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such as the reaction of basic contaminants in the air with 
the surface of the resist film (vide infra) that consume acid 
without leading to removal of a t-BOC group. The fact 
that an unexpected drop in catalytic chain length and 
lithographic sensitivity has been observed (vide infra) while 
increasing the acidity of the photoreleased arylsulfonic 
acids (by increasing the electron-withdrawing ability of 
substituents) would tend to support this hypothesis as 
these stronger acids would be more reactive toward basic 
contaminants. Another possible factor that may be im- 
portant are the changes of hydrophobicity induced by the 
introduction of different photogenerators of acid into the 
resist film. This may govern how quickly impurities from 
the air can penetrate into the film to react with photo- 
generated acid. 

Conclusion 
A Hammett plot of Tmin versus the u constants of various 

groups substituted onto the benzenesulfonate moiety of 

2-nitrobenzyl sulfonate esters has shown that the thermal 
stability of 2-nitrobenzyl esters decreases as the inductive 
power of substituent groups increases. Thus, increasing 
the strength of the photochemically released acid decreases 
the thermal stability of 2-nitrobenzyl sulfonate photo- 
generators of acid. However, this effect can be countered 
by the introduction of bulky or inductively electron 
withdrawing substituents at the 6-position of the 2-nitro- 
benzyl chromophore. The CF3 group, which is both 
strongly electron withdrawing and bulky, is particularly 
effective at  stabilization and can enhance the thermal 
stability of 2-nitrobenzyl ester derivatives by 150 "C over 
the unsubstituted ester and by 50 "C over the ester with 
a 2-nitro substituent. This type of approach with even 
bulkier and more powerful electron-withdrawing groups 
positioned at the 6-position of 2-nitrobenzyl chromophore 
could permit the preparation of thermally stable photo- 
generators of acid incorporating such powerful acids as 
triflic acid. 
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While the molecular structure of the bis(p-chlorocinnamate) ester of 2,4-hexadiyne-l,8dio1(2) contains 
two groups known to be reactive in the solid state, namely, the chlorocinnamoyl and conjugated diyne 
moieties, the crystal of 2 obtained from chlorobenzene solution is unreactive to y-radiation, X-rays, ultraviolet 
light, and heat at temperatures below its melting oint. The crystal of 2 is monoclinic, space group C2/c, 
a = 45.724 (9) A, b = 8.142 (2) A, c = 11.336 (3) 1, /3 = 91.66 (3)O, V = 4218.5 (30) A3, and 2 = 8. From 
the geometry of the unit cell, it is apparent that this phase of 2 is unreactive for structural reasons, as 
both the chlorocinnamoyl and diyne moieties do not have the preferred intermolecular orientation for 
solid-state reactivity. Generally similar room-temperature emission spectra were observed for 2 and the 
reactive p-chlorocinnamic acid (3). The emission spectra appear to be due to excimers, and the relative 
energies of the emission spectra correlate with ground-state overlap. A convenient procedure for the 
photodimerization of 3 to the corresponding truxinic acid (4) is reported. Refluxing of 4 with thionyl chloride 
results in the formation of the cyclic anhydride 5. 

Introduction 
Polydiacetylenes (PDA, 1) are a class of polymers with 

conjugated backbones available in the form of macroscopic 
single crystals.' In recent years, we have been interested 
in the study of chemical,23 thermal,43 photochemical! and 
magnetic processes' whose origin may be traced to specific 
substituents in the PDA side group and that affect the 
electronic structure, spectroscopy, and reactivity associated 
with the conjugated chain. 

The reports8gg that the photoconductivity action spec- 
trum of the PDA from 1,6-di-N-carbazolyl-2,4-hexadiyne 
(DCH, la) exhibits features that correspond to the max- 
imum of the So-Sl absorption of the carbazole group and 
the interpretationg that photoconductivity in poly-DCH 

'This paper is dedicated to Professor Michael Hanack, Universitiit 
Tubingen, on the occasion of his sixtieth birthday. 

