water signal in the PVT-BPE spectrum; (3) it
was not found in the purified final product. 1H and 2D
NMR studies of TCNE in DMF-d7 indicated that this
peak is attributed to HCN formed from the hydrolysis of
TCNE.7 This side reaction could compete with the substitu-
tion reaction by consuming extra TCNE, and it could be
prevented when an anhydrous solvent was used.

In conclusion, the substitution reaction of PVT units in
polymer and in a model compound with TCNE does not
occur straightaway in DMF. TCNE first adds to the vinyl-
ene moiety in PVT to form a [2+2] cycloaddition product
rapidly at room temperature. It is then reverted to PVT
unit at 50 �C, and immediately followed by the substitution
reaction. This reversible cycloaddition converts the cis-iso-
mer of PVT units into the trans-counterparts. It is expected
to produce better performance of the final TCNE substi-
tuted product as a non-linear optical material.
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