
Russian Chemical Bulletin, Vol. 48, No. 8, August, 1999 1497 

Photochemical reaction of trans-di(ct-naphthyl)ethylene 
with diphenylamine 
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Diphenylamine adds to the ethylene bond of excited lrans-di(c~-naphthyl)ethylene (!). 
Dependence  of the quantum yields of mono- and b i -molecular  reactions of 1, 
cis-di(t~-naphthyl)ethylene 2, and dihydropicene 3 on amine concentration was studied. On 
this basis and theoretical analysis of the kinetic scheme a conclusion was drawn that amine 
interacts with excited I with a diffusion-limited rate but has no effect on the photochemical 
activity of 2 and 3. l-he reaction mechanism was discussed. 
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P h o t o c h e m i c a l  p r o p e r t i e s  of  the "d i a ry l e thy lene - -  
a m i n e "  system are u n d e r  in tense  study. ! - 5  D e p e n d i n g  
on  the  nature o f  a m i n e  a n d  solvent polari ty,  p h o t o -  
i r rad ia t ion  of  diar3,1ethylenes in the presence  o f  a m i n e s  
can  result  in the f o r m a t i o n  o f  a luminescen t  exciplex or  
adduc t s  with d i f ferent  s t ruc tures .  

trans-Di(c~-naphthyl)ethylene (1) is a c o n v e n i e n t  ob -  
ject  for s tudying p h o t o i n d u c e d  react ions,  because ,  un -  
like m a n y  d ia ry le thylenes ,  6 the p h o t o c h e m i c a l  b e h a v i o r  
o f  1 is not  impeded  by the  presence  of  several c o n f o r m -  
ers in the  ~ l u t i o n .  It has  recently been  shown 7 tha t  
d i p h e n y l a m i n e  has  a subs tan t i a l  effect on  the p h o t o -  
c h e m i c a l  proper t ies  o f  1. T h e  results were in t e rp re t ed  in 
t e rms  o f  the c o m m o n  two-s tage  scheme 8,9 " i somer iza-  
t i on - -cyc l i za t ion , "  a c c o r d i n g  to which I is first p h o t o -  
i somer ized  to cis-isomer 2 and  the lat ter  fu r the r  u n d e r -  
goes  pho tocyc l i za t ion  to  d i h y d r o p i c e n e  (3). 

1 

However ,  fu r the r  study o f  the p h o t o c h e m i c a l  p rope r -  
ties o f  i s h o w e d  I~ the ad iaba t ic  channe l  o f  d i rec t  cy-  
c l izat ion o f  1 to  3 wi thout  i n t e rmed ia t e  f o r m a t i o n  o f  2. 
This  route  o f  the  react ion has  not previously been  
cons idered .  7 In add i t ion ,  chemica l  react ions  be tween  
d i p h e n y l a m i n e  and  c o m p o u n d  1 have been repor ted ,  7 
but  the  n a t u r e  o f  the  react ions  has  not  been  s tudied .  

In th is  c o n n e c t i o n ,  we s tudied  in detail  the  p h o t o -  
chemica l  r eac t i ons  in the trans-di(c~-naphthyl)ethylene-- 
d i p h e n y l a m i n e  system. 

Experimental 

A DRSh-500 mercury lamp was used as the radiation 
source. The spectral line at 365 nm was picked out by a set of 
UFS-6 and BS-7 light filters, and the line of 446 nm was 
picked out by ZhS- I I  and SS-15 filters. 

If necessary, the solutions were degassed by multiple freez- 
ing-evacuat ion to 0.02 Torr--thawing out. 

For preparative photolysis, a degassed solution of the 
trans-isomer (21.6 rag, 0.026 tool) and d iphenylamine  
(99.6 rag, 0.196 tool) in toluene (3 mL) was irradiated for 
13 h at ~. = 365 nm by light with an intensi ty of 
5 �9 10 .6 Einstein dm -3 s -I .  The solvent was removed in vacuo, 
and the residue was recrystallized from EtOH. The product 
was finally purified from the diphenylamine residue by column 
chromatography (Silpearl as packing, hexane as the eluent). 
Yellowish crystals of the product (6 mg) with m.p. 105-- 
106 ~ were obtained. IH NMR (CDCt3), 8:3.74--3.88 (m, 
I H, CH2); 4.00--4.14 (m, I H, CH?); 5.15--5.21 (m, I H, 
CH); 5.63 (s, I H, NH): 6.71--8.10 (m, 23 H, H arom.). 
According to HPLC data, the reaction mixture also contains 
an insignificant amount of picene and other compounds, 
presumably, the isomeric products of addition of diphenyl- 
amine to 1. 

