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A study has been made of the effect of total concentration on the unsensitized photochemical cis-trans isomer- 
ization of ll2-di(2-fury1)ethylene and 1,2-di(thienyl)ethylene in benzene solution. As expected, thermal equili- 
bration produces only the trans isomer with both compounds. At low concentration ((10-2 M ) ,  the cis isomer 
predominates in the photostationary state. The transleis isomer ratio increases with increasing concentration. 
These results, and those of an earlier study with a substituted stilbene, are consistent with the collisional quench- 
ing of the first excited singlet state of the trans isomer and of a twisted triplet configuration by ground-state 
Irans-ethylene molecules. Owing to experimental scatter, it could not be established whether the ground-state 
cis isomer also participates in the quenching processes. The lower limits of the lifetimes of the twisted triplet 
states are inferred to be of the same order of magnitude as those of the first excited singlet states of the trans 
isomers (-10-9 sec). 

The direct and sensitized photoisomerizations of 
olefins have been extensively studied in recent years. 
That the sensitized isomerization involves triplet 
states of the olefins is strongly supported by all the 
available experimental evidencesa The direct pho- 
toisomerization is still the subject of controversy, and 
both triplet3r4 and singlet5 mechanisms have been 
proposed. In  the case of the stilbenes, substantial 
evidence in favor of the participation of the triplet 
stat'e in the unsensitized isomerization has now accu- 
mulated.6 

These mechanistic considerations are based on 
results obtained in dilute solut'ion and apply strictly 
only when interactions between olefin molecules are 
absent.. The picture is complicated by several reports 
of a concent'ration effect in direct photoisomerization. 
Thus the photostationary cisltrans isomer ratio for 
the irradiation of liquid cis-stilbene is different from 
that for a dilute $I) solution in n-hexane.'~~ The 
effect has been studied in more detail with two sub- 
stituted  stilbene^.^!^^ In  each case i t  was found that a 
high olefin concentrat'ion enhances the fraction of 
trans isomer in t,he photostationary state. Although no 
comprehensive interpretation of these findings has been 
offered, i t  has been suggested that a short-lived inter- 
mediate is generated which is capable of inducing 
cis 4 trans isomerization. lo In  this paper we report the 
concentration-dependent photoisomerization behavior 
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of two heterocycle-substituted olefins, l,a-di(Zfuryl)- 
ethylene (I, X = 0) and 1,2-di(2-thienyl)ethylene 
(I, X = S). The mechanistic implications of the results 
of this study and of the earlier reports on the concentra- 
tion effect are examined. 

1 

Experimental Section 
General.-The melting points reported here are uncorrected. 

The spectral measurements were made with a Perkin-Elmer 
Model 137B Infracord spectrometer, a Beckman DK-1 spectro- 
photometer, and a Varian A-60 nmr spectrometer. 

1,2-Di(2-furyl)ethylene. A. trans Isomer.-Butyllithium 
(2.17 g, 0.034 mol) in heptane (27.4 w t  yo solution) was added, 
with stirring under an atmosphere of nitrogen, to triphenyl- 
furfLnylphosphonitim chloridell (13.0 g, 0.034 mol) in 100 ml of 
anhydrous ether. Furfural (3.3 g, 0.034 mol) in 20 ml of ether 
was added slowly, and the mixture was heated for 2 hr a t  80' 
in a pressure bottle. The liquid and solid phases were separated 
and the latter was extracted with several portions of ether. 
Evaporation of the combined liquids and vacuum sublimation 
gave 2.4 g (44%) of colorless crystalline material consisting of 
trans- and cis-1,2-di(2-furyl)ethylene in the ra,tio 7 : 3. Crystal- 
lization from hexane afforded the trans isomer plates: mp 
100-101" (lit.12 mp 100'); hg:P' 13.7 p (m) (trans -CH=CH-); 
ultraviolet maxima (cyclohexane) a t  339 mp (log e 4.57), 321 
(4.62), and 307 sh (4.46); nmr peaks (CCla) a t  T 3.69, 3.75, 
and 2.72 (ring H),  and 3.24 (trans -CH=CH-).IS 

Anal .  Calcd for C I ~ H ~ O ~ :  C, 75.00; H, 5.00. Found: C, 
75.18; H, 5.41. 

