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Abstract

Derivatives of 2-dicyanomethylen-3-cyano-2,5-dihydrofuran (DCDHF) have been synthesized by different methods to be used as photorefractive (PR) chromophores. Structure modifications were performed on the donor, acceptor and conjugated (-system for improving properties such as glass formation. Structure-property relationships important for PR applications are discussed from the results of studies including UV-Vis, electrochemistry and DSC. 

1. Introduction

First observed in inorganic crystals such as LiNbO3 and LiTaO3 in 1969 
, the PR effect is a reversible refractive index modulation process induced by light and an electric field in a material. The PR effect has promising applications including optical data storage, phase conjugation and optical processing based on transient, dynamic holograms.
 Both photoconductivity and a nonlinear optical response are required for photorefractivity. Both of these functions and other related properties can be easily modified and improved if organic materials are used. This is one of the reasons why the study of photorefractivity in organic materials has expanded so rapidly since its discovery in an organic crystal in 1990 
 and in polymer composites in 1991.
 The best organic systems reported thus far have a response time in a millisecond range,
, 
 photorefractive gain coefficients of ~ 400 cm-1 or more
 and near 100 % diffraction efficiencies.
 Due to the dominance of chromophore orientational effect in PR performance,
 large linear polarizability anisotropy and large ground state dipole have been pursued for most of the recent studied PR chromophores like 2BNCM,
 DHADC-MPN,
 and ATOP.
 DCST (dicyanostyrene) derivatives are amongst the most successful chromophores.
 With the incorporation of an extra cyano group and enforced planarity of the double bond in the ring and the double bond immediately exocyclic on the heterocyclic ring, the DCDHF systems introduced here may be looked upon as extended versions of the DCSTs with enhanced ground state dipole and linear polarizability anisotropy. Although the electron deficient DCDHF ring has been successfully utilized to make electrooptic materials with large hyperpolarizability,
 all these electrooptic materials have one or more olefinic links in the (-system, which may cause possible concern about photochromic gratings in PR studies. Before we examined DCDHF-6 (5 in Table 1), the use of this acceptor group had not been explored in organic photorefractive applications. A series of DCDHF containing chromophores both with and without an isolated olefin link have been prepared in this study.  The new molecules found in the Table 1 and Chart 1 comprise a rich class of chromophores for photorefractive applications.

2. Results and Discussion

2.1. General materials properties and chromophores synthesized
All the chromophores discussed here contain an amine donor group and a DCDHF acceptor group as shown in Table 1. According to the general structure, those two parts are connected in four different ways in our PR chromophore design: 1. Ar = benzene ring, n = 0; 2. Ar = benzene ring, n = 1; 3. Ar = thiophene ring, n = 0; 4. Ar = thiophene ring, n = 1. The thermal properties of these chromophores can be adjusted not only by the length and branching in the amine donor tails  (R1 and R2), but also by the substituents R3 and R4 in the heterocycle acceptor. A pair of methyl groups (chromophore 1-9), a single methyl group and a single trifluoromethyl group (12, 13 and 14), a pair of n-butyl groups (11) and a cyclic heptamethylene unit (10) was designed into the acceptor. Such versatility is not often possible with other acceptor groups. In the case of 12, 13 and 14, an inductive effect can be expected due to the fluorination of the single methyl group, which may provide some influence on the electronic properties.
 Also the glass formation property may benefit from the asymmetric structure in these three fluorinated molecules. An attempt to influence the overall aspect ratio of the chromophore was made by introducing a ring (spiro center) in the acceptor (10). The molecular reorientation and possibly response speed may in turn be influenced.
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Table 1. Summary of DCDHF chromophores with different substituents and links

A series of DCDHF chromophores conjugated with a dihydropyridine ring has also been synthesized (Chart 1). The name DDCDHF is used for them (first D stands for dihydropyridin-4-ylidene-methyl substitution on DCDHF ring). R1, R2 and the position of R1 can be adjusted to tune the glass properties (note R1 and R2 used in Table 1 do not apply here)
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Chart 1. General structure of DDCDHF chromophores that contain a methylenedihydropyridine ring.

2.2. Synthesis

The chromophores studied in this paper were synthesized by the methods shown in Schemes 1-8. The electron acceptor (2-dicyanomethylen-3-cyano-2,5-dihydrofuran ring) parts of the chromophores were built from the condensation of (-ketol precursors and malononitrile. This reaction is very sensitive to steric hindrance and electronic properties of the carbonyl group. So, for different targets with different substituents, optimal synthetic strategies have to be devised. 
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Scheme 1. Two routes for the synthesis of DCDHF chromophores without an isolated double bond.