For kinetic experiments, we used solutions of compounds 
I ((1--2)" 10 -5 tool L-~), 2 ((4--7)" 10 '5  mol L-l) ,  and di- 
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phenytamine (with a variable concentration) in toluene. Irra- 
diation was carried out by light with a wavelength of 365 nm 
and an intensity of (1 .4--1 .7) ' I0  -~' Einstein dm -3 s -I,  and 
then by light with a wavelength of 446 nm and an intensity 
of (3.2--3.6)'  10 -6 Einstein dm -3 s - t  (measured by a PP-I 
cavity receptor). All experiments were carried out at room 
temperature in a quartz cell with an optical path length / = 
10 ram. 

Electronic absorption spectra were recorded on a Specord 
M-40 instrument; IR spectra were recorded on a Specord 
M-82 spectrophotometer; IH NMR spectra were obtained on 
a Bruker AM-300 instrument; and mass spectra were ob- 
tained on a Kratos MS-890 instrument at an ionizing elec- 
tron energy of 70 eV and temperature of the ionization cham- 
ber of t50 ~ the intensities of peaks are presented relative 
to the maximum peak. 

Results and Discussion 

Structure o f  adduct 

Accord ing  to the mass spec t rome t r i c  data, the mass 
o f  the molecu la r  ion [MJ + o f  the main  product  o f  the 
pho tochemica l  react ion o f  d i p h e n y l a m i n e  with com- 
pound 1 is 449 (7%), which co r re sponds  to the addition 
of  an amine  molecule  (the mass [MI  + is equal to 169) to 
d inaphthy le thy lene  ([M] + = 280). Addi t ion at the eth- 
ylene bond is the standard d i r ec t ion  o f  the pho tochemi-  
cal react ion o f  amines  with diarTlethylenes.  ~.s In the 
case o f  d iphenylamine ,  both C - a d d u c t  4 and N-adduct  
5 can be formed.  In this case,  C - a d d u c t  4 is formed;  the 
IR spec t rum in the region o f  3400 cm -I  (KBr) contains 
bands o f  vibrations o f t h e  a m i n o  group,  and the IH N M R  
spect rum exhibits a singlet o f  the  p ro ton  o f  the amino 
group at 5.63 ppm. 

1 + Ph2NH hv 

H H H 

" ~ N  jH 

Dissoc ia t ion  o f  the cent ra l  C - - C  bond is the most 
charac ter i s t ic  route for d e c o m p o s i t i o n  of  adduct 4 under 
e lec t ron  impact  (similar to di(et-naphthyl)ethane11).  The 
charge is mainly  localized on the  f ragment  containing 
the a m i n o  group (m/z  = 308), and the intensity of  the 
peak o f  this ion is m a x i m u m  in the spectrum: the 
intensi ty o f  the peak of  the s econd  fragment  with m/z = 
141 is 44%. 
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Fig. 1. Absorption spectra in EtOH; numeration of the spectra 
corresponds to numbers of compounds. 

The structure of  adduct 4 is also consistent with the 
UV spectroscopic data. The  observed  sharp shift o f  the 
maximum of  the absorption band  to the shor t -wave 
region (as compared  to the spec t rum of  initial di-  
naphthylethylene ! ) ( F i g .  I, spectra 4 and I, respec-  
tively) corresponds to the c leavage  o f  the conjugat ion 
chain between two naphthyl rings during addit ion at the 
ethylene bond in compound  4. 