is associated with charge transfer from the excited car- 
bazole to the conjugated chain raise the following possi- 
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bility. If a side-chain excited state can lead to photo- 
physical phenomena, such an excited state can also lead 
to photochemical phenomena. Unsuccessful attempts to 
convert a diphenylamine group in both monomeric and 
polymeric 1,1,6,6-tetraphenylhexadiynediamine (THD) to 
a carbazole have been reported.6 In our further pursuit 
of a light-induced reaction that would either precede or 
follow a diacetylene polymerization,s a series of p-(chlo- 
rocinnamate) esters of diacetylenediols was synthesized 
and characterized.l0 Our choice of p-chlorocinnamates 
was motivated by both the known solid-state photo- 
dimerization reaction of cinnamic acid derivaties'l and also 
the tendency of chloro substituents to Yengineern 4-A 
short-axis structures.12 We have not observed the desired 
cinnamate photodimerization in any of the monomers or 
polymers studied to date.1° One of the compounds syn- 
thesized, the bis(p-chlorocinnamate) ester of 2,4-hexadi- 
yne-1,Sdiol (2), was isolated in a form unreactive to heat 
below its melting point, ultraviolet light, and @Co y-ra- 
diation. Since a given organic solid may be unreactive for 
either structural or mechanistic (ph~tophysical)'~ reasons, 
we carried out both a structural determination and an 
emission spectroscopic study of the unreactive phase of 
2. For purposes of comparison, emission spectra were also 
recorded for p-chlorocinnamic acid (3), a phase that un- 
dergoes photodimerization. The results of these studies 
are presented in this paper. 

In earlier related work, biscinnamates of 2,4-hexadi- 
yne-1,6-diol14 and 10,12-docosadiyne-l,22-di01~~ were pre- 
pared. The former was described14 as not polymerizable, 
while the latter was reported to occur in two crystalline 
forms, one of which was not observed to polymerize while 
the other was p01ymerizable.l~ Neither monomers nor 
polymers were studied by single-crystal X-ray crystallog- 
raphy, and no mention of reactivity at the cinnamate esters 
was found.14J5 

Experimental Section 
General Techniques. Melting points are uncorrected. Ele- 

mental analysis was performed by Schwarzkopf Microanalytical 
Laboratory, Woodside, NY. Solution electronic absorption spectra 
were recorded on a Cary 17D spectrophotometer using 1-cm cells, 
and solid-state spectra were recorded on the same instrument by 
using the diffuse reflectance accessory with samples 1 % by weight 
dispersed in sodium chloride. Emission spectra were recorded 
on the SLM 8000 spectrometer at  20 "C. Solid samples were 
mounted on two-sided sticky tape that gave no significant emission 
in the wavelength regions of interest. Infrared spectra were 
recorded on a Perkin-Elmer 299B spectrophotometer. Proton 
NMR spectra were recorded on a Varian 90-MHz spectrometer. 

Preparation of the  Bis(pch1orocinnamate) Ester of 2,4- 
Hexadiyne-1,tdiol (2). p-Chlorocinnamoyl chloride was pre- 
pared from 3 and thionyl chloride refluxed for 3 h. Excess SOCl2 
was removed under reduced pressure, and this was followed by 
vacuum sublimation to give a solid, mp 76.5-78 "C. To a solution 
of this acid chloride (14.2 g, 0.071 mol) in tetrahydrofuran (THF, 
80 mL) stirred mechanically under argon was added 2,4-hexa- 
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diyne-1,6-diol (Farchan, thrice recrystallized from toluene, 3.85 
g, 0.035 mol). To this mixture was added dropwise a solution of 
pyridine (7.5 mLJ in THF (35 mL), and the mixture was refluxed 
for 6 h. The mixture was poured into cold water, and the pre- 
cipitated solid was fdtered and washed with cold water. The solid 
was dissolved in chloroform (300 mL), and this solution was 
washed with three 100-mL portions of saturated sodium bi- 
carbonate followed by 100 mL of water. The solution was dried 
over MgSO,, filtered, evaporated, and vacuum dried to give 2 
(13.83 g, 90% yield). The product was crystallized from 1:l 
chloroform-hexane to give a white solid, mp 122-123 "C. The 
IR spectrum (Nujol) exhibited the following absorptions (cm-'): 
1715,1640,1590,1490,1405,1320,1275,1250,1185,1170,1150, 
1085, 1030,1010,985,955,915,870,825,720. Anal. Calcd for 
C24H1601C12: C, 65.61; H, 3.68; C1, 16.14. Found: C, 66.10; H, 
3.63; C1, 15.83. 