For chromophores 1-14 in Table 1, there is no isolated double bond between the aminophenyl donor group and the acceptor group. Two different synthetic methods were employed, in which the condensation occurred at a different synthetic stage. In Route A, the acceptor was formed before the incorporation of the donor group while in Route B the donor group was attached first and the condensation to give the acceptor was the last reaction step. Route A is more attractive because compound 25 is a very convenient intermediate. Aromatic nucleophilic reactions between unhindered secondary amines and 25 proved to be very facile and often proceeded readily at room temperature due to the activation by the heterocycle bearing three cyano groups. Intermediate 25 itself was made from aromatic (-ketol 24, which could be obtained conveniently from the attack of trimethylsilyl protected acetone cyanohydrin 22 by a Grignard Reagent 23. The condensation between 24 and malononitrile was found to proceed efficiently at room temperature with acetic acid catalysis in pyridine with workup often as simple as pouring the reaction mixture into water and collecting the precipitate. Chromophores 1-9 were then prepared in high yield (with the exception of 7, in which a hindered nucleophile di-(2-ethylhexyl)amine was used). However, for R3 and/or R4 bigger than methyl groups, analogs of 25 cannot be prepared (detailed information will be reported elsewhere). So an alternative route B had to be devised. In route B, 26 has to be made by different methods depending on exactly what R3 and R4 are.

The synthesis of chromophore 10 is shown in Scheme 2. The (-ketol 30 was made from Grignard Reagent 29 with TMS protected cyclooctanone cyanohydrin 28, which was prepared by a literature method.
 The final condensation step was conducted at a higher temperature instead of room temperature due to the steric hindrance. Temperature control is crucial here since the use of too high temperature resulted in a black mixture. The reaction run at about 90 oC was followed carefully by TLC and a yield of 38 % was obtained. A comparable route was used for the synthesis of chromophore 11 (DCDHF-6-DB).
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Scheme 2. Synthesis of chromophore 10 with a spirocyclic center in the acceptor ring.

Chromophores 12, 13 and 14 (DCDHF-n-CF3) were also prepared via route B, but some improvement compared with method in Scheme 2 is possible because of the electron deficient trifluoromethyl group. Instead of using the route shown in Scheme 2, aminophenyl (-ketols 33a-c could be made from the fluorine precursor 32, 1-(4-fluorophenyl)-2-hydroxy-2-trifluoromethyl-propan-1-one (Scheme 3).  This reaction is not possible for preparation of 30 under the same reaction conditions and the difference must come from the inductive effect of the trifluoromethyl group. This route is more attractive because of the high yields available and the ready commercial availability of dialkylamines in comparison with the 4-dialkylaminophenyl Grignard in Scheme 2. Compound 32 was prepared from TMS protected 1,1,1-trifluoroacetone cyanohydrin 31. A one-pot reaction was conducted to prepare 32 from 1,1,1-trifluoroacetone (precursor for 31) with quantitative yield and a quantitative yield was also obtained for the aromatic nucleophilic attack of 32 by dialkylamines. The (-ketols 33a-c, which have only a slightly larger trifluoromethyl group instead of a methyl group at the carbon next to the carbonyl, failed to react with malononitrile at room temperature. Because of the electronic effect from the electronegative trifluoromethyl group in 33, the quaternary carbon next to carbonyl is electropositive, which results in more electron transfer from nitrogen to carbonyl and the carbonyl here is then more electronegative and thus less electrophilic than the carbonyl in 30 (more shielded as can be seen from 13C spectrum, ~202ppm for 30 and ~192ppm for 33). Also the intramolecular ring closure might be slower due to reduced nucleophilicity of the alcohol. As a result, a high reaction temperature has to be used and a higher temperature could be used compared with the transformation from 30 to 10 due to the stabilization effect from trifluoromethyl group. The final condensation step was conducted at 130 oC. The reactions were very clean at the beginning with only one beautiful red-colored product spot showing up in the TLC but unknown competing byproducts with low Rf values appeared with prolonged reaction time and the reaction mixtures turned black. The reactions were stopped at an incomplete stage without high yields (10-27 %) and the unreacted starting (-ketols could be recovered and recycled.
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Scheme 3. Synthesis of 12, 13 and 14 with the acceptor ring attached directly to the benzene ring.