B. cis Isomer.-The hexane filtrate from the above crystal- 
lization furnished a solid which was fractionally sublimed (0.05 
mm, 25') to yield a 90% pure sample of the cis isomer: mp 
38.5-42.5'; 13.7 p (s) (cis -CII=CH-);l* ultraviolet 
maxima (cyclohexane) a t  339 mfi (log E 4.37), 322 (4.45), and 307 
sh (4.29); nmr peaks (CCL) at  T 3.63, 3.24, and 2.63 (ring H), 
and 3.88 (cis -CH=CH-). 

AnaE. Calcd for C10H802: C, 75.00; H,  5.00. Found: C, 
74.64; H ,  4.98. 

1 ,Z-Di(2-thienyl)ethylene. A. trans Isomer .-A mixture of 
isomers was prepared by the method of Bohlmann and Hebst,16 

(11) Obtained in 52% yield from furfurylohloride and triphenylphosphine 

(12) P. F. Bruins, J. Amer. Chem. Soc., 51, 1270 (1929). 
(13) Cf. M. H. Gianni, E. L. Strogyn, and C. M. Orlando, Jr., J .  Phys. 

Chem., 67, 1385 (1963). 
(14) This absorption, which is present in the spectrum of the trans isomer 

as well, can in part be attributed to  the cis protons of the furan ring. 
(15) F. Bohlmann and P. Hebst, Chem. Ber., 95, 2945 (1962). 

in refluxing xylene. 
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and the trans isomer was separated by vacuum sublimation and 
crystallization from petroleum ether. The colorless crystals had 
mp 134-135" (lit.16 mp 132-133.5'); A:::' 10.6 p (trans -CH= 
CH-); ultraviolet maxima (acetonitrile) a t  357 mp sh (log E 
4.21), 338 (4.41), 325 sh (4.34), and 263 (3.72); nmr peaks 
(acetone-&) at  7 3.52, 3.45, and 3.22 (ring H), and 3.42 ?trans 
-CH=CH-). 

Anal. Calcd for ClaH&: C, 62.50; H, 4,16. Found: C, 
62.32; H, 4.19. 

B. cis Isomer.-A 0.1 M solution of the t ram isomer in ben- 
zene was irradiated as described below to furnish a mixture con- 
taining ea, 85% of the cis isomer. The latter was isolated by 
trituration with petroleum ether and column chromatography 
(silica gel) using benzene as eluent. The cis isomer was obtained 
as a pale yellow oil of 93.3% purity: ultraviolet maxima (aceto- 
nitrile) a t  322 mp (log e 3.90) and 250 (4.00); nmr peaks (ace- 
tone-&) at  T 3.49 and 3.17 (ring B), and 3.90 (czs -CH=CH-). 

Anal. Calcd for CI~H&: C, 62.50; El, 4.16. Found: C, 
62.46; H, 4.73. 

Iodine-Catalyzed Thermal Isomerization.-A mixture of 75 
mg of the substituted ethylene in 1 ml of benzene and 2 ml of a 
0.2% solution of iodine in benzene was refluxed for 3-4 hr. 
Both isomers of the two compounds I were subjected to this 
treatment. The isomeric composition was determined by glpc 
using a 150-ft-long capillary column loaded with Dow-Corning 
DC-200 silicone fluid. It was established by separate tests that 
no isomerization occurs on the column. 

