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Trans - Cis Photdsomerizatlon, Fluorescence, and Relaxation Phenomena of 
trans-4-Wltro-4’-(diakylamlno)stilbenes and Analogues with a Nonrotatable Amino 
Groupt 

Henry Gruen* and Helmut Gorner* 
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The steady-state fluorescence properties of five 4-nitro-4’-aminostilbenes (4-nitro-4’-aminostilbene (1); 4-nitro-4’-(di- 
methy1amino)stilbene (2); 4-nitro-4’-(diethylamino)stilbene (3); and 1-(4-nitrophenyl)-2-(2,3-dihydro-N-R-indol-5-yl)ethylene, 
R = H (4) and R = CH3 (5)) were studied in various solvents and as a function of temperature. The quantum yield of 
fluorescence for the trans isomer (Of), the Stokes shift, and the quantum yield of trans - cis photoisomerization (aI,) depend 
markedly on the nature of the solvent. When the polarity is increased, the Stokes shift increases, O,, decreases strongly, 
and aPr at first rises and then also decreases strongly. The five trans isomers show similar effects of solvent polarity and, 
generally, only small differences for a given solvent. This shows that the reduction in in solvents of moderate and higher 
polarity is not caused by deactivation of the first excited trans singlet state (It*) via rotation of the dialkylamino group since 
in 4 and 5 it cannot rotate whereas in 1-3 it can. Activation energies in m-xylene, toluene, and dioxane, obtained from a,- 
(range: 7-1 3 kcal/mol) and from Of measurements (3-4 kcal/mol), differ significantly. It is concluded that the substantial 
decrease of a,, on going from nonpolar to slightly polar solvents is due (i) to relaxation to the trans ground state of a transoid 
excited state (A*) that is not identical with the solvent-relaxed spectroscopic It* state and (ii) to the presence of an energy 
barrier along the pathway of trans -. cis photoisomerization (following the step It* - A*), which cannot be overcome in 
more polar solvents. 

Introduction 
It has recently been shown that the direct cis * trans photo- 

isomerization of 4-cyano-4‘-(dimethylamino)stilbene (CDMAS) 
occurs by twisting about the central double bond in singlet states.’ 
The quantum yields of fluorescence for the trans isomer, and of 
trans - cis and cis - trans photoisomerization (CPf, CP,, and 

respectively) are substantial for CDMAS at  room tem- 
perature and are little influenced by the polarity of the solvent.* 
Steady-statez and time-resolved’ measurements did not indicate 
the involvement of a fluorescing twisted intramolecular charge- 
transfer (TICT) state. On the other hand, relaxation of excited 
trans-CDMAS via a TICT state has recently been 

When the cyano group is replaced by the nitro group, CPt* 
decreases drastically with increasing solvent polarity.6-” 
trans-4-Nitro-4’-(dimethylamino)stilbene (trans-2), the nitro 
analogue of trans-CDMAS, has been the subject of numerous 
investigations.6-18 Over 30 years ago, Lippert and his group 
demonstrated that the large dipole moment of trans-2 in the 
excited singlet state gives rise to an extremely large Stokes red 
shift.I3-l5 For 4-nitro-4’-aminostilbene (1) and 2, Schulte-Froh- 
linde first proposed that the triplet state is involved in the trans - cis photoisomerization.6 Fischer and co-workers have added 
to the knowledge about 2 by investigating the effect of temperature 
on a,,, and A mixed singlet-triplet mechanism for the 
trans - cis photoisomerization has been advanced for 2 and 
4-nitro-4’-(diethylamino)stilbene (3) in nonpolar solventsI0 and 
a ”double activated mechanism” for 2 in toluene solution]’ (see 
also Discussion). In order to account for the small at+ values 
of 2 in polar solvents, it has been proposed that internal conversion 
not involving twisting about the central double bond should be 
~ignif icant .~ The question arises as to the origin of this internal 
conversion step. One conceivable possibility would be a rotation 
of the dimethylamino group into a highly twisted conformation 
(perpendicular relative to the phenyl ring). 

This work aims at illuminating the effect of solvent polarity 
on the deactivation channels of the excited trans singlet state (It*) 
of push-pull compounds like 4-nitro-4’-(dialkylamino)stiIbenes. 
Since nothing is known about Of of 1 and 3, and only little about 
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the effect of environment on CPf of a systematic study appeared 
to us to be desirable. For comparison and in order to probe for 
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possible involvement of a TICT analogues of trans-2, 
in which the alkylamino component is part of a "stiff" dihydro- 
indole ring (trans-4 and trans-5), were synthesized and investi- 
gated. 

The Stokes shift and values for af and at- are presented for 
trans-1-trans-5 in various solvents and as a function of temper- 
ature. The character of the absorption and emission spectra, the 
magnitude of af, and its temperature dependence give no evidence 
for the involvement of an additional fluorescing state (e.g., a TICT 

The effect of solvent polarity on the deactivation pathways of 
excited trans-4-nitro-4'-(dialkylamino)stilbenes will be discussed. 

Experimental Section 
Apparatus and Procedure. The corrected emission spectra were 

recorded on a Spex Fluorolog that was equipped with a photon- 
counting detection system using a photomultiplier (RCA C3 1034) 
and a unit that corrects for the spectral sensitivity of the photo- 
multiplier and the lamp.21 af values were determined with either 
9,lO-diphenylanthracene (af = 0.9) or rhodamine 101 (@f = 1.0) 
both in argon-saturated ethanol a t  24 OC as standardsZZ and the 
same absorbance at bXc, typically 0.2-0.4. Corrections were made 
for the temperature dependence of the extinction coefficient. A 
correction of af for the refractive index of the solvents did not 
seem necessary in view of the magnitude of this effect relative 
to that of the change in solvent polarity. In nonpolar solvents 
where trans - cis photoisomerization could contribute, the samples 
were irradiated for the shortest periods possible (the conversion 
was less than 10%). The experimental error of small af values 
is typically f30% and &IO% for Of 1 0.2. The effect of oxygen 
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state) for the three stilbenes and the two "stiffened" compounds. 
:; 

0 '  I ... I/ I 

30 2 5  20 15 

t--- V ~ ~ O - ~  Icm") 
Figure I .  Absorption, fluorescence excitation, and corresponding emis- 
sion spectra (dotted, dashed, and full lines, respectively) of trans-1 (a) 
in toluene and (b) in n-pentane and emission of trans-1 (c) in MTHF. 
Conditions: 24 OC*  xexc = 366 n m ~  as in I. 

on af was measured by monitoring the intensity (If) on a Per- 
kin-Elmer Model LS-5 spectrofluorometer and repeated purging 
with argon and oxygen; it was found that If(02)/If(Ar) equals 

The absorption spectra were recorded on a spectrophotometer 
(Perkin-Elmer, Model 554). For at- measurements, a 1000-W 
high-pressure xenon-mercury lamp and a monochromator 
(Schoeffel; bandwidth 12 nm) were used. The incident light 
intensity was measured either by the Aberchrome 540 actinom- 
eterZ3 or by comparison of a,,, for 4-nitrostilbene in benzene.24 
All solutions (typical concentration, 40 pM) were purged with 
argon, and the procedure for determination of at, values was 
the same as described elsewhere:',2J0 error f20% for a,, 2 0.1 
and &40% for the smaller values. In general, the samples were 
freshly dissolved and handled under red light. 