The chromophores 15-17, which have an isolated olefinic link, were synthesized by a modification of the established two step method 
 with some improvement as shown in Scheme 4. For the synthesis of intermediate 2-dicyanomethylen-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran 36, it appeared that the literature procedure required high purity starting material and with the commercially available 92% 3-hydroxy-3-methyl-2-butanone 34, the described procedure and yield could not be reproduced in our study. An alternative method has appeared recently but it requires the availability of an energy-controlled microwave.
 In our improvement, a weaker base pyridine was used as solvent with acetic acid as a catalyst. After the reaction, the mixture was poured into large quantity of water. The collected filtration solids can be recrystallized from alcohol to give a yield of 80 %. The Knoevenagel reaction of 36 with benzaldehyde derivatives was conducted in pyridine with acetic acid as a catalyst. A one pot reaction beginning with conversion of 34 to 36 and then the addition of benzaldehyde derivatives was also successful but with no net benefit.
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Scheme 4. Synthesis of 15, 16 and 17 with an alkene between the benzene and acceptor rings.

The DCDHF thiophene derivative without an olefinic link was synthesized starting from the mono-Grignard from 2,5-dibromothiophene 37 (Scheme 5). Thiophene (-ketols 40a,b with amino donor groups already attached were made first. The final condensation step with malononitrile gave a very low yield (<10 %) of both 18 and 19. The presence of a less aromatic thiophene ring instead of the benzene ring results in more electron transfer from the amine to the carbonyl, which makes the carbonyl group less electrophilic. So, the reaction did not occur at room temperature and had to be conducted at a higher temperature giving rise to large quantities of a competing byproduct of unknown identity. By carefully following the reactions by TLC and stopping the reaction at an incomplete stage low yields of products 18 and 19 could be obtained after column chromatography.
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Scheme 5. Synthesis of thiophene containing DCDHFs without any isolated olefinic link.

Chromophore 20 (TH-DCDHF-6-V) has an olefinic link between the dihydrofuran ring and thiophene ring so 36 and partner 2-formylthiophene 42 may be used as a starting material (Scheme 6). However, the Knoevenagel condensation was very slow in comparison with the chemistry for the benzene system found in Scheme 4. The aldehyde group of 42 is not so electrophilic so in order to avoid side reactions at high reaction temperature, the more reactive imine 43 was prepared from 4-chloroaniline. The condensation between imine 43 and 36 went smoothly at room temperature. The whole reaction series can be conducted in one pot starting from 41 to 20 in overall 40 % yield. 
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Scheme 6. Synthesis of thiophene chromophore containing contining an olefinic link.

The key step involved in the synthesis of DDCDHF chromophores was the condensation between dihydropyridones and compound 36 (Scheme 7 and Scheme 8). This reaction was done in boiling acetic anhydride. The crude product could be precipitated by the addition of large quantities of water into the reaction mixture and the products were purified by column chromatography. 
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Scheme 7. Synthesis method for 47, 48, and 49 containing an unsubstituted dihydropyridine ring.
The starting dihydropyridones 44-46 in Scheme 7 were obtained from earlier studies.
 The 2,6-dimethyl-1,4-dihydropyridone ring of 55 and 56 was built from the reaction of aminophenols with dehydroacetic acid in concentrated hydrochloric acid (Scheme 8).
 The products (53 and 54) were obtained as hydrochloric acid salts and were used directly for the next Williamson reaction in which an alkyl chain was attached.
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Scheme 8. Synthesis of the 2,6-dimethyldihydropyridine containing chromophores 57 and 58.