As crystallized above or preferably from chlorobenzene with 
slow evaporation under argon, the unreactive phase of 2 is isolated, 
mp 125 "C. This phase is thermally unreactive below its melting 
point and turns orange on heating to 130 "C. In acetonitrile 
solution, the ultraviolet spectrum of 2 exhibited the following A,- 
(nm) (log e), sh = shoulder: 302 sh (4.50), 292 sh (4.69), 283 (4.76), 
224 (4.41), 217.5 (4.50), 206 (4.48). No low intensity transitions 
are detected out to 400 nm. Diffuse reflectance of 2 revealed a 
shoulder near 312 nm and broad maxima a t  287 and 228 nm. 

Prepara t ion  of 4,4'-Dichloro-@-truxinic Acid (4). p- 
Chlorocinnamic acid (Aldrich, recrystallized from ethanol or glacial 
acetic acid) (9 g, 0.054 mol, fiiely ground powder) was irradiated 
a t  370 nm for 28 h with a GTE Sylvania 2051 lamp. Unreacted 
3 was extracted with toluene, and the residue was recrystallized 
from glacial acetic acid to give 4,8.11 g (90% yield), mp 186-191 
"C (lit.16 mp 190 "C). 

Synthesis of 4,4'-Dichloro-&truxinic Anhydride (5). A 
mixture of 4 (6.9 g, 0.02 mol) and thionyl chloride (3.5 mL, 5.85 
g, 0.049 mol) was heated at reflux for 3 h. The excess SOClz was 
removed under reduced pressure, and the residue crystaked from 
benzene to give 5,5.43 g (78% yield), mp 125 "C. The IR spectrum 
(Nujol) exhibited the following absorptions (cm-'): 3030, 1855, 
1780,1595,1490,1410,1240,1205,1090,1060,1015,890,850,830, 
820,770,735,720,670. The proton NMR spectnun (in DMSO-ds) 
exhibited the following resonances: 6 6.8-7.3 (multiplet, 8 H), 
4.4 (doublet, 2 H, J = 3 Hz), 4.1 (doublet, 2 H, J = 3 Hz). The 
mass spectrum of the compound exhibited the expected isotopic 
cluster with major peaks at  m / e  346, 348. Anal. Calcd for 
C18H1203C12: C, 62.27; H, 3.48; C1, 20.42. Found: C, 61.60; H, 
3.36; C1, 20.12. 

Ultraviolet and Raman Spectra of p-Chlorocinnamic Acid 
(3). In acetonitrile solution, the UV spectrum of 3 exhibited the 
following: A,- (nm) (log e): 301 sh (4.12), 292 sh (4.26), 274 (4.43), 
222.5 (4.11), 216 (4.21), 205 (4.16). The diffuse reflectance 
spectrum of 3 exhibits shoulders near 335 and 315 nm with broad 
maxima at 275 and 226 nm. With 514.5nm excitation, the Raman 
spectrum of polycrystalline 3 revealed shifts at  1644,1591,1446, 
1404, 1290, 1258, 1210, 1173, 1090, 706, and 641 cm-'. 

S t ruc tu re  Determination of 2. Single crystals were grown 
from chlorobenzene solution. h u e  photographs and a preliminary 
X-ray photographic study indicated the crystal to be of excellent 
quality. The crystal was then transferred to a Supper No. 455 
goniometer and optically centered on a Syntex P21 diffradometer. 
Operations were performed as described previously." The 
analytical scattering factors of Cromer and Waber were used; real 
and imaginary components of anomalous scattering were included 
in the calculations.1s The structure was solved by using M"LTAN;'~ 
all other computational work was carried out on a VAX 8650 
computer using the Enraf-Nonius SDP software packageam 
Details of the structure analysis, in outline form, are presented 

(16) Cohen, M. D.; Schmidt, G. M. J.; Sonntag, F. I. J. Chem. SOC. 
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(19) Main, P. The structure-solution program MULTAN, University of 
York U.K. 