Photoisomerization Experiments.-The photolyses were carried 
out in 10-cm-long cylindrical Pyrex vessels fitted with a side arm 
for connection to a vacuum line, a cold finger which reaches close 
to the bottom of the vessel, and a magnetic stirrer. The size of 
the tube used was appropriate for the size of the sample. Thus 
for small Yolution volumes (2-3 ml) the diameter of the vessel 
was such that the annular space surrounding the cold finger was 
0.2 cm wide, while for 18-30-ml samples this space was 0.9 cm 
wide. The circulation of water kept the temperature below 35' 
throughout the irradiation. An unfiltered GE 275-W sun lamp 
situated 12 in. from the photolysis tube served as light source. 
The lamp emits all the mercury lines above 290 mp and, consider- 
ing the transmission of Pyrex and the absorption spectra of 
difurylethylene and dithienylethylene (Figures 1 and 2),17 it is 
evident that light a t  the wavelengths 366,334, 313, 303, and 296 
mp is absorbed. It can readily be shown (cf. Appendix) that, 
for a photoisomerisation brought about by polychromatic light, 
the photostationary isomer composition is not per se concentra- 
tion-dependent provided that all the incident light at every 
active wavelength is absorbed. The concentrations employed 
were such that this criterion was always satisfied. The solutions 
were prepared with Baker Analyzed reagent benzene, which was 
used without further purification. They were degassed by three 
freeze-pump-thaw cycles and were placed under an atmosphere 
of nitrogen for photolysis.L* Irradiation times were in the range 
4-10 hr and, a t  every concentration, equilibrium was established 
with both isomers. Analysis was accomplished by glpc as 
described above. 

To express the resulta for different compounds in a comparable 
manner, the photostationary composition is given as the product 
Rf(c) ,  where R is the equilibrium ratio of translcis  isomer 
concentration and f ( ~ )  is the excitation ratio which reflects the 
extinction coefficients of the isomers. This function is given by 
eq 1 where a$ is the ratio of the intensity of the absorbed light 

at the ith wavelength to the intensity at one wavelength arbi- 
trarily chosen as standard ( i . e . ,  ai = I) ,  and ri = (etrans/eeis)ir 
the ratio of the extinction coefficients a t  wavelength i. The 
summation is carried out over all the emitted lines which are 

(16) Y. K. Yur'ev and D. Eckhardt, Zh. Obshch. Khim.,  81, 3526 (1961); 
Chem. Abstr., 57, 4621b (1962). 
(17) The spectrum of cis-difurylethylene is unusual in that it mirrors the 

absorption of the trans isomer and shows structure. The nmr, infrared, and 
glpc measurements, however, leave no doubt about the configuration of this 
isomer. 
(18) In undegassed solutions, the irradiation of difurylethylene and dithi- 

enylethylene gives rise to products other than isomers. The photocyclo- 
dehydrogenation of these compounds under these conditions and in the 
presence of iodine has recently been reported; cf. C. E. Loader and C. J. 
Timmons, J .  Chem. Soc., C, 1677 (1967); R. M. Kellogg, M. B. Groen, and 
H. Wynberg, J .  Or@. Chem., $2, 3093 (1967). 

Wouelcngth. mu 

Figure 1.-Absorption spectra of the isomers of 1,2-di(2-furyl)- 
ethylene in benzene. 

Woovslendh. mu 

Figure 2.-Absorption spectra of the isomers of 1,2-di(2-thienyl)- 
ethylene in benzene. 

absorbed by the isomers. In  the case of monochromatic irradia- 
tion a t  wavelength A,  ! ( E )  = ( ~ t ~ ~ , , ~ / ~ ~ i ~ ) h .  

Values of at were obtained by measuring the emission of the 
sunlamp with a spectrophotometer whose spectral response had 
been determined with a lamp calibrated against an NBS standard 
larnp.19Jo The sunlamp shows no continuum emission <400 mp. 
The relative intensities in quanta per unit time and area for the 
various mercury lines (A, mr) are 2.62 (578), 1.78 (546), 0.98 
(435), 0.43 (405), 1.00 (366), 0.080 (334), 0.28 (323), 0.11 (303), 
and 0.041 (296). 