2.3. Thermal properties

The formation of amorphous glass is a prerequisite for any real application of glassy organic PR materials. A glass transition temperature of ambient is achieved by the addition of plasticizers or by looking for a monolithic chromophore with low Tg itself. Fortunately, many of the DCDHF chromophores possess a rather surprising propensity for glass formation and these chromophores offer numerous opportunities for structure manipulation. Thermal properties of DCDHF dyes including the melting point Tm, the thermal decomposition temperature Td, the glass transition temperature Tg and a qualitative estimate of the stability of the glassy state related to recrystallization (Trec) were studied by a combination of differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA). In no case is the range and continuity of structure changes examined comprehensive yet some interesting trends are indicated. The collective identity of the substituents strongly influences the melting points Tm. As expected, the longer the linear aliphatic group R1 or R2 on nitrogen the lower was Tm. The pair of R3 and R4 methyl groups is the most common amongst the chromophores studied.  The few changes to R3 and R4 examined include the introduction of cycloaliphatic ring (DCDHF-6-C7M 10) that produces an increase in Tm (although since only one example available, it is impossible to generalize), and the substitution of CF3 for CH3 that generally lowers the Tm. The substitution of butyl for R3 and R4 produces a rather dramatic decrease in the melting point. The substituent dependence of the glass transition temperature Tg and glass stability Trec are also interesting and particularly important to understand and optimize for the monolithic applications. Changes in R1 and R2 were examined first. For chromophores 1-6, the only difference is the length of n-alkyl substituents constituting the amine donor. It’s interesting to find that chromophores with medium length (3, 4 and 5 carbons) tails did not show any glass properties while chromophores with shorter (2 carbon) or longer (6 and 8 carbons) tails did. As expected, the shorter tail materials had higher Tg. These glasses are not thermodynamically stable and recrystallized back during the second heating but the stability is often adequate to permit monolithic PR evaluation. 
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Table 2. Charge transfer density, thermal properties and HOMO values for DCDHF chromophores
a charge transfer density (Mass percentage other than the alkyl substituents. Calculated by [M-(MR1+MR2+MR3+MR4)]/M). b Tg and Trec are determined by heating samples at 10º/min that had been previously melted and then quenched to glasses at different rates. The quench rate is 10º/min unless indicated by (#) indicating 5º/min or an asterisk (*) indicating 30º/min. Mp is determined by heating a new solvent-crystallized sample at 10º/min. Trec , the recrystallization from a glass phase, is often observed when a glassy sample is heated (again at 10º/min), continued heating will melt the sample again (usually, but not always, at Mp).  Td, the decompostion temperature, is determined from a combination of DSC and TGA events. c HOMO is calculated from CV measurement. Conditions for CV: Pt electrode, Pt disk and Hg/HgCl2/NaCl reference electrode, 0.1 M tetraethylammonium tetrafluroborate in acetonitrile as supporting electrolyte, speed: 300 mV/sec. d Irreversible. Onset value of oxidation was used for calculation. 

Branched alkyl groups such as 2-ethylhexyl are usually helpful for preparing stable organic glass 
 but they did not provide much benefit in the case of DCDHF-2EH 7, say, vs. DCDHF-6 5 or DCDHF-8 6. The smaller temperature window between the Tg and the Trec means that the glass formed by DCDHF-2EH is less stable than DCDHF-8. With a cycloaliphatic donor, DCDHF-C6M 9 only forms a glass with a fast heating and it also has a high Tm that is not good for sample processing. The substitutions at R3 and R4 in the acceptor had a more profound influence on the glass properties than comparable changes to R1 and R2 in the donor. With longer linear alkyl substituents as R3 and R4, a stable glass was obtained from DCDHF-6-DB 11. The intention of the cyclic heptamethylene group was not so much to influence the glass properties, but rather to change the aspect ratio of the chromophore that may, in turn, increase the propensity for reorientation and thus possibly enhance response speed. The introduction of a single trifluoromethyl group for one of the two methyl groups originally at R3 and R4 represents an attempt to modify properties by breaking the symmetry of the molecule. As can be seen in Table 2 this was, in fact, a very successful modification. With ethyl, hexyl and cyclic hexamethylene substitution on donor nitrogen, respective chromophores 12, 13 and 14 all formed stable glasses with Tg ranging from 17 oC to 76 oC. The thermal decomposition temperature Td was determined from a combination of the onset point temperature values of the exothermic change in DSC after melt and the first significant weight loss in TGA. Most of the DCDHF chromophores show thermal degradation around 300 oC largely independent of the type of amine or acceptor substitution, the type of aromatic ring and the extent of conjugation.

Other than previous examples that contained a direct connection between the benzene ring and the acceptor ring, DCDHF chromophores with an isolated olefinic link are generally more crystalline compounds such as DCDHF-MOE-V 17 and DCDHF-2-V 16 compared with DCDHF-2 1 and DCDHF-MOE 8. No glass formation could be observed for 16, 17 and 18 even with fast cooling (30 oC/min). However, branched alkyl groups on the donor are helpful for DCDHF chromophores with a double bond link as DCDHF-2EH-V 15 forms a stable glass. 