Materials. Trans isomers of 1 and 2 were prepared and purified 
as previously reported: and trans-3 was prepared by an analogous 
method. (If not indicated otherwise, 1-5 denote the trans isomers.) 
The precursors of 4 and 5, 5-formylindoline and l-methyl-5- 
formylindoline, respectively, were synthesized as follows. The 
latter compound was prepared by a Vilsmaier-formylation reaction; 
a known procedure25 was followed, but a lower ratio of phosphorus 

ado,) /@dAr). 
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oxychloride (0.15 M) to 1-methylindoline (0.135 M) was em- 
ployed. The reaction product, containing the mono- and di- 
formylindolines as well as other unknown compounds, was purified 
by column chromatography on basic alumina with a mixture of 
cyclohexane-ethyl acetate (7:3) as eluent. The first fractions were 
recrystallized from a mixture of cyclohexane-isooctane (20:l) to 
yield almost colorless fine needles (mp 37-39 OC; purity by GC 
analysis 99.5%). TLC on silica gel with the former solvent mixture 
showed a single yellow band. Absence of diformylindoline was 
indicated by comparison with a fraction isolated in the chroma- 
tography and shown to be a dialdehyde.26 5-Formylindoline was 
obtained by a Fries rearrangement of 1 -formylindoline in the 
presence of phosphorus oxychloride as described for homologous 
compounds.2s The M S  and N M R  data, as well as IR and UV 
absorption spectra, are consistent with the assigned structures. 

Compounds 4 and 5 were prepared by the method of Pfeiffer26 
but in chlorobenzene as solvent. 1-Methyl-5-formylindoline (3 
g), 4-nitrophenylacetic acid (3.5 g), piperidine (1 mL, dried over 
CaCI2), and chlorobenzene (15 mL) were heated to 136-140 OC, 
maintained at  this temperature for 1-2 h, and then allowed to 
crystallize. The precipitate was filtered off, washed with chlo- 
robenzene followed by cyclohexane, and subsequently dried. A 
second fraction could be isolated on prolonged standing (yield of 
the combined fractions, 40%). The reaction product was re- 
crystallized several times from ethanol. The clusters of rectangular 
crystals rearranged to needles a t  172-176 OC and melted at  
180-181 OC (uncorrected) (purity by GC analysis 98%). TLC 
on silica gel with cyclohexane-ethyl acetate (7:3) showed only 
one spot. Compound 4 was synthesized in an analogous fashion 
(35% yield). The recrystallized product also showed a solid-state 
structural change between 174 and 176 "C and melted at 182-184 
"C. 

The structures assigned to compounds 4 and 5 were confirmed 
by MS, NMR, IR, and UV-vis spectra. The integrity of the 
indoline ring in 4 and 5 is supported by the reaction with 2,3- 
dichloro-5,6-dicyanobenzoquinone as oxidant. Facile hydrogen 
transfer occurs in dioxane with formation of the corresponding 

(25) (a) Terent'ev, A. P.; Ban-Lun, G.; Preobrazhenskaya, M. N. J .  Gen. 
(b) German Patent No. Chem. USSR (Engl.  Transl.) 1962, 32, 1311. 

645880, 1937. 
(26) Pfeiffer, P. Ber. Dfsch. Chem. Ges. 1915, 48, 1796. 
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TABLE I: Maxima of Absorption and Fluorescence Spectra' 
A,, nm A,b nm 

solvent 1 2 3 4 5 1 2 3 4 5 
n-pentane' 

cyclohexaneC 

carbon tetrachloride 
m-xylene 
di-n-butyl ether 
toluene 

benzene 
diethyl ether 
dioxane 
MTHF 

TH F 
acetic acid ethyl ester 
chloroform 
dichloromethane 
acetone 
DMF 
acetonitrile 
ethanol 

370 

380 

390 
398 
398 
399 

398 
402 
404 
410 

41 1 
406 
399 
400 
410 
412 
406 
404 

(402) 

41 1 

(412) 
417 

(418) 
423 
428 
428 
428 

(429) 
429 
422 
424 
425 

426 
424 
434 
435 
433 
440 
435 
428 

418 

(420) 
427 

429 
434 

438 

439 
430 
434 
438 

442 
434 
447 
447 
44 1 
440 

432 

400 

(403) 
408 

(408) 
412 
419 

426 
(424) 
424 
418 
422 
430 

423 

410 

(413)d 
420 

(419)d 
426 
430 
432 
433 

437 
428 
432 
436 

435 
428 
438 
439 
433 
445 
432 
426 

(435)d 

440 
460 
490 sh 

445 
468 
500 sh 

514 
544 
556 
554 

558 
590 
598 
633 

647 
648 
682 
694 
740 
830 

>850 
>850 
[5901 

[5821 

465 470 470 485 
490 
520 sh 

470 
502 
535 sh 

548 
570 
562 
583 

596 
602 
620 
655 

670 
674 
735 
770 
8 00 
850 

>850 
>850 
[5901 

~5861 

502 
532 

478 
509 
545 

556 
580 

589 

595 
602 
62 1 
658 

[6021 
670 
680 
785 
820 
830 

>830 
>850 
>850 
[bo51 

493 
515 

475 
504 
5 40 

559 
590 
585 
600 

607 
635 
630 
677 

696 
702 

770 

~ 9 1  

515 
545 sh 

495 
525 
560 

578 
605 
590 
619 

627 
640 
660 
695 

[620Ic 
725 
720 
770 
850 

>850 
>850 
>850 
>850 
[620Ie 

' In argon-saturated solutions at 24 OC. No deviations were found in the presence of air. bCorrected fluorescence emission maximum: A,, = 366 
nm. No difference was found in nonpolar and slightly polar solvents when excited within f 1 0  nm of A, [for observation of a second emission for 4 
and 5 (E,(30) > 36 kcal/mol), see text]. cData for 1-3 are taken from ref 10. dValues in parentheses refer to the corrected fluorescence excitation 
maximum. CValues in brackets refer to -196 OC. 

2,3-dichloro-5,6-dicyanohydroquinone and indoles, e.g., 1-(4- 
nitrophenyl)-2-(5-N-methylindolyl)ethylene (6). Additional ev- 
idence for the presence of an N H  group in 4 is provided by ready 
formation of an acetyl derivative with a strongly reduced 
fluorescence. 