Results 
The cis and trans isomers of difurylethylene and 

dithienylethylene have been prepared and unequi- 
vocally characterized by nmr, infrared, and ultraviolet 
spectral analyses. The photostationary isomer com- 
positions attained with total light absorption at  366, 
334, 313, 303, and 296 mp are given in Table I. These 
data indicate the final compositions to be markedly 
dependent upon the total olefin concentration. As with 
the ~tilbenes,~~9~~O high concentrations favor the trans 
isomer. With the technique and apparatus employed, 
the limiting composition at  very low concentration 
could only be approximately determined, since under 
these conditions less than total light absorption takes 
place at  some wavelengths. It is clear that, under all 
conditions, the photostationary trans- to cis-isomer 
ratio (R)  is greater for difurylethylene than for di- 
thienylethylene. 

Thermal equilibration of the two compounds a t  high 
concentration (0.4-0.5 M )  in benzene was achieved by 
iodine catalysis. I n  both cases, the equilibrium is, 
within experimental error, entirely on the trans-isomer 
side (99% trans and 1% cis olefin). 

Figure 3 shows the plots of R ~ ( E )  against the photo- 
stationary trans-isomer concentration, [trans] The 
data of Schulte-Frohlinde and coworkers for 4-nitro-4'- 
methoxystilbene, lo which was equilibrated in l-methyl- 
naphthalene solution with 366-mp light, are included. 
(19) R. Starr, W. E. Schneider, and J.  I<. Jackson, A p p l .  O p t . ,  2, 1151 

(20) C. A. Parker and W. T. Rees, Analyst, 85, 587 (1960). 
(1963). 
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TABLE I 
PHOTOST ATIONARY-STATE ISOMER COMPOSITION FOR 

DIFURYLETHYLENE AND DITHIENYLETHYLENE IN  BENZENE^ 

Total concn, trans trans 
-Difurylethylen- -Dithienylethylen- 

M X 102 isomer, % R!($ isomer, % R/(cY 
1.01 49 1.20 9.0 0.79 

10.0 70 2 .88  13 1.10 
29.9 30 2.80 
5 2 . 0  69 11.65 

100 97 34.0 
a At 25-35’. The values are the average of those obtained for 

the cis and trans isomer as the starting material. The relative 
error in composition is estimated to be &5%. * See Experimental 
Section. 

A lo) 1 

The curves are fitted well by eq 2, where a, b, and c 
Rf(e) = u + b[truns]m + c[trunslm~ (2) 

are constants having the values indicated in Figure 3. 
It must be pointed out, however, that the distinction 
between eq 2 and more complex expressions involving 
the concentration of the cis isomer as well is rendered 
difficult by the magnitude of the experimental un- 
certainty. 

Discussion 
M ) ,  the photoisomeriza- 

tion behavior of difurylethylene and dithienylethylene 
in benzene is not too different from that of stilbene. 
Thus the limiting values of Rf( E )  for the two compounds 
are approximately 1.1 and 0.8, respectively, while the 
value for stilbene is 0.67.a 

In  seeking an explanation for the increase in Rf(e) 
with concentration, two possibilities immediately come 
to mind. These are (1) association between ground- 
state molecules which gives rise to dimers and higher 
aggregates, and (2) specific interactions between ex- 
cited and ground-state olefin molecules. With respect 
to the first possibility, theoretical considerations in- 
dicate that association should led to new absorption 
a t  longer or shorter wavelengths than that due to the 
monomer.21 We have examined difurylethylene and 
dithienylethylene over a wide concentration range and 
have found no evidence of spectral change; both the 
position of the absorption bands and the extinction 
coefficients are, within experimental error, independent 
of the concentration. Similar behavior has been noted 
for the absorption and emission spectra of 4-nitro-4‘- 
methoxystilbene.’O It is worthy of mention that 
ground-state association has been invoked in a case 
where spectral changes with concentration are absentZ2 
and, also, that i t  may well play a role in the photo- 
isomerization of neat cis-stilbene where the concentra- 
tion is >5 M .  