Despite a substantial d i f ference in experimental  con -  
ditions (the solution and the solid matrix), our data 
correlate with the results o f  s tudying photoaddit ions in a 
polycrystalline mixture of d ipheny l amine  and stilbene, s It 
has been shown s that the react ion proceeds via two 
directions: to form adducts with C - - N  and C - - C  bonds,  
the latter always predominat ing,  and in the case of  three-  
fold excess of  diphenylamine,  the  reaction affords noth-  
ing but the C - - C  adducts. In o u r  case, under the condi -  
tions of  preparative photolysis, the  diphenylamine excess 
was 7.5, and in kinetic studies, it was varied within 1 0 3 -  
104. It is most likely that the addit ion of  amine to ! 
occurs through a similar m e c h a n i s m  (see below) regard- 
less of  the matrix (the solution o r  the solid matrix). 

Reaction kinet ics  

According to the published data,  t~ at least five suc-  
cessive-parallel photochemical  react ions  (Scheme 1, re- 
actions g01--<p 5) proceed in the system under  study in the 
absence of  amine.  In the presence  o f  d iphenylamine,  
they should be supplemented by the addi t ion of  the latter 
to trans-isomer 1 (%). As metat ioned,  i~ it is convenient  
to m o n i t o r  the change  in t he  c o n c e n t r a t i o n  o f  
dihydropicene 3 at k = 410 nm,  where the other c o m p o -  
nents of  the mixture do not  absorb (see Fig. l, e3 = 
13000 L tool -~ cm- t ) .  At the irradiation wavelength o f  
365 nm, absorption coeff ic ients  are the following: e I = 
12470 L tool -~ cm -~, ~2 = 1120 L tool - t  cm - t ,  and 
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Fig. 2. Kinetics of changes in the optical density at wave- 
lengths of 365 nm (a) and 410 nm (b) during irradiation of a 
solution of Irons-isomer I (1.12" 10 -5 tool L-J): experimentJI 
points and theoretical curves in the absence (1) and presence 
of 0.1 M diphenylamine (2--5). Theoretical curves were calcu- 
lated from Eqs. (I)--(5) and data in Table I at the ratio of 
constants k4/k 5 = 100 (2), 10 (3), 1 (4), and 0.1 (5). 

~3 = 4960 L mol  - [  cm - I .  Comparison of  the kinctic 
curves recorded at 365 and 410 nm shows that in the 
presence of  amine ,  the rate of  consumption of  I in- 
creases (Fig. ~ a, curves 1 and 2), and the rate of 
format ion o f d i h y d r o p i c e n e  3 decreases (Fig. 2, b, curves 
1 and 2). 

Scheme 1 

+Ph2NH (Pl 
1 ( ~" 2 

~6 

g /  +, 
3 

Diphenylamine  does not absorb at ~, > 350 nm 
(~-max = 284 rim). When  amine  is added, the spectrum 
of 1 at ~, > 350 nm remains unchanged, i.e., these 
compounds  do not form complexes  in the ground state. 

Thus, irradiation with light at ~. = 365 nm results in the 
initial moment  in selective excitation o f  only t rans -  
isomer I, and in the further course of  the react ion,  
compounds 2 and 3 that formed are also excited.  

tt turned out that the reaction o f  c i s - i s o m e r  ! with 
diphenylamine at the same exposure did not result in the 
formation of  adduct  4, and only cyclizat ion and isomer-  
ization are observed. Therefore ,  the direct react ion 2 + 
Ph2NH ~ 4 is absent frorn Scheme I. When the cis- 
isomer is irradiated for a long t ime, adduct  4 is formed 
from the t r a n s - i s o m e r  that appeared in the react ion (r 
However, since the r value is low and q02 << col (see 
Ref. 10), the concen t ra t ion  o f  the t r a n s - i s o m e r  is insig- 
nificant, and this route is inefficient.  

According to Scheme  I, the change in concen t r a -  
t ions of  the reagents during irradiation o f  the reaction 
mixture is described by the fol lowing system of  differen-  
tial equations ( irradiat ion with light at 365 nm):  

dil l /dr = 1-(~01 + r + (P6)(DI.3OS/D365) + 

+ (p2(D2.365/D365)](I - 10-D365)/0, ( t )  

dlZl/dt = [(PI( DI.365/ D365) - CP2 + tP3)( DL365/ D365) a- 

§ (p,t(D3.365/D365) (I -- 10-D365)/0` (2) 

d[3]/d/ = [r - r Ds.365/ D365) + 

+ tps(Di.365/D365) ] 1 -- 10-0365)10, (3) 

d[41/dt  = ~ 6 ( D I . 3 6 5 / D 3 6 5 ) ( I  - 10-O3~s)]0, (4) 

and the optical density o f  the reaction mixture is deter-  
mined by the sum of  four  componen t s  

D-~ = (t t x 11 + ez),lZ} + e3.z[31 + e4,x[41)l, (5) 

where ex.z ,and Dx. z are the absorpt ion coef f ic ien t  
and optical density o f  compounds  X at the X wave- 
length, respectively; and 10 is the light intensity (Ein-  
stein dm -3 s-S). 