9,lO-Diphenylanthracene (EGA) and rhodamine 101 (Lambda 
Physik) were used as received. Solvents (Merck or Aldrich) were 
spectrograde, e.g., glycerol triacetate (GT), Uvasol (acetone, 
acetonitrile), and Gold Label [benzene, dimethylformamide 
(DMF)], purified by distillation [methylcyclohexane (MCH), 
toluene, 2-methyltetrahydrofuran (MTHF; free of peroxides), 
m-xylene], or purified by chromatography [tetrahydrofuran 
(THF), chloroform] and checked for absorbing or fluorescing 
impurities. 

Results 
Absorption and Fluorescence Spectra. Absorption, fluorescence 

excitation, and emission spectra for trans-1 and trans-5 in n- 
pentane and toluene solutions at  room temperature are shown in 
Figures 1 and 2. The corrected fluorescence excitation spectrum 
and the absorption spectrum of 5 coincide in n-pentane and dearly 
so for 1 and 5 in toluene. Similar results were found for 2-4 in 
these solvents. The fluorescence spectra show some structure only 
in nonpolarizable solvents, e.g., cyclohexane and n-pentane, and 
they are red-shifted on going t o  toluene and 2-methyltetra- 
hydrofuran (MTHF). 

The maxima of the absorption and fluorescence spectra (X, and 
AI, respectively) are listed in Table I. The pattern of a red shift 
of A, for trans-2 and an even larger Stokes shift on going to more 
polar (or polarizable) solvents is in good agreement with previous 
data from Lippert et al.I3-l5 Generally, the spectra in a given 
solvent are similar for the five trans isomers (Table I). Values 
for X, increase slightly and those for XF moderately in the sequence 
1 ,  2, and 3. A small red shift of X, on going from 1 to 4 and from 
2 to 5 is in accord with enhanced *-electron delocalization in the 
ground and excited singlet states of the compound with nonro- 
tatable dialkylamino groups ( 4  and 5 ) .  

The dependence of the Stokes shift (t, - tf) on the solvent 
polarity is illustrated in Figure 3 for 1, 2, and 5.  When the 

U 
25 20 15 - ~ ~ 1 0 - ~ ( ~ ~ - ~ )  

Figure 2. Absorption, fluorescence excitation, and corresponding emis- 
sion spectra (dotted, dashed, and full lines, respectively) of trans-5 (a) 
in toluene and (b) in n-pentane and emission of trans-1 (c) in MTHF. 
Conditions: 24 ' C ,  A,,, = 366 nm, AI as in Table I. 

empirical Dimroth parameter [Ed30)] ,  used as a measure for 
the solvent polarity,2' was increased, t, - tf increases almost linearly 
for the five compounds in the range between 30 and approximately 
44 kcal/mol. The plot may extend even above E d 3 0 )  = 44 
kcal/mol (tf values smaller than 11 800 cm-' could not be mea- 

(27) (a) Reichardt, C. Angew. Chem., Int. Ed. Engl. 1979, 18, 98. (b) 
Cowley, D. J.; Healy, P. J. J. Chem. SOC., Perkin Trans. 2 1979, 484. 
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30 35 LO L5 
ET(301 Ikca l lmol l  

Figure 3. Stokes shift plotted vs the Ed30) polarity parameter for 
trans-1 (squares), rrans-2 (circles), and t rans4  (triangles) in solution at 
24 OC. For rrans-CDMAS (dashed line) see ref 2. 

sured under our conditions). Despite some scatter, the slopes of 
these dependences are similar. Data in Figure 3 show a trend 
to a larger Stokes shift for 5 as compared to that of 2. Inter- 
estingly, the larger If values for 1 are essentially compensated by 
larger I, values. For comparison, the Stokes shift is also shown 
for the cyano analogue trans-CDMAS;2 this slope is markedly 
smaller than for the five nitrostilbenes. 

The fluorescence spectra of 1-3 in toluene and MTHF solutions 
are independent of the wavelength of excitation (e.g., &, between 
366 and 490 nm for 2). For 4 and 5 in MTHF, only one 
fluorescence band was found on excitation at  the long-wavelength 
part (A,,, = 490 nm). However, on excitation at  shorter wave- 
lengths (A,,, between 313 and 436 nm), a second 10-fold weaker 
emission band was observed (e.g., around 560 nm for 5). This 
fluorescence is to be attributed to compound trans-6 as an impurity 
in 5. The “impurity” fluorescence could only be observed for 5 
(and to a smaller degree for 4) in solvents of medium polarity 
(ET(30) = 36-42 kcal/mol). The emission spectra of 1-3 do not 
provide evidence for a “growing in” of a second fluorescence 
component (especially a t  longer wavelengths) on increasing the 
solvent polarity. For example, in toluene and benzene at ambient 
temperature there is no discernible indication of a second emission 
band in the 640-850-nm region. In more polar solvents (e.g., DMF 
or acetonitrile), the fluorescence intensity at X > 850 nm was too 
weak to be analyzed. For 2 and 5, it was checked whether or not 
the width of the fluorescence band exhibits an unusual effect a t  
room temperature. Generally, the bandwidth is slightly larger 
for 2 than for 5, but no marked difference was found in solvents 
of small and large polarity. 

In MTHF and ethanol at -196 OC, Xf is blue-shifted compared 
to fluid media (Figure 4 and Table I); this effect was also found 
for 2 in glassy glycerol triacetate (GT) at  -75 “C (Af = 590 nm). 
A blue shift of Xf on increasing the solvent viscosity has often been 
observed, especially for molecules with a large Stokes ~ h i f t . ~ * ’ ~ * ~ *  
The temperature dependence of If is illustrated in Figure 4 for 
1, 2, and 5 in MTHF. On cooling, lf first decreases but then 
increases significantly below -1 50 OC, where the viscosity increases 
by about 10 orders of magnitude.2g A similar behaviour has been 

~~ ~~ 

(28) Stegemeyer, H. Ber. Bunsen-Ges. Phys. Chem. 1968, 72,  335. 
(29) Fischer, G.; Fischer, E. Mol. Photochem. 1977, 8, 279. 
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L 6 8 12 

1 0 3 1 ~ 1 ~ - 1 1  - 
Figure 4. Temperature dependence of the fluorescence maximum of 
trans-1 (squares), trans-2 (circles), and trans-5 (triangles) in MTHF: 
A,,, = 366 nm. 