(20) Frenz, B. A.; and associates. The program package SDP, Enraf- 
Nonius Corporation, Delft, The Netherlands, and Bohemia, New York. 
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Table 11. Atomic Coordinates for C9AHlrOAC19a~b Table I. Data for the X-ray Diffraction Study of 
CdIirOICI, 

(A) Crystal Data at 21 (1) O C  

cryst syst: monoclinic 
space group: C2/c [C,, No. 151 
a = 45.724 (9) A 
b = 8.142 (2) A 
c = 11.336 (3) A 
f l  = 91.66 (3)' 
V = 4218.5 (30) A3 
2 = 8  
cryst size: 0.30 X 0.40 X 0.50 mm 
formula w t  439.30 
pule = 1.383 g cm-s 
pob. = 1.38 (1)' g cm-3 
p = 3.34 cm-' (Mo K a )  
cell const determination: 12 pairs of +kl) and refined 28, w ,  x 

values in the range 25 4 1281 4 27O (X(Mo K a )  = 0.71073 A) 
(B) Measurement of Intensity Data 

radiation: Mo Ka, graphite monochromator 
reflns measd *h, +k, + 1  (3 4 28 5 53O) 
scan type, speed: 8-28, vble, 2.93-5.33O/min 
scan range: sym [1.6 + A(az - al)]O 

no. of reflns measd: 4648; 4403 in unique set 
standard reflns, period: 70; 020; 24,0,0; 008 reflns; variation 

4*3a(Z) for each 
abs correction: empirical, normalized transmission factors 

0.904-1.000, 114,406,O 2 11 reflns 
data reduction: as beforeb 
statistical information: R, = 0.024 (hkO reflns) 

(C) Refinement 
refinement,' with 3349 data for which Z > 1.96a(l) 
weighting of reflns: as before,' p = 0.04 
solution: direct-methods (MULTAN) 
refinemenkd full-matrix least-squares, with 

anisotropic temperature factors for C1, 0, and C atoms 
isotropic temp factors for H atoms 
secondary extinction param, 1.55 (4) X lo6: 
R = 0.0401; R, = 0.0480; SDU = 160 
R = (struct factor calcn with all 4403 reflections) = 0.066 

final difference map: random peaks 40.22 e-/A3 

a Measured by neutral buoyancy in bromobenzene-chloroform. 
bFoxman, B. M.; Goldberg, P. L.; Mazurek, H. Znorg. Chem. 1981, 
20, 4381. All computations in the present work were carried out 
using the ENRAF-NONIUS Structure Determination Package. 
'Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Znorg. Chem. 1967, 

- ~ F c ~ ] 2 / ~ ~ ( F o ~ z ~ 1 / 2 .  SDU = [E.w[lFoI - IFCllZ/(m - n))1/2, where m 
(=3349) is the number of observations and n (=336) is the number 
of parameters. 

in Table I. Atomic coordinates for all non-hydrogen atoms appear 
in Table 11; selected bond distances and angles are in Table III; 
anisotropic displacement parameters are in Table S-I; H atom 
positions and thermal parameters are in Table S-11; all bond 
lengths and angles are in Table S-111; observed and calculated 
structure amplitudes are in Table S-IV (supplementary material; 
see the paragraph a t  the end of the paper). 

Results and Discussion 
Synthesis. Esterification of p-chlorocinnamoyl chloride 

with 2,4-hexadiyne-1,6-diol in the presence of pyridine 
straightforwardly led to 2 in 90% yield, as described in the 
Experimental Section. Crystallization from chlorobenzene 
gave the relevant crystalline phase of 2. 

In the course of this work we found that the photodimer 
of 3 was conveniently prepared by irradiation of 3 with a 
lamp whose maximum output was at  370 nm. This trux- 
inic acid was converted to its anhydride by refluxing with 
thionyl chloride. The chemistry is detailed in the Ex- 
perimental Section and summarized in Scheme I. 

Attempts To Observe Solid-state Reactivity of 2. 
Irradiation of 2 with UV light, using either a 370- or 
253-nm lamp under conditions where 3 is readily photo- 