In  contrast with ground-state assoc@tion, the quench- 
ing of excited olefin molecules is experimentally well 
documented. 3,5 In  the concentration range employed 
(<1 M I ,  i t  is considered probable that the change in 
equilibrium isomeric composition is, in fact, due to 

At  low concentration 

(21) (a) T. Borster, “Fluoreszenz Organischer Verbindungen,” Vanden- 
hoeck and Ruprecht, Gottingen, 1951, Chapter 11; (b) R. M. Hochatrasser, 
“Molecular Aspects of Symmetry,” W. A. Benjamin, Inc.. New York, N. Y., 
1966, p 321 ff. 

(22) The photodimerimtion of acenaphthylene is postulated to involve a 
ground-state dimer whose existence was inferred from an almost negligible 
increase in molecular weight with Concentration; c/. R. Livingston and K. S. 
Wei, J .  Phys. Chem., 71, 541 (1967). 

‘4 40 .i’ 
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Figure 3.-Plots of Rf(s) us. [ t r ~ n s ] ~ .  The fiolid lines are 
calculated from eq 2 with the indicated values (a, b, and c). (a) 
Curve A, 4-nitro-4’-methoxystilbene (1.58, 114, 1190); curve B, 
difurylethylene (1.075, 25.0, 9.50). (b) Curve C, dithienyl- 
ethylene (0.85, 19.0,31.3). 

interactions between excited- and ground-state olefin 
molecules, and further discussion of the concentration 
effect is based on this assumption. I n  this connection 
i t  is pertinent that the fluorescence of trans-4-nitro-4’- 
methoxystilbene is subject to concentration quenching.Io 
The cis isomer, which is itself nonfluorescent, is without 
effect on the emission of the trans isomer. The data 
for this compound indicate further that the isomeriza- 
tion is more sensitive to concentration changes than 
the f l u o r e s c e n ~ e . ~ ~ ~ ~ ~  With respect to the concentration 
effect in isomerization, these findings suggest that 
specific interactions involving more than one excited 
species are operative. 

The photoisomerization of stilbene has been examined 
theoretically with the aid of SCF-MO calculations by 
Borrell and Greenwood.26 The potential energy dia- 
grams generated by this treatment are broadly con- 
sistent with the triplet mechanism proposed by Fischer 
and c o ~ o r k e r s . ~ ~ ~  The theoretical results indicate that 
neither the cis nor the trans configurations of the lowest 
triplet level are stable relative to a twisted triplet 
state. The mechanism we propose here for the con- 
centration effect in cis-trans photoisomerization is 
based on a simplified version of Borrell and Greenwood’s 
model. Inasmuch as vibrational relaxation in solution 
is rapid in relation to other decay processes, nonvertical 
transitions are formulated without attention to inter- 

(23) This becomes quite evident if one considers the change in R/(r )  to be 
solely due to the quenching of the excited singlet state of the trans isomer. 
Schulte-Frohlinde and GUsten’o also report concentration-dependent quan- 
tum yields for the cis-to-trans trans-to-cis isomerizations, which are claiined 
to have been computed by the method of Zimmerman, et aZ.24 However, the 
equations derived by Zimmerman are specifically based on the assumption 
that the quantum yields are independent of the light intensity and the con- 
centration. Consequently we believe that the quantum yields at high con- 
centrations presented in ref 10 are without quantitative significance, although 
there is no reason to doubt that they vary with concentration. 

(24) G. Zimmerman, L. Chow, and V. Paik, J .  Amer. Chem. SOC., 80, 3528 
(1968). 