TABLE II: Quantum Yield of Fluorescencea 
ETW, @f 

solvent kcal/mol 1 2 3 4 S 

n-pentane 
cyclohexaneb 
MCH 
carbon 

tetrachloride 
m - x y I e n e 
di-n-butyl ether 
toluene’ 
benzene‘ 
diethyl ether 
dioxane 
MTHFd 
THF 
acetic acid ethyl 

ester 
chloroform 
dichloromethane 
acetone 
DMF 
acetonitrile 

0.004 
31.2 0.002 

0.002 
32.5 0.2 

33.3 0.37 
33.4 0.36 
33.9 0.42 
34.5 0.48 
34.6 0.47 
36.0 0.38 
36.5 0.22 
37.4 0.17 
38.1 0.15 

39.1 0.05 
41.1 0.038 
42.2 0.006 
43.8 0.002 
46.0 <0.002 

0.14 0.28 0.12 0.38 
0.33 0.34 0.20 0.40 
0.30 0.36 0.3 0.2 
0.4 0.5 0.4 0.5 

0.55 0.53 0.50 0.55 
0.54 0.52 0.52 0.54 
0.53 0.50 0.45 0.40 
0.53 0.54 0.46 0.40 
0.55 0.60 0.33 0.45 
0.32 0.55 0.25 0.35 
0.15 0.22 0.08 0.12 
0.11 0.15 0.04 0.05 
0.06 0.11 0.03 0.03 

0.018 0.023 0.015 
0.008 0.014 <0.01 0.010 
0.005 <0.005 0.005 
0.002 <0.002 <0.002 

<0.002 <0.002 

‘At 24 f 2 OC. Measured in argon-saturated solutions [or in air-satu- 
rated solutions and corrected for the presence of oxygen using the a,- 
(Ar)/@r(air) ratio]. A,,, = 366 nm unless indicated otherwise. bData for 
1-3 are taken from ref 10. CWithin &lo%, the same values were obtained 
with Lc = 436 nm for 2,4, and 5. Within experimental error (&20%), the 
same values were obtained with A,,, = 405 nm for 1 and 436 nm for 2-5. 

found for the cyano analogue CDMASe2 
Quantum Yield of Fluorescence. ar values for the five trans 

isomers in various solvents at room temperature are listed in Table 
11. The data reveal a significant dependence on solvent properties, 
specifically on E,(30). For 1, af increases strongly from 0.002 
in cyclohexane to 0.42 in toluene while for 2-5 it increases only 
slightly, starting from 0.12 (and 0.14) for 4 (and 2) in n-pentane. 
For all five compounds, af reaches maximum values of 0.4-0.60 
in slightly polar (or polarizable) solvents (Ed30) between 33 and 
36 kcal/mol). On E,(30) being increased further, Qr decreases 
roughly exponentially over a range of 3 orders of magnitude 
(Figures 5 and 6) .  ar values smaller than 0.05, showing only little 
dependence on the structure, were found in solvents with E,(30) 
= 39-46 kcal/mol (Table 11). 

Basically, af values for 4 and 5 a t  room temperature show a 
solvent dependence similar to that for 1-3 (Table 11). In other 
words, a common trend for af, except for minor deviations, was 
observed both for the stilbenes with a “free” dialkylamino group 
and those in which rotation is prevented. To mention one devi- 
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Figure 5. Semilogarithmic plot of af vs E7(30) for rrans-1 (squares) and 
trans-5 (triangles) in argon-saturated solutions at 24 OC: A,, = 366 nm 
[Ed30) = 30.5 kcal/mol was assumed for n-pentane]. 
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Figure 6. Semilogarithmic plot of af (open circles) and at- (filled 
circles) vs E7(30) for 2 in argon-saturated solutions at 24 OC; A, = 366 
nm. 

ation, ar is smaller for 5 than for 2 in more polar solvents (Ed30) 
> 38 kcal/mol), whereas the opposite was found in nonpolar 
solvents. 

In the presence of oxygen, the fluorescence spectrum is not 
changed but 31 decreases to varying degrees. The oxygen effect 
was measured by comparing deoxygenated with oxygen-saturated 
solutions (@dAr) and @doz), respectively). In solvents in which 
af is large (10.4), the ratio @f(Ar)/@f(02) was found to be ap- 

TABLE III: Temperature Dependence of af in Several Solvents” 

solvent OC 1 2 3 4 5 
MCH 95 <0.002 0.09 0.10 0.08 0.06 

24 <0.002 0.30 0.36 0.3 0.7 
-60 <0.01 0.62 0.76 0.7 

-50 0.6 0.65 0.6 

temp, 

n-pentane 24 0.004 0.14 0.28 0.12 0.38 

m-xylene 95 0.1 0.08 0.1 0.12 
24 0.37 0.55 0.53 0.50 0.55 

toluene 95 0.13 0.26 0.2 0.2 0.16 
24 0.42 0.53 0.50 0.45 0.40 

-50 0.64 0.69 0.59 
dioxane 95 0.05 0.03 

24 0.38 0.32 0.55 0.925 0.12 
MTHF 24 0.22 0.15 0.22 0.08 0.12 

GT 24 0.02 0.035 0.01 0.01 

ethanol 24 <0.002 <0.002 <0.002 <0.002 <0.002) 

‘In argon-saturated solution: A,,, = 366 nm. 

-196 0.3 0.3 0.2 0.3 0.4 

-7 5 0.25 0.3 0.2 

-196 0.1 0.3 0.2 - t ( O C )  
100 50 0 - 30 

1 
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0.2 

0.1 

0.0: 

I I I [  

3.0 3.5 4.0 

Figure 7. Semilogarithmic plot of af (open symbols) and 0,- (filled 
symbols) vs T1 for 1 (squares) and 5 (triangles) in argon-saturated 
toluene: A,,, = 366 nm. 

proximately 1.3-1.4 and in other cases correspondingly smaller. 
The temperature dependence of ar also shows the same trend 

for the five trans isomers (Table 111). In all solvents used, ar 
increases on going to lower temperatures. The decrease of ar on 
going above room temperature was measured in several solvents 
of small polarity (Table 111). A plot of log ar vs TI is shown 
for 1 and 5 in toluene (Figure 7) .  Such semilogarithmic plots 
of ar vs TI are smooth curves without a minimum. The activation 
energy (E,) was calculated from eq 1. Here, k f  is the rate constant 

In [at’ - (@rmax)-l] = In (A,/kf) - E, /RT (1) 

for fluorescence and A, is the preexponential factor. (Alternatively, 
E, can be obtained from the linear part of log Gr vs TI at higher 
temperatures.) E, is given in Table IV for several cases. In polar 
solvents, E, is generally small or zero. The changes of ar in G T  
and ethanol (Table 111) are essentially attributed to a viscosity 
effect. Even in glassy MTHF and ethanol, ar is far from unity, 
indicating a radiationless deactivation step not involving rotation 
around the C=C double bond. 