In the thiophene series glasses can be observed only for the pair TH-DCDHF-6 (18) and TH-DCDHF-C6M (19) which have no olefinic link amongst the three thiophene containing chromophores 18, 19 and 20. The thiophene glasses are similar to DCDHF-n type glass, which are thermodynamically unstable but kinetically hindered and sufficiently stable for some monolithic photorefractive studies.

For DDCDHF chromophores, all the molecules can form a glass after cooling from melt but the morphological stability is different. Chromophores 47, 49 and 58 are able to form stable glasses while 48 and 57 recrystallized at a higher temperature. So the type and position of substituent on the benzene ring is important for the formation of a relatively thermodynamically stable glass. Better morphological stability as well as a lower melting point and a lower Tg can be obtained if the alkoxy group was moved from the para position to the less symmetric meta position (57 and 58). 

If a non-glassy high melting or high glass transition chromophore was encountered, plasticizers like benzylbutylphthalate (BBP) have been used to tune the glass formation properties of polymer containing PR materials. It is interesting to find that some of the low Tg DCDHF chromophores can be used in mixtures with their sister chromophores as shown in Table 3. Glasses from 5 and 6 are stabilized by 10 and even non-glassy 20 was plasticized by 6, 10 and 11. This result is useful because on one hand, it is now possible to obtain a glass without considering the miscibility of the chromophores in traditional plasticizers while keeping the high material nonlinear optical density (dCT) at the same time. The dCT, is the percentage of the charge transfer fraction of the entire molecule, [M-(MR1+MR2+MR3+MR4)]/M, which provides a rough estimate of the weight or volume contribution to a change in refractive index. On the other hand, it is sometimes possible to design some high FOM
 chromophores like 20 without considering their crystalline properties first and plasticize them later by sister chromophores.

	
	Chromophore Mixtures
	Tg (oC)
	Trec (oC)
	
	Single Chromophore
	Tg (oC)
	Trec (oC)

	Mix 1:
	5 / 10 (1:1 weight)
	20
	Stable glass
	
	5
	19
	91

	Mix 2:
	6 / 10 (1:1 weight)
	23
	Stable glass
	
	6
	1
	78

	Mix 3:
	20 / 6 (1:1 weight)
	23
	87
	
	10
	33
	99

	Mix 4:
	20 / 10 (1:1 weight)
	38
	89
	
	11
	2
	Stable glass

	Mix 5:
	20 / 6 / 10 (2:1:1 weight)
	29
	84
	
	20
	No
	No

	Mix 6:
	20 / 11 (1:1 weight)
	27
	84
	
	
	
	


Table 3. Glass behavior of some DCDHF chromophores and their mixtures

2.4. UV-Vis Absorption Spectra of DCDHF Dyes.
Many of the structure changes such as different aliphatic content that drastically modify thermal properties usually have little influence on the absorption spectra. UV-Vis absorption results in THF are listed in Table 2 and absorption curves of some representatives are shown in Figure 1. Thiophene containing DCDHF chromophores have much sharper peaks with larger molar extinction coefficient and are red shifted as compared with their benzene containing DCDHF analogs. The chromophores containing a trifluoromethyl group 12, 13 and 14 have almost same shape absorption curves as DCDHF-6 5 but red shifted about 30 nm. All DDCDHF chromophores (last five molecules in Table 2) present the same shape absorption as 2EHO-DDCDHF (57). The DDCDHF (57 and 58) with 2,6-dimethyl substitution on dihydropyridine ring have slightly larger extinction coefficients. All chromophores have no absorption at  = 830 nm and those without olefinic link have no absorption at  = 676 nm; vinylogous partners differ by  = 80 nm.
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Figure 1. UV-Vis absorption spectra of some representative dyes in THF

Inspection of the absorption spectra shows that except for 2EHO-DDCDHF (57), all have a shoulder at the high energy side of the peak. This shoulder comes from a dimeric aggregate as shown by a concentration dependent UV-VIS study (Figure 2) of TH-DCDHF-6-V (20). Chromophores with large dipole moments minimize electrostatic energy by forming antiparallel aggregate.
 Otherwise well-designed chromophores may give unexpectedly low nonlinear optical response due to very serious dipole-dipole interaction and this has been particularly troublesome in the case of electrooptics. If anything, this presents an even more serious problem for photorefractives, as the merit figure (FOM) is no longer linear in g but now quadratic in g. The incorporation of large side groups R3 and R4 on the dihydrofuran ring does not appear to provide too much impediment towards dimerization as DCDHF-6-C7M 10 and DCDHF-6-DB 11 have almost superimposible absorption curves as DCDHF-6 5. However, one can observe that the conjugation type influences the relative ratio of the dimer to the monomer. The thiophene derivatives showed relatively less dimer content as can be seen from Figure 1. The situation is the worst for DCDHF-2-V and it’s analogs.  