(25) P. Borrell and H. H. Greenwood, Proc. Roy. SOC. (London), Aa98, 463 
(1867). 
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eq 2, with 
k?@l i- kz c k4) 

k4ka 
a =  

b =  M k i  + kz + ka) 4- ksk7 
klkb 

kaks 
k4k6 

c = -- 

Clearly, a represents the limiting value of R ~ ( E )  a t  
infinite dilution. 

The fluorescence data for trans-4-nitr0-4‘-methoxy- 
stilbene provide a t  least a partial check for the mech- 
anism. The concentration quenching of fluorescence 
may be expressed as c$FO/~F = 1 + kQ [trans], where 
+F’ and C$F are the fluorescence quantum yields without 
and with quenching, respectively, and k~ = lc3/(k1 + 
Icz + kq). From the reported concentration which 
halves the fluorescence yield (0.25 M ) ,  k ,  = 4N-’ 
is computed. Combination of the constants of eq 2 as 
defined above yields kQ2 - (b/a)kQ + (c/a) = 0. 
Using the values of a, b, and c for 4-nitr0-4’-methoxy- 
stilbene given in Figure 3, this equation gives JCQ = 
13 and 59 1M-l. Since b/a = kQ + (kg/k,), the cor- 
responding values of lc8/lc7 are 59 and 13 MdL, respec- 
tively. Thus unambiguous distinction between the 
two values for each of these constants is not possible. 
Further, the uncertainties in these numbers are large 
and are estimated to be rt 100%. Within these limita- 
tions, the isomerization and fluorescence results are 
consistent with the mechanism. 

Fluorescence data are not available for difuryl- 
ethylene and dithienylethylene. For these compounds, 
the conjugate pairs of values for k~ and kg/lc, derived 
from the isomerization results are 0.4 and 23 M-’ 
(difurylethylene) and 2 and 22 M-l (dithienylethylene). 

With the reasonable assumption that the singlet 
state quenching (eq 7) occurs at close to the diffusion- 
controlled rateZ9 (ka s 2 x 109 l./mol sec in l-methyl- 
naphthalene30 and 1 X 1010 I./mol sec in benzene), the 
lifetimes of the SITQcS’ states of the three compounds 
examined are estimated to fall in the range 1-5 X 

sec. These values compare favorably with 
average lifetimes of 1.5 -3.3 X sec which have 
been reported for the Slransl states of some substituted 
stilbenes.$’ The more tenuous assumptions that the 
quenching of the triplet state (eq 12) is also diffusion 
controlled and that k6 = k7 provide lower limits of’ the 
lifetimes of the T’ states which are of the same order 
of magnitude as those of the StTansl states. 

Registry No,-I (X = 0, trans), 1439-19-6; I (X 
= 0, cis), 18266-93-8; I (X = S, trans), 13640-78-3; 
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mediate vibrational states. I n  the equations which 
follow, singlet states are represented by S, the common 
twisted first triplet state by T’, and ground and 
excited levels by the superscripts 0 and 1, respectively. 
With the stated simplification, excitation of the cis- 
isomer ground state (SdcsO) is considered to lead directly 
to a twisted cisoid excited singlet state (S’). Excita- 
tion of the trans-isomer ground state (S,,,,,O) produces 
the singlet excited state SIranol ,  the conversion of which 
into S‘ is considered to be the activated process, With 
the three postulated excited states (SlranS1, S’, and T’), 
the minimum requirement imposed by the results is 
that Stransl and one of the other excited states are 
collisionally quenched to SITan>. In  view of the short 
lifetimes inferred for excited cisoid  configuration^,^^^^ 
deactivation of T‘ seems more realistic. The inter- 
system crossing s’ + T’, which is pictured to involve 
initial crossover to a second triplet level followed by 
internal conversion, can be expected to be very rapid.26 
The T’ and So potential curves intersect, but the 
changes T’ + Sllan> or S,,,O require a sizable conversion 
of electronic into vibrational energy and the vibrational 
overlap integrals are likely to be small. A lifetime of 
T’ comparable with that of Slransl is, therefore, not un- 
reasonable, and collisional quenching of the twisted 
triplet state T’ can be expected. Equation 7 reflects 

sciso ---f 8’ (3 ) 