Quantum Yield of Trans - Cis Photoisomerization. Values 
for a t  room temperature and the percentage of cis in the 
photostationary state [(% cis),] are listed in Table V. For the 
five trans isomers, 9,- is substantial in n-pentane and cyclohexane; 
it decreases strongly for 1-5 on going to m-xylene, toluene, 

I O ~ / T ( K - ’ )  - 
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TABLE I V  Activation Energies from 0, and 0, Measurements" 
temp temp 

Et,, range, OC E,, range, OC 

in at, by 2 orders of magnitude, is illustrated in Figure 6 for 
2. For this nitrostilbene, it has already been shown that @-,, in 
contrast to a,, is almost independent of the solvent polarity.6s7J0 
The similarity of and (% cis), for the five isomers in a given 

compd solvent high low kcal/mol high low kcal/mol solvent indicates that, for 4 and 5 too, a,, is only slightly affected 
26 
2 b  
36 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
2 
1 
2 
3 
4 
5 
2 
5 

n-pentane 
MCH 

m-xylene 

toluene 

benzene 
dioxane 

MTHF 
MTHF 

+24 -70 
+90 0 4 +24 -60 
+90 0 4 +24 -40 
+90 0 4 +24 -40 
+90 0 4 +24 -40 

+95 +24 
+95 +24 4 +95 +24 

+95 +24 
+95 +24 

+95 +24 4 +85 +24 
+95 -50 4.4 +95 -30 
+95 -50 <4 +95 0 
+95 -50 <4 +95 0 
+95 -50 <4 +95 +24 
+95 -50 3.7 +95 +24 
+75 +24 <3 +70 +24 

+90 +24 
+90 +24 4 +90 +24 

+95 +24 
+90 +24 
+90 +24 

+24 -100 <1  
+24 -100 <1 

4 
4 
4 
4.5 
5 
7 
9.5 
9 
9 

12 
6.4( 

10.5 
9 

10 
1 3c 
10 
10 
13 
12 

>12 
14 

by the nature of the solvent (Table V). As a result of the changes 
in 3, rather than @-, the position of the photostationary state 
is shifted from approximately 65-75% cis to <1% cis on increasing 
the solvent polarity. All attempts to find polar environments (e.g., 
a t  high temperatures) with at, values larger than 0.01 failed; 
for example, 3, is smaller than this limit for 1 and 2 in D M F  
even at  100 "C. 

The temperature dependence of 9,- was studied in two non- 
polar solvents and three solvents of moderate polarity (ET( 30) 
= 33-36 kcal/mol). Data presented in Tables IV and VI show 
the following: (i) 3, increases with increasing temperature. (ii) 
The position of the photostationary state a t  high temperatures 
is correspondingly shifted to the cis side, indicating that is 
only weakly temperature dependent. (iii) At lower temperatures, 
log at% depends almost linearly on TI and levels off a t  high 
temperatures (Figure 7) .  (iv) The activation energy (E,%), ob- 
tained from the Arrhenius plot of @,, at  low temperatures, 
increases in the order saturated hydrocarbons, m-xylene, toluene, 
and dioxane (experimental error *15%). (v) The E,, values in 
a given solvent show an increasing trend in the order 1, 2 (-3, 
-4), and 5 (Table IV). 

" Obtained from experimental data partially presented in Tables 111, 
V. and VI. The experimental error for the activation energies is t v d -  Discussion 

The structures of the nitrostilbenes under examination differ 
by virtue of the fact that for 1-3 the dialkylamino group can rotate 

cally f15W. bTakdn from ref 10. ' E ,  from eq 6 is N 4 i d  11 f& 1 
and 5 in toluene, respectively. 

almost freely about the single bond to the phenyl ring whereas 
this is impossible in 4 and 5 since the dialkylamino group is part 
of the indoline ring. A marked increase in Of would be expected 
on going from 1 to 4 or from 2 to 5 if this rotation mode would 

benzene, and dioxane; and it becomes practically zero in solvents 
of moderate or strong polarity (e.g., dichloromethane, DMF, 
acetonitrile) and in alcohols. This dependence on Ed30) ,  a change 

TABLE V: Quantum Yield of Trans - Cis Photoisomerization and Position of the Photostationary State" 
0t-C (% cis), 

solvent 1 2 3 4 5 1 2 3 4 5 
n-pentane 0.4 0.25 0.16 0.25 0.28 75 72 65 70 72 
cyclohexane 0.45 0.28 0.18 0.25 0.25 76 70 60 70 68 
carbon tetrachlorideb 0.4 0.2 0.2 0.3 0.25 >60 >50 >50 >60 >60 
m-xylene 0.15 0.038 0.03 0.04 0.013 55 19 10 20 8 
toluene 0.11 0.035 0.02 0.02 0.01 1 48 17 10 18 6 
benzene 0.1 0.02 <0.01 <0.005 <0.01 45 10 <5 <5 <5 
dioxane 0.02 0.008 0.006 <0.004 <0.003 18 2 <2 <2 <2 
MTHF 0.004 <0.5 
GT < o m 2  <0.5 
ethanol <0.001 <0.001 <o. 1 <o. 1 

" In argon-saturated solutions at 24 OC: Xi, = 436 nm unless otherwise indicated. 1 in nonpolar solvents: Xi,, = 366 nm. b A  decomposition was 
observed on prolonged irradiation. 

TABLE VI: Temperature Dependence of 0, and Position of the Photostationan State in Several Solvents" 
*t-c (% cis), 

solvent temp, "C 1 2 3 4 5 2 5 
MCH 95 0.5 >0.35 0.3 0.36 0.38 75 78 

24 0.45 0.28 0.20 0.2 0.15 70 60 
-50 0.4 0.05 

m-xylene 95 0.45 0.4 
70 0.4 0.2 
24 0.1 0.038 

toluene 95 0.40 0.35 
50 0.25 0.18 
0 0.05 0.008 

-20 0.015 0.004 
benzene 75 0.33 

24 0.02 
dioxane 95 0.25 0.22 

70 0.17 0.062 
24 0.02 0.008 

24 <0.002 <0.002 
DMF 100 <0.01 <0.01 

" In argon-satured solutions: A,,, = 436 nm unless indicated otherwise. 

0.03 0.008 
0.33 0.35 
0.13 . 0.25 
0.2 0.3 
0.36 0.38 
0.13 0.15 
0.005 

0.23 0.065 
0.08 0.022 
0.006 <0.004 

<0.01 
0.35 
0.25 
0.25 
0.35 
0.06 

<0.005 

0.13 
0.06 

<0.003 

20 
75 
60 
19 
70 
55 

2 
<1 
60 
10 
55 
15 
2 

<2 

1 in MCH: A,,, = 366 nm. 