To mimic the real situation for dipolar aggregation in an actual photorefractive material, the neat thin-film absorption spectra of some of the DCDHF chromophores were measured. Spectra of DCDHF-6 5 and TH-DCDHF-6 18 are shown in Figure 3. The DCDHF-6 5 film has a maximum absorption at 510 nm and a shoulder at 480 nm. The relative monomer:dimer ratio of about 1:1 did not seem to change significantly with the change of film thickness (created by dropping a dilute solution of the chromophore onto a slide and letting the solvent evaporate). The absorption at 480 and 510 nm is increasing with the increasing of film thickness. The neat film absorption of thiophene derivative TH-DCDHF-6 18 has a maximum absorption at 523 nm with a shoulder at 494 nm. TH-DCDHF-6 18 film contains larger percentage available monomers for PR response in comparison with that of in DCDHF-6 5. This shoulder was also observed for DDCDHF glassy film like DOCP-DDCDHF 49 although it did not show up in solution absorption UV-Vis measurement.
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Figure 2. Concentration-dependent UV-Vis spectra of TH-DCDHF-6-V 20 in CCl4. The arrows indicate the increasing of concentration from 2.5 ( 10-6 to 4.3 ( 10-5 mol/L.
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Figure 3. Film absorption spectra of neat DCDHF-6 5 (filled lines) with different thickness and neat TH-DCDHF-6 18 (unfilled circle). The perpendicular arrow indicates the increasing of film thickness. 

Solvatochromism studies were also conducted (Figure 4). UV-Vis spectra were recorded in solvents of differenet polarity. For the two chromophores studied in detail, the solvatochromism was small. A wavelength difference of 16 nm was observed for DCDHF-6 5 and 4 nm for TH-DCDHF-6 18. The analogous chromophores with olefin links showed a little bit larger solvatochromism. A (( of 28 nm was observed for DCDHF-2EH-V 15 and 14 nm for TH-DCDHF-6-V 20. A negative solvatochromism and a (( of 28 nm was observed at the conditions for DOCP-DDCDHF 49. The negligibly small solvatochromism of thiophene chromophores indicates that they are closer to the cyanine limit state. One can also observe the solvent polarity dependence of dimer formation from Figure 4. The dimers have significantly larger concentration in lower polarity solvents.
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Figure 4. Solvatochromism Studies of DCDHF-6 5 and TH-DCDHF-6 18.

3. Conclusion

This article has described the synthesis and structure optimization of photorefractive DCDHF chromophores. The electron accepting dihydrofuran rings were built from the condensation of (-ketols with malononitrile at different synthetic stages depending on the structure properties of the desired target because this condensation is very sensitive to steric hindrance and electronic properties of the carbonyl group. For the DCDHF chromophores with 4-aminophenyl and 5,5-dimethyl substituents, 2-dicyanomethylen-3-cyano-5,5-dimethyl-4-(4’-fluorophenyl)-2,5-dihydrofuran 25 is a very good intermediate, which reacts with an unhindered secondary amine by aromatic nucleophilic substitution to give the desired DCDHF chromophores. However, the analogs of 25 with 5-bromothiophen-2-yl substituent or 5,5-substituents bigger than methyl could not be prepared due to steric hindrance and/or the stability problem. Then electron donor part has to be incorporated before the dihydrofuran acceptor formation. For DCDHF chromophores with an olefinic link, easily prepared 2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran 36 via our improved method were used to react with a donor substituted aldehyde partner. Compound 36 was also used to prepare DDCDHF type chromophores by reacting with a 4-dihydropyridone in acetic anhydride. Most DCDHF chromophores synthesized were glass forming. Stable DCDHF glasses could be obtained with the use of aliphatic rich side groups or by reducing symmetry. Certain low Tg DCDHF chromophores could be used as plasticizers for sister chromophores. So, their use without the addition of inactive plasticizers is possible. Dimer aggregate of DCDHF chromophores could be observed from both solution and film UV-Vis spectra. The content of monomers in film state is more than 50 % and chromophores with thiophene link appear to contain less dimer aggregate. Our synthesis has provided a rich class of chromophores for use in photorefractive studies as is discussed in the accompanying paper.
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