The system of  equat ions  (1)- - (4)  with accoun t  for 
equation (5) in the general  form has no analytical  
solution and should be solved numerically,  t2 However ,  
in the case of  the react ion of  1 with d iphenylamine ,  
search for the solut ion is difficult because adduct  4 does 
not absorb at ~ > 350 nm (see Fig. 1, spectrum 4). In 
addition, absolute values o f  some parameters  have no 
substantial effect on the final result of  the calculat ion.  
For  example, the change in AD upon variation o f  the 
quantum yields (P3 and ~4 tbr t r a n s - i s o m e r  1 and speci-  
fied values of  o ther  parameters  is shown in Fig. 3. A 
broad "valley" is observed on the surface AD = f((p3,q04), 
due to which q03 and (04 may vary within wide limits 
without affecting the calcula t ion error,  and only  the 
r ratio is important .  This  can be explained by' the 
previously found I~ ratio of  quan tum yields: '4)3, (,o4 > (Pt, 
r According to this, the rate of  accumula t ion  of  c o m -  
pounds 2 and 3 is de te rmined  by slow isomerizat ion ((Pt) 
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Fig. 3. Influence of changes in tp3 and ~, on the mean-square 
error of the optical density ( tO  = 12(Dc~lc - Dexp)2/m] U2) 
when trans-isomer 1 is used as the initial reagent. 

and cycl izat ion ('95), whereas  equil ibr ium between 2 and 
3 is rapidly established and depends only on the ~P3/'ga 
ratio and the corresponding  absorption coefficients.  

By contrast ,  this ratio plays a positive role in the 
description of  reaction o f  cis-isomer 2. Due to this, 
compounds  2 and 3 are the main c o m p o n e n t s  of  the 
mixture in the initial region of  the reaction.  Therefore ,  
only te rms  conta in ing concent ra t ions  and optical  densi- 
ties o f  these compounds  are significant in Eqs, ( I ) - - ( 5 )  
Numer ica l  solution o f  the system of  equat ions  gives the 
quan tum yields % = 0.55+0.05 and '-P4 = 0-8-+0-1, which 
agrees with the published d a t a )  ~ These values remain 
unchanged within the er ror  regardless o f  the presence of 
dioxygen and amine within the concent ra t ion  interval of  
the lat ter  to 0.1 mot L -~. 

The '-P4 value was also obtained independent ly  ira 
special experiments.  At first, when cis-isomer 2, was 
irradiated with light at k = 365 nm, dihydropicene 3 
accumula ted  in the solut ion,  and then it was selectively' 
excited with light at k = 436 nm. This  resulted in 
only reaction 3 ~ 2 with the quantum yield q~4 = 
0 .8•  which is i ndependen t  of  the presence of  
a m i n e  ( to  c o n c e n t r a t i o n s  o f  0.1 tool  L - t )  and 
dioxygen (in the interval o f  X, = 365--436 nm, and the 
react ion is also independen t  of  the wavelength  of  irra- 
diation).  

W h e n  trans-isomer 1 is used as the initial compound ,  
in the initial t ime m o m e n t  ( r~0)  we have 121 = 131 = 
141 = 0; hence,  from Eqs. ( I )  and ~5) we obtain 

dD),/dt = -~p el, k /(I - 10-D-~65)/0, 

where q) = "gt + ',05 + "96- All processes involving the 
excited trans-isomer are presented in Scheme  2. Here 
the k I constant  character izes  monomolecu la r  radiative 

and nonradia t ive  processes o f  deac t iva t ion  o f  1", except  
for i somcrizat ion and cyc l iza t ion ,  which are summated  
by the k 2 constant ;  the k 3 cons t an t  is assigned to physi-  
cal quenching of  I* by amine ,  k4 characterizes the 
addition o f  amine  to 1", and k 5 refers to the sum of  
amine-sens i t ized  i somer iza t ion  and  cyclization.  