<5 
70 
60 

8 
70 
20 
<2  

60 
16 

<2 
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play a role. However, such a trend was not found. Except for 
nonpolar solvents, af is even smaller for the rigid isomer 5 than 
for the flexible one ( 2 )  (Table 11). This excludes rotation of the 
dialkylamino group as a significant mode for dissipation of energy 
after population of the It* state. 

Fluorescence Properties. The first step after excitation into 
the Frank-Condon state of the trans configuration (It*’) is a 
solvent-solute relaxation. This leads to rapid population of the 
It* state from which the fluorescence occurs. The Stokes shift, 
as a measure of the energy difference between It*’ and It*, ranges 
from (4-5) x 1 O3 cm-’ in nonpolar solvents a t  room temperature 
to more than 1.1 X 1 O4 cm-’ in polar solvents. A picosecond study 
could improve the understanding of the rearrangement dynamics 
of excited trans-(dialky1amino)stilbenes. At present, time-resolved 
rearrangement studies have mainly been reported for the parent 
stilbene.30 

Plots of the Stokes shift against the polarity parameter for 
compounds 1 , 2 ,  and 5 (Figure 3 )  show an almost linear depen- 
dence and only slight scatter, supporting the hypothesis of a 
common emitting state for all five isomers with very similar dipole 
moments. The Stokes shift is markedly reduced in rigid media 
(see Figure 4 and Table I). This is a result of the well-known 
effect of viscosity on the solutesolvent rearrangement,2*’53 leading 
to a smaller lowering of the level of It* and virtually no polarity 
effect. 

The characteristic solvent dependence of ar at room temperature 
(Figures 5 and 6 and Table 11) is due to the relaxation steps 
competing with fluorescence (see below). The temperature de- 
pendence of af can be expressed by eq 2, which implies that there 

(2) 
k f  

9f = 
kr + ko + A,  exp(-E,,/RT) 

is one activated and at  least one nonactivated decay step in 
competition to fluorescence. Here, ko is a rate constant sum- 
marizing all radiationless nonactivated steps, and kr / (k f  + ko) 
= afmax in eq I .  E, values of about 4 kcal/mol have been found 
for 2 in toluene and for 1-3 in saturated hydrocarbons.l03” Data 
in Table IV show that 4 and 5 behave similarly. 

For 2 in toluene, the temperature dependence of af has been 
assigned to the transition It* - A*, where A* is probably an 
excited singlet state with trans configuration.” Although the 
properties of A* [in toluene and other media with similar E d 3 0 )  
values] are unknown, it appears to be nonemitting. On the basis 
of our current knowledge, A* cannot be assigned to a conformation 
in which the plane of the dimethylamino group is perpendicular 
to the phenyl ring. 

There is no apparent evidence for the presence of a second 
low-energy emission band attributable to a transition from a TICT 
state of trans-1-trans-3 in the spectral range examined (up to 850 
nm). Moreover, the plot of log Or vs T1 for 2 in toluene (Figure 
7) and other solvents (Table IV) yields a smooth ascending curve 
that tends to afmX, the maximum value at low temperatures. This 
differs from the properties of a TICT state in systems such as 
p-(N,N-dimethylamino)benz~nitrile.’~~~~ A comparison of the 
nitrostilbenes with two characteristic aminocoumarins, one of 
which has a “free” dialkylamino group while the analogue has 
a group constrained into planar it^,^^ may be instructive. For these 
coumarins, af also decreases on increasing the solvent polarity 
but is substantially larger for the rigid coumarin. While no dual 
emission has been observed, a general broadening of the 
fluorescence band has been found for the coumarin with the 
rotatable dialkylamino group. Therefore, the occurrence of a 
TICT state involving a rotation of the amino group was inferred.” 
However, a slightly larger bandwidth was also found for compound 

(30) (a) Sundstrom, V.; Gillbro, T. Chem. Phys. Lett. 1984,109, 538. (b) 
Hicks, J. M.; Vandersall, M. T.; Sitzmann, E. V.; Eisenthal, K. B. Chem. 
Phys. Lett. 1987, 235,413. (c )  Park, N. S.; Sivakumar, N.;  Hoburg, E. A.; 
Waldeck, D. H. In Ultrafast Phenomena VI; Yajima, T.,  Yoshihara, K., 
Harris, C. B., Shionoya, S . ,  Us.; Springer-Verlag: Berlin, 1988; p 551. (d) 
Zeglinski, D. M.; Waldeck, D. H.  J .  Phys. Chem. 1988, 92, 692. 

(31) Jones, G., 11; Jackson, W. R.; Halpem, A. M. Chem. Phys. Lett. 1980, 
72,  39 I .  

2 (as compared to 5) where no such TICT state is involved. 
Trans - Cis Photoisomerization. In a preceding paper, it has 

been suggested that trans - cis photoisomerization of 1 in sat- 
urated hydrocarbons occurs mainly via the triplet route.I0 

(3) 
Here, 3t* and 3p*, respectively, are the trans and twisted con- 
figurations (perpendicular with respect to the C=C double bond) 
of the lowest triplet, ‘p is the twisted ground state, and 1 - cy is 
the fraction of triplet decaying into the cis form. For 2 and 3, 
in addition to the major route (reaction 3), a second minor pathway 
(130%) via excited singlet states contributes (1 - P is the fraction 
of perpendicular singlet configuration decaying into the cis form):1° 

It* - 3t* 2 3 p * - 1 p -  (1 -a ) ’c  

‘p - (1 - p)lc It* --+ Ip* --+ (4) 
The similarity of the results in saturated hydrocarbons (see Tables 
IV-VI) is in support of the assumption of a major contribution 
of the triplet mechanism also for 4 and 5 .  

In toluene, by contrast, a consecutive, double-activated pathway 
has been proposed previously for 2:’I 

(5) 

Sequence 5 differs from the singlet pathway (reaction 4)32 in that 
(i) the excited perpendicular configuration is not necessarily the 
lowest excited singlet (which we assume here for simplicity) and 
that (ii) a second excited trans state (A*) is involved. Since 
intersystem crossing is substantial only in nonpolar solvents,8,10 
the principal barrier on the pathway to the cis isomer in the singlet 
manifold lies between A* and Ip*. 

The temperature dependence of at, can be analyzed by using 
eq 6.1° Here, E l  and E3 are the activation energies of the steps 
It* - A* and A* - Ip*, respectively, AI and A3 are their re- 
spective preexponential factors, and kz is the rate constant for the 
transition A* - ‘t. For the step A* - ‘p*, the molecule has 

A A It* - A* - Ip* ‘p --+ (1 -@)IC 

to overcome an activation barrier that is markedly higher than 
that of the initial step (It* - A*), competing with fluorescence. 
The temperature dependence of at, reflects essentially the larger 
activation energy in the transition from It* to ‘p*. Application 
of eq 6 gives E ,  = 4 kcal/mol for 1 in toluene, compared to E ,  
= 6.4 kcal/mol. In most cases, E,, is larger than 9 kcal/mol 
whereas E,, 5 4 kcal/mol. Therefore, the approach Et ,  = E3 
could be used. For example, E3 = 11 kcal/mol and E ,  = 13 
kcal/mol for 5 in toluene. 