6, 197. dRav EIZ - Zav IXf i  R = U F o I  - IFcIVEFcI; Rw = I E W W o I  

atom X Y 2 B, A2 
C11 0.47390 (1) 0.12991 (7) 0.58489 (5) 5.44 (1) 
C12 0.92062 (1) 0.57188 (8) 1.28969 (5) 5.78 (1) 
01 0.64120 (3) 0.7066 (2) 0.4631 (1) 4.14 (3) 
0 2  0.62039 (3) 0.6814 (2) 0.2836 (1) 5.34 (3) 
0 3  0.76192 (3) 1.0498 (2) 0.9206 (1) 3.89 (3) 
0 4  0.79141 (3) 0.9726 (2) 0.7758 (1) 4.36 (3) 
C1 0.50342 (4) 0.2390 (2) 0.5321 (2) 3.96 (4) 
C2 0.50141 (4) 0.3038 (3) 0.4208 (2) 4.54 (4) 
C3 0.52476 (4) 0.3909 (3) 0.3793 (2) 4.36 (4) 
C4 0.55026 (4) 0.4142 (2) 0.4462 (2) 3.68 (4) 
C5 0.55166 (4) 0.3439 (3) 0.5589 (2) 4.36 (4) 
C6 0.52844 (4) 0.2571 (3) 0.6014 (2) 4.39 (4) 
C7 0.57411 (4) 0.5072 (3) 0.3960 (2) 4.07 (4) 
C8 0.59767 (4) 0.5634 (3) 0.4512 (2) 4.11 (4) 
C9 0.62002 (4) 0.6549 (2) 0.3873 (2) 3.74 (4) 
C10 0.66481 (4) 0.7965 (3) 0.4118 (2) 4.03 (4) 
C11 0.68217 (4) 0.8657 (3) 0.5099 (2) 4.01 (4) 
C12 0.69605 (4) 0.9260 (2) 0.5888 (2) 3.94 (4) 
C13 0.71221 (4) 0.9996 (3) 0.6788 (2) 3.93 (4) 
C14 0.72725 (4) 1.0618 (2) 0.7536 (2) 3.78 (4) 
C15 0.74596 (4) 1.1528 (2) 0.8374 (2) 4.09 (4) 
C16 0.78574 (4) 0.9727 (2) 0.8788 (1) 3.34 (3) 
C17 0.80303 (4) 0.8975 (2) 0.9757 (2) 3.59 (4) 
C18 0.82821 (4) 0.8250 (2) 0.9540 (1) 3.51 (4) 
C19 0.84932 (4) 0.7550 (2) 1.0394 (1) 3.23 (3) 
C20 0.87318 (4) 0.6681 (2) 0.9985 (1) 3.58 (4) 
C21 0.89456 (4) 0.6072 (2) 1.0745 (2) 3.72 (4) 
C22 0.89246 (4) 0.6360 (3) 1.1936 (2) 3.69 (4) 
C23 0.86882 (4) 0.7178 (3) 1.2383 (2) 4.08 (4) 
C24 0.84724 (4) 0.7763 (3) 1.1613 (2) 3.74 (4) 

a Atoms refined by using anisotropic temperature factors are 
given in the frm of the isotropic equivalent displacement parame- 
ter defined as 1.33[a2Bll + b2Bz2 + c2B3, + ab cos y B12 + ac cos i3 
B13 + bc cos a BZ3]. bNumbers in parentheses in this and following 
tables are estimated standard deviations in the least significant 
digit. 

Scheme I 

z 

Pyridine 

5 It  

dimerized (see Experimental Section) led only to recovered 
2. Exposure of 2 to @'Co y-radiation (>50 Mrad over 40 
days, conditions that completely polymerize 1,6-di-N- 
carbazolyl-2,4-hexadiyne* and other reactive diacetylene 
monomers) resulted in no detectable change in 2. 
As noted in the Introduction, a given compound may be 

unreactive in the solid state for either structural or 
mechanistic reasons. In the next section, our crystallo- 
graphic study of this unreactive polymorph of 2 reveals for 
this phase that the relevant groups of this structure are 
not oriented for either chlorocinnamate photodimerization 
or for diacetylene polymerization. With a knowledge of 
the crystal structure of 2 and 3, we report and compare 
emission spectra of the reactive 3 and the unreactive 2. 
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Table 111. Selected Bond Lengths (A) and Angles (deg) for 
CuHirO&1* 

at. 1 at. 2 dist at. 1 at. 2 dist 
C11 C1 1.737 (2) C8 C9 1.472 (3) 
C12 C22 1.742 (2) C10 C11 1.460 (3) 
01 C9 1.344 (2) C11 C12 1.188 (3) 
01 C10 1.441 (2) C12 C13 1.379 (3) 
0 2  C9 1.196 (2) C13 C14 1.189 (3) 
0 3  C15 1.444 (2) C14 C15 1.461 (3) 
0 3  C16 1.354 (2) C16 C17 1.468 (2) 
0 4  C16 1.203 (2) C17 C18 1.323 (3) 
C1 C2 1.368 (3) C18 C19 1.463 (2) 
C1 C6 1.377 (3) C19 C20 1.391 (2) 
C2 C3 1.376 (3) C19 C24 1.398 (2) 
C3 C4 1.385 (3) C20 C21 1.377 (3) 
C4 C5 1.400 (3) C21 C22 1.376 (3) 
C4 C7 1.457 (3) C22 C23 1.379 (3) 
C5 C6 1.374 (3) C23 C24 1.383 (3) 
C7 C8 1.312 (3) 