Str-ns” + Strana’ (4 1 

Straw’ --j. Strans” (5 ) 

Scram’ + Stiom’ + hv’ (6 ) 

(7 1 

Straws1 + S‘ (8 )  

hu 

hv 

ki  

kz 

ka 
Strons‘ -t Strana’ + 2Stiam’ 

k4 

k6 
8’ + T‘ 

k8 

T‘ + SczaO (10) 

T’ * S t r a w 2  (11) 

(12) 

the fluorescence quenching results with 4-nitro-4‘- 
methoxystilbene.1° For the quenching of T’, only one 
reaction with Sttan: is included. Other reactions in- 
volving quenching by, and the formation of Scl?, 
may well occur, but the experimental data are not 
accurate enough to distinguish between the given 
mechanism and those which include such additional 
steps. This simple formulation may further be in- 
adequate in view of the “nearest neighbor” effects 
noted at high quencher concentrations.2y 

With application of the steady state approximation 
to the short-lived states and the assumption that the 
isomerization quantum yields are independent of the 
wavelength of irradiationjZ8 the mechanism leads to 

k? 

ka 
T‘ + Strons’ ---j. 2Sttws’ 

(26) P. Seybold and M. Gouterman, Chem. Rev., 66, 413 (1965); S. X. 

(27) P. J. Wagner, J. Amer. Chem. SOC., 89, 5715 (1967). 
(28) This holds rigorously for 4-nitro-4’-dimethylaminostilbeneg in cyclo- 

hexane and in benzene, and i s  approximately true for 4-nitro-4’-methoxy- 
atilbene“ in methyloyalohexane-deaalin and for stilbenes in n-hexane. 

Lower and M. A. El-Sayed, ibid., 66, 199 (1966). (29) Cf. ref 21a, pp 209, 244. 
(30) The viscosity of this solvent at 25’ is estimated as 30.5 mP from the 

data of H. F. Hipsher and P. H. Wise, J .  Amer. Chem. Sac., 76, 1747 (1954). 
(31) P. M. Shorygin and T. M. Ivanova, Soviet Phys. “Dolelady,” 8, 764 

(1958). 
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Institute of Science kindly supplied us with several of 
his manuscripts prior to publication. 

Appendix 
Photostationary State Composition with Irradiation 

at Several Wavelengths. Consider the photoisomer- 
ization A B brought about by light of several dis- 
crete frequencies vi, with both isomers showing ab- 
sorption at all these frequencies. In  this derivation, 
the quantum yields are assumed to be independent of 
the concentration. Let CA and CB be the molar con- 
centrations of A and B, respectively, a t  any time, and 
CAO and Cg0 the corresponding initial concentrations. 
Assuming that no side reactions occur, the total con- 
centration is Co = C A  + CB = CAo + Cg0. Other 
symbols are defined as follows, with the subscript i 
referring to the parameter a t  v ~ .  

XA 
XA- = mole fraction of A in the photostationary state 
+A; 
68, 
IT< 
Z O ~  = incident intensity (einstein/second) 
DTi 
V 

= CA/C~, mole fraction of A 

= quantum yield for the change A -+ B 
= quantum yield for the change B -L A 
= total light absorbed (einsteins/second) 

= the total optical density, which is equal to D A ~  + DB, 
= volume, in liters of solution receiving radiation 

CA, and CB, are the molar extinction coefficients 

Now IT; = IA; + I g I ,  the sum of the light absorbed by 
A and B, respectively. The latter quantities are 
clearly = DA,/DT+ and Ig; = DBJDT,. From 
Beer's law, IT, = Ios[l - exp(-2.3D~,)], which is 
equal to 10, when DT, is large at high substrate con- 
centrations. 