The values of Et,, in combination with the E, values, for 1-5 
in toluene (Table IV) are in agreement with the conclusion already 
derived for 2:1° Fluorescence and trans - cis photoisomerization 
are not coupled directly since the activation energies E, and E,, 
are different. For 2 route 5 seems to be followed also in m-xylene, 
benzene, and dioxane. The results for 4 and 5 in these solvents 
of moderate polarity (Tables IV-VI) are in agreement with this 
pathway. The postulated state A* should therefore be involved 
in all five 4-nitro-4’-(dialkylamino)stilbenes. 

The increases in E,, with increasing solvent polarity from 4 
kcal/mol (MCH) to 13 kcal/mol (dioxane) for 2 or 14 kcal/mol 
for 5 are striking. The barrier is much larger in polar solvents. 
For example, for 2 in DMF, Et ,  is probably larger than 25 
kcal/mol. This indicates that charge separation in A*, as com- 
pared with that in the transition state leading to ‘p*, is stabilized 
and that the energy of A* is reduced on raising the solvent polarity. 
This property of A* is in accord with that of a TICT state which, 
however, cannot be one involving rotation of the amino group, 
as mentioned. Lowering of the energy level of A* should facilitate 
radiationless decay on the trans side of the reaction coordinate. 
The method of transient dielectric loss, as used for studying the 
dipole moment of nonemitting TICT states,17 could provide ex- 

(32) Saltiel, J.; Charlton, J.  L. In Rearrangements in Ground and Excited 
States; de Mayo, P., Ed.; Academic Press: New York, 1980; Vol. 3, p 25. 
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perimental access to the character of A*. 
Deactivation Pathways Competing with Fluorescence and 

Photoisomerization. The decrease in 0,- on going from a 
nonpolar to a slightly polar solvent is partly compensated by the 
increase in Of (see Tables I1 and V). In polar solvents, however, 
no such correlation between at* and Qir was found since both at* 
and af become smaller than 0.01 a t  room temperature. A close 
similarity in 0, was found for 2 and the sterically fmd analogues 
in a given solvent. Therefore, rotation of the dialkylamino group 
cannot be responsible for the inhibition of trans - cis photo- 
isomerization in polar solvents. 
On the basis of triplet yield and sensitized cis e trans photo- 

isomerization measurements for 2, the existence of a radiationless 
step (It* - It) as been po~tulated.~ In addition, It* is deactivated 
by an intersystem crossing step. However, the relative triplet yield 
decreases by a factor of 5-10 when cyclohexane is replaced by 
polarizable or more polar solvents.8 A value for the quantum yield 
of intersystem crossing (at the trans side) of ais = 0.04 may be 
estimated in the latter cases with use of Oi, = 0.4 in cyclohexane.I0 
In saturated hydrocarbons, ko in eq 1 is ascribed mainly to in- 
tersystem crossing.1° In more polar solvents, however, ko is as- 
cribed essentially to the internal conversion step h *  - It since 
0, is small8 and glassy MTHF and ethanol is smaller than 
0.5 (Table 111). Internal conversion competes effectively with 
fluorescence in slightly polar solvents at room temperature. When 
the polarity is further increased, af decreases dramatically (Figures 
5 and 6 )  and the energy gap between the relaxed excited singlet 
and the ground state is reduced. 

Since at- is practically zero in solvents with E d 3 0 )  > 35 
kcal/mol (Figure 6 and Table V), we conclude that twisting about 
the C=C double bond in the triplet state and subsequent decay 
into the cis form play no role in polar solvents. The reason may 
be (i) an activation barrier between 3t* and 3p* that cannot be 
overcome at  room temperature or (ii) intersystem crossing to It 
a t  a location on the potential energy surface smaller than 90°. 
Both possibilities are in line with a result obtained from sensitized 
trans - cis photoisomerization, namely that the photostationary 
state in methanol contains less than 5% cis i ~ o m e r . ~  It may be 
anticipated that 1 and 3-5 exhibit a similar behavior. It is 
noteworthy that for frans-4,4’-diaminostilbene the rate of trans - cis photoisomerization increases when the solvent becomes more 
polar.33 Apparently, the presence of (n,r*) states, introduced 
by the nitro group and the interaction between electron donating 
and accepting groups give rise to internal conversion in a yield 
close to unity in polar solvents. 

Effect of Solvent Polarity. Taking the above arguments to- 
gether, we propose that the mechanism of trans - cis photo- 
isomerization for 1-3 and the two “rigid” compounds is the same 
since the values for Ot, and (% cis), are very similar for 2-5 and 
only slightly higher for 1. The effect of solvent polarity on the 
energetics of the states involved in trans - cis photoisomerization 
of 1-5 and the effect of temperature on the contribution of the 
other relaxation pathways is illustrated schematically in Figure 
8. 

In saturated hydrocarbons, trans -+ cis photoisomerization of 
1 via the well-known triplet m e c h a n i ~ m ~ * * ~ ~ , ~ ~  is the dominant 
deactivation route of It*. For 2 and 31° and most likely also for 
4 and 5 in such solvents, a minor contribution of the singlet route 
comes into play. The markedly increased af values for 2-5, 
compared to 1, should reflect a longer fluorescence lifetime. 
Concerning the properties of It*, 1 in saturated hydrocarbons 
resembles other nitrostilbenes, especially 4-nitro-4’-methoxy- 
 tilb bene.^^^^^,^^ A lowering of the level of It* for 2-5 (Table I) 
may open the singlet pathway, but the cause of this difference 
has not been explored. 

In slightly polar solvents, Le., in those with E d 3 0 )  values 
between 33  and 36 kcal/mol, Or of all five trans isomers is larger 
than in the other solvents (Table 11). The correspondingly pro- 
longed fluorescence lifetime is suggested to be due to population 
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A* 

Figure 8. Scheme for deactivation of the excited trans isomer (1-5) and 
pathways leading to the cis isomer in solvents of different polarity: (a) 
nonpolar, E d 3 0 )  < 32 kcal/mol; (b) slightly polar, E d 3 0 )  = 33-36 
kcal/mol; and (c) moderately and strongly polar, E d 3 0 )  > 37 kcal/mol. 
Note: Presence of A* in nonpolar solvents only postulated (3p* is also 
deactivated to It). 

of the A* state with a rather small rate constant a t  room tem- 
perature, i.e., comparable to kf. Intersystem crossing and internal 
conversion from It* to It may contribute to a certain degree, but 
the main radiationless pathway is suggested to follow route 5. 