Figure 2. View of the structure of 2 emphasizing short inter- 
molecular contacts between diyne moieties. 
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Figure 3. View of the structure of 2 emphasizing intermolecular 
contacts between double bonds of p-chlorocinnamates, and be- 
tween -C=C- and -C=C- moieties. 
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criteria for either diacetylene polymer iza t i~n~~p~~ or pho- 
todimerizati~n~~ of the cinnamoyl moieties. In particular, 
we show below that the molecules do not stack with the 
conventional &-A axis and that molecules with short in- 
termolecular contacts are not related by translation. 
Figures 2 and 3 illustrate the most important interactions 
in terms of contacts between unsaturated C atoms; a 
conventional stereoview of the unit cell is available as 
supplementary material. Figure 2 shows three molecules 
that define the repetition pattern of short acetylene- 
acetylene contacts in the structure. The first and third 
molecules in the series are related to the center molecule 
by the c glide operation ( x ,  2 - y, *1/2 + 2) .  Note that the 
diacetylene moieties are skewed at an angle of 49.7'. Only 
an a(C11) and a a'(C14) carbon atom approach one another 
a t  distances <4.1 A. Other short interactions in the 
structure are depicted in Figure 3. Again, three molecules 
are shown that define the repetition patterns of -C= 
C.-C=C-- and ..C=C-.C=C-. contacts in the structure. 
The first and third molecules in the series are related to 
the center molecule by the 2 axis (3/2 - x ,  *1/2 + y,  3/2 - 
2 ) .  The most significant interaction here is that between 
an a(C8) and a p'(Cl8) carbon atom of adjacent cinnamoyl 
groups. While pairs of cinnamoyl groups are nearly parallel 
[interplanar angle 165.4 (1)O], the distance between the 
a'(C17) and B(C7) carbon atoms is very long (5.83 A). 
Finally, C12 (a P-diacetylene carbon atom) and C18 (a 
P-cinnamoyl carbon atom) approach one another a t  the 
short distance of 3.46 A, but this contact apparently does 
not lead to solid-state reactivity. 

Solid-State Emission Spectra of 2 and 3. We initially 
recorded the emission spectrum of solid 2 before the so- 
lution of the crystal structure on the possbility that an 

cI1 

Figure 1. Molecular structure of 2, showing atom labels and 50% 
probability ellipsoids for atoms refined using anisotropic tem- 
perature factors. H atoms have been reduced in size for clarity. 

Crystal and Molecular Structure of 2. Figure 1 
shows the molecular structure of the title compound. This 
diacetylene clearly crystallizes in an unsymmetrical con- 
formation. For example, the C9-01-C10-Cll and C16- 
03-Cl5-Cl4 torsion angles are 169.9 (2) and 77.5 ( 2 ) O ,  

respectively. The angle between the planes of the two 
cinnamoyl moieties is 120.6 (1)O, similar to the interplanar 
angles in 2,4-hexadiyne-l,6-bis(p-n-hexyloxy) benzoate.21 
Bond distances and angles (Table 111) lie within normal 
ranges. Examination of the pertinent intermolecular 
contacts for this unreactive phase indicates that the 
present packing arrangement does not satisfy topochemical 

61) Shkolver, V. E.; Struchkov, Yu. T.; Bagirov, I. A.; Konstantinov, 

(22) Baughman, R. H. J. Polym. Sci., Polymer Phys. Ed. 1974, 12, 
I. I.; Amerik, Yu. B. 2. Kristallogr. 1986, 173, 25. 