The rate of formation of A is given by eq 13. Equat- 

dt 
dXA 1 - =  co 7 = 7 [ $6nB,Io;Dni/DT, - ?~A&~DAI/DTV] (13) 

ing this rate to zero at the stationary state, and de- 
fining the optical densities in the usual manner (e.g., 
DA; EA,CAI, where I is the path lepgth), relative 
intensities by uj = Io5/Io,, and the difference in extinc- 
tion Coefficients as Ae, = BA, - t ~ , ,  we finally obtain 

&eBl6Bl/(eBi + XAmi\€i) 
(14) i 

xA" = ?ae(eA&AAa f €BibBBl)/(eBf + X A m k )  

This equation can, in principle, be solved for X A ~  
with the boundary condition 0 < X A ~  < 1. It shows 
that, if light absorption is complete at every frequency, 
XA- remains independent of the total concentration, 
Co. Concentration dependence appears when there 
is only fractional light absorption at some frequencies, 
If, however, there is partial light absorption at every 
frequency such that the approximation 1 - exp(--2.3- 
DT,) = 2 . 3 0 ~ ~  holds, eq 14 becomes 

IEaremlmi 

Z U ~ ( ~ A S $ A ~  D + C B , ~ B , )  
(15) 

With monochromatic irradiation, eq 14 and 15 reduce 
to X A -  = ~ ~ $ B / ( E A ~ A  + E&B), which is identical 
with eq 6 given in the appendix of Malkin and Fischer's 
paper.a2 

i XAm 

(32) 8. Malkin and E. Fisoher, J .  Phw. Chem., 66, 2482 (1962). 
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The infrared and ultraviolet spectral properties of (CH3)zN(CH2),C~H&OOCHa (n = 1-4) were studied to 
determine the presence of intramolecular interactions between the nonbonded nitrogen electrons and the K 
system of the aromatic rings (ie., back-bonding). The results show that such interactions do not contribute to 
either the ground or excited states, Kinetic data on the basic hydrolysis of the four esters likewise demonstrate 
the absence of nonconjugative orbital overlap. In the second portion of the paper we determine how the rate 
of alkaline hydrolysis of (CH&N +(CHz),C,H4COOCHa varies with the value of n. The compounds possess a 
quaternary nitrogen, a powerful electron-withdrawing group, and an ester functionality whose hydrolysis rate 
is sensitive to polar effects. The data are compared with Kirkwood-Westheimer calculations using spherical 
and ellipsoidal cavities. Hammett up constants are reported for the (CH&N(CH& and (CH&N '(CHZ), 
groups where n = 1-4. 

Intramolecular interaction between a carbonyl carbon 
and nonbonded amino nitrogen electrons (as occurs in 
compound A) is well known.2 Sheppard3 has proposed 

0 

CHa 
A B 

a similar type of interaction in benzotrifluoride (B) 
between a nonbonded pair of electrons on fluorine 

(1) National D'efense Eduoation Act Predoctoral Fellow. 
(2) N. J. Leonard;Rec. Chem. Proor., 17, 243 (1956). 
(3) W. A. Sheppard, J .  Amer. Chem. Soo., 87, 2410 (1965). 

and the n system. Subsequent w ~ r k , * ~ ~  however, has 
shown that such back-bonding is of no importance in 
the case of benzotrifluoride. Qne of several argu- 
ments used against the back-bonding concept is that 
there is no analogy suggesting that this effect can be 
~ignificant.~ In the present paper we examine a 
series of methyl p-(N,N-dimethylaminoalkyl) benzo- 
ates (C, n = 1-4) for the presence of p-n overlap. 

C, n 3 1-4 
Back-bonding effects are much more likely in this set 
of compounds than in benzotrifluoride. The p 

(4) M. J. 9. Dewar and A. P. Marohand, ibid., 88, 354 (1966). 
(5) F. W. Baker, R. C. Parish, and L. M. Stock, ibid., 89, 5677 (1967). 