The trend of E, values indicates that the energy level of A* 
decreases with increasing Ed30)  more than that of It*. Assuming 
that the energy level of Ip* remains essentially unaffected by the 
polarity, the drastic increase in the activation energy associated 
with A* means that the energy of A* is correspondingly lowered 
and hence the radiationless deactivation on the trans side greatly 
enhanced. For (dialkylamino)coumarins, an enhanced lowering 
of a proposed TICT state as compared to a polar solvent relaxed 
excited singlet state has been advanced.34 

In all solvents with Ed30)  values larger than 36 kcal/mol, trans 
-+ cis photoisomerization is virtually impossible even at  elevated 
temperatures. What is the reason? Obviously, the activation 
barrier between It* and Ip* is too large (>25 kcal/mol) to ov- 
ercome. Solute-solvent interaction lowers the energy of the 
emitting state very substantially. In dichloromethane, for example, 
where Xf of 5 approaches the detection limit of 850 nm, the Stokes 
shift is 26 and 3 1 kcal/mol for 1 and 5, respectively. It is larger 
than 31 kcal/mol in polar solvents like acetonitrile or ethanol. At 
least 1/2 of this energy difference should contribute to the sol- 
vent-induced relaxation in the excited singlet state. 

In order to account for the decrease of log af vs Ed30)  (Figures 
5 and 6 and Table II), the radiationless decay step must become 
considerably more effective, most probably due to the lowering 
of the energy of the state involved. We propose that charge 
separation is involved even to the extent of a biradicaloid zwit- 
terionic (intramolecular charge-transfer) state that does not emit. 
A potential candidate for the structure involved could be the 
following: 

+ 

Formally speaking, an electron has been transferred from the 
(dimethy1amino)stilbenyl moiety into an antibonding orbital of 
the nitro group; the latter is probably orthogonal to the remainder 
of the molecule. The proposed structure for A* is tentative and 
representative of a distribution of rotamers about the geometry 
suggested. TICT states in which the 4’-(dimethy1amino)phenyl 
or 4’-(dimethylamino)styryl fragments are twisted relative to the 
remainder of the molecule are viable alternatives. In trans-l- 

(33) (a) Smit, K. J.; Ghiggino, K. P. Chem. Phys. Lett. 1985, 122, 369; 
(b) J .  Photochem. 1986, 34, 23. 

~~ 

(34) Jones, G.,  11; Jackson, W. R.; Choi, C.; Bergmark, W. R.  J .  Phys. 
Chem. 1985.89, 294. 
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(4-(N,N-dimethylamino)phenyl)-2-nitroethylene, a homologous 
system, it has been concluded on the basis of luminescence studies 
and theoretical calculations that the ‘(T,T*) state has predomi- 
nantly CT character with the lowest T* orbital located in the 
region of the nitro group.35 This should also hold for corre- 
spondingly substituted stilbenes. A second nonfluorescent excited 
state, postulated for the nitro styrene^,,^ may well be analogous 
to A* for compounds 1-5. 

Conclusion 
The relaxation phenomena of the excited singlet state of the 

three trans-4-nitro-4’-(dialkylamino)stilbenes and the two ana- 
logues (4 and 5) are very similar in each of a variety of solvents. 

(35) (a) Cowley, D. J .  J .  Chem. Soc., Perkin Trans. 2 1975, 287; Ibid. 
1975, 1576. 

This excludes rotation of the dialkylamino group about the C-N 
bond as an accessible deactivation step for 1-3. The role of the 
state A* in the deactivation of It* is outlined; the energy of A* 
is lowered significantly on increasing the solvent polarity. 
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Ultrasonic absorption coefficients were measured in the frequency range from 7.59 to 221.1 MHz and at a velocity of 2.5 
MHz in a wide concentration range (49 concentrations) of aqueous solutions of tert-butylamine at 25 O C  in order to elucidate 
the characteristic absorption mechanisms. A clear single relaxational absorption was observed in the concentration range 
from 0.0048 to 1.1 mol dm-3, and the cause was attributed to the perturbation of an equilibrium associated with the proton-transfer 
reaction. The rate and thermodynamic parameters for the reaction were determined from reactant-concentration dependences 
of the relaxation frequency and the maximum excess absorption per wavelength. At the concentration range above 1.3 mol 
dm-,, the absorption coefficients divided by the square of the frequency, a/f, were found to be well expressed by a fourth-order 
polynomial function of the analytical concentration. Then, after subtraction of the absorption due to the proton-transfer 
reaction, we found that, at any concentrations between 1.7 and 3.4 mol dm-,, the frequency dependence of the residual absorption 
was reexpressed by a single relaxational equation. Such residual absorption was estimated to be due to an aggregation reaction 
associated with a hydrophobic interaction, 3A + A,, from the concentration dependences of the relaxation frequency and 
the maximum excess absorption per wavelength. It was shown that the separation of two relaxation processes was now possible 
if one mechanism of relaxation was precisely determined. 

Iotroduction 
In our previous studies in aqueous solutions of various amines 

by means of ultrasonic methods, we have shown two characteristic 
relaxational absorptions in a pulse frequency range.’,’ One is 
associated with a relaxation due to a proton-transfer reaction 
(hydrolysis), the mechanism of which has been originally proposed 
by Eigen et al., and the consistent interpretation between the 
experiments and the theory seems to have been given as a dif- 
fusion-controlled reaction. The effects of some additives on the 
reaction are now investigated in relation to the biological sys- 
t e m ~ . ~ ”  

The other is the absorption observed in more concentrated 
solutions in which the solutes consist of a relatively large hy- 
drophobic group. The absorption is characterized by a peak sound 
absorption and velocity concentrations; i.e., the absorption coef- 
ficients divided by the square of the frequency and the sound 
velocity show their maxima at  typical concentrations. These 

phenomena were first considered by Barfield and Schneider? and 
the cause of the absorption has been further investigated with 
various modekg We have also pr~posed’~’*~ that it may be due 
to a relaxation associated with an aggregation reaction of non- 
ionized molecules with a hydrophobic interaction. 

In the studies of the isomeric butylamine solutions, we have 
also shown the existence of such a relaxation. However, it has 
been too difficult to distinguish between two relaxations when the 
two relaxation times are expected to be close to each other. This 
is the case when the solute hydrophobicity is not so large. Es- 
pecially, in the solution of tert-butylamine, the distinction has not 
been performed.’0 

On the other hand, Atkinson et al.” have analyzed the ab- 
sorption in the aqueous solution using a Romanov and Solov’ev’s 
fluctuation model.’* In their analysis, the residual absorptions 
except that due to a hydrolysis have been taken into account, and 
they have reported that the residual ones are not well expressed 
by a single relaxational equation. However, the tested concen- 
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