151 1. 
(23) Enkelmann, V. Adu. Polym. Sci. 1984, 63, 91 and references 

therein. 
(24) (a) Cohen, M. D.; Schmidt, G. M. J. In Reactivity of Solids; de 

Boer, J. H., Ed.; Eleevier: Amsterdam, 1961; p 556; (b) Hirshfeld, F. L.; 
Schmidt, G. M. J. J. Polym. Sci., Sect. A 1964,2, 2181. 
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Figure 4. Emission spectra for polycrystalline samples of 2 (-, 
340-nm excitation) and 3 (---, 370-nm excitation). 
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Figure 5. Excitation spectra for the emissions of Figure 4: (-) 
emission of 3 at 425 nm; (---) emission of 2 at 520 nm. 

efficient luminescence could account for the lack of sol- 
id-state reaction. In view of the observed luminescence 
from the crystals of 2, which are unreactive for structural 
reasons, we felt it appropriate to compare the luminescence 
of 2 with that of a reactive chlorocinnamate, namely 3.16 

For solid 2, the maximum emission intensity was ob- 
served with 340-nm excitation, and the spectrum, exhibited 
in Figure 4, is broad with maxima near 370,395, and 520 
nm. The spectrum in Figure 4 is different from that ob- 
served for 2 in acetonitrile solution, where a broad max- 
imum of 350 nm clearly related to the solution absorption 
spectrum is noted. The excitation spectrum for the 
long-wavelength portion of the spectrum in Figure 4 is 
given in Figure 5, dashed line; a similar excitation spectrum 
is observed for the shorter wavelength emissions in Figure 
4. 

For the reactive 3, the strongest emission intensity was 
observed with 370-nm excitation. Figure 4, dashed line, 
displays the broad emission spectrum with maxima noted 
near 425 and 540 nm. The peak at  395 nm for 3 in Figure 
4 is due to a Raman-shifted line. The excitation spectrum 
for the 425-nm emission is shown in Figure 5; the same 
features found in 3 in Figure 5 were noted in the excitation 
spectrum for the longer wavelength feature of this emis- 
sion. 

While this manuscript was in preparation, a publica- 
tion% that reported the solid-state absorption, fluorescence, 
and Raman spectrum of 3 appeared. While the reported% 

(25) CFabarti ,  S.; Gantait, M.; Misra, T. N. h o c .  Indian Acad. Sci. 
(Chem. Scr.) 1990, 102, 165. 

absorption and Raman spectra are in good agreement with 
those given in the Experimental Section, the fluorescence 
spectrum25 revealed a maximum at  392 nm. While the 
excitation wavelength used to obtain the spectrum with 
fluorescence maximum at 392 nm was not specified,% we 
observed emission spectra with a maximum near 395 nm 
using wavelengths of excitation in the 325-350-nm range. 
As displayed in Figure 4, we observed stronger emission 
using 370 nm as wavelength of excitation. 

From data in the Experimental Section, in both solution 
and the solid state, the absorption maximum for 2 is a t  
slightly longer wavelengths than that of 3. Yet, as shown 
in Figure 4, the solid-state emission spectrum for 3 is found 
at wavelengths longer than those for 2. Since the excitation 
spectra (Figure 5) do not show a close relationship to the 
monomeric absorption spectra, it is likely that the observed 
emission in the solid state is due to excimers.26 

Excimers are established as reactive intermediates in 
solid-state molecular photdimerizations,*a and excimeric 
emissions have also been observed in solid-state polym- 
erizations involving photocycloadditions.2“91 In the 
present work, similar excimeric emissions are observed in 
the reactive 3 and the unreactive 2. Hence, an excimeric 
emission may be found even in crystals unreactive to ul- 
traviolet radiation. Solution studies of excimer formation 
in anthracenes where there is steric hindrance to photo- 
dimerization have been reviewed.32 

Both components of the emission of the reactive 3 are 
found at  longer wavelengths than those of the unreactive 
2. On the assumption that the geometry of possible ex- 
cimeric species parallels the relationships found in the 
ground state structures of 3% and 2, the overlap in 3, with 
an intermolecular distance of 3.89 A between reactive 
carbon atoms in the ground state,% may be near optimal. 
It should also be recalled that excimeric energy is mobile.n 
Hence, the hydrogen-bonded 3 may have more delocali- 
zation possiblities than the unreactive 2. From the crystal 
structure of 2, the shortest ground-state distance between 
potentially reactive chlorocinnamate carbon atoms is an 
a-p’ contact of 4.02 A, significantly greater than the two 
relevant contact distances in 3.33 Hence, there is poorer 
overlap in 2 relative to 3. We note further that an “in- 
plane” displacementn in excimeric 2, possibly near a defect, 
cannot be ruled out. 
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