1" k~. ! 

k ,  

1" ,. 2 + 3  

Scheme 2 

1" ~- Ph2NH ks" 1 + Ph2NH 

1" * Ph2NH k4~ 4 

I* * Ph2NH ks," 2 + 3 + Ph,NH 

According to Scheme 2, the quan tum yield o f  c o n -  
sumption o f  1 is de te rmined  as 

k~ + (k 4 + ks)lPh2NH ] 

q) = k t + k 2 + (k s + k,~ -,- /Cs)[Ph2NH l, 

from which we obtain 

(p/(l - (p) = {k 2 + (k 4 + ks)[Ph2NHl}/(kl + k3lPh,NHI). (6) 

The quan tum yields o f  c o n s u m p t i o n  of  1 were deter-  
mined from the initial regions o f  the kinetic curves o f  
the dependence  o f  D365 on t. It follows from the l inear 
dependence  (r  = 0.999) o f  the "9/(I - "9) ratio on the 
amine concen t r a t ion  (Fig. 4) that  k I >> k3[Ph2NH 1. 
i.e.. the physical quench ing  o f  the  exci ted trans-isomer 

q}/~ 1 - ~) 

I 
0 . 8 [ -  

i 

0.2 ~ " J ~  

t - . -  .L , . ~ 

0 0.02 0.04 0.06 

Fig.  4.  R a t i o  ~p/( l  - (p) as a funct ion of  the concentration of 
diphenylamine (,,p is the quantum yield of consumption of 
tran,s'-isomer 1, r = 0.999) 
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Table !. Influence of the ratio of rate 
constants k4/k 5 on the quantum yields of 
consumption of 1 at a concentration of 
diphenylaminc of 0.1 tool L --1 

k4/k5 tPl tP5 (P6 

0. I 0.29!) 0.099 0.032 
I 0.191 0.063 0.176 
I0 0.082 0.028 0.32 
100 0.06 0.02 0.35 

Note. q0 = ',Pl + '-P5 + r = 0.43. 

by amine can  be neglected. The  straight line in Fig. 4 is 
described by the equation 

~/(1 -~ ,,p) = 0.13 + 6.331Ph~NH]. 

Compar i son  of  this equa t ion  with Eq. (6) gives 
k2/k I --- 0.13 and (k4 + k s ) / k  I = 6.33. Since k2/k I + 
I = I /k lx  0 (z 0 is the l ifetime of  excited compound  I),  
we obtain (k 4 + ks)z 0 = 6.33/1.13 = 5.6 L mot - I .  
"Faking into account  that the lifetime of  the single) 
excited state o f  ! is equal 13 to 2 ns. we find the rate 
constant o f  chemical  quench ing  of  i by d iphenytamine ,  
kq = k 4 + k 5 = 2.8" I09 L m o l - I  s - t  close to the rate 
constant of  the diffusion-l imited reaction in toluene.  

Each of  the k 2 and k 5 constants  summates  the rate 
constants o f  two reactions o f  the trans-isomer, isomer-  
ization, and cyclization. It is reasonable to assume that 
in the presence of  amine, the previously found )~ ratio 
qh /% = 3 remains unchanged (the latter is de termined 
by the shape o f  the potent ia l  energy surface of  the 
excited statei4).  Then we can  calculate  the contr ibut ion 
of  each o f  the parameters to the total tp value at different 
ratios of  constants  k4/k 5 (Table  I). The ~atues obtained 
were used for calculation o f  the theoretical  kinetic curves 
from Eqs. (1)---(4) taking into account  Eq. (5). 

It is seen in Fig. 2, a that  the curves calculated for 
X = 365 nm (the optical densi ty of  the trans-isomer 
makes the main contr ibution to them) are poorly sensi- 
tive, especial ly in the initial region, to the value of  each 
term, but change substantially when the total quan tum 
yield q) increases from 0.11 (curve I) to 0.43 (curv'es 2--  
5). At the same time, analysis o f  the kinetic curves of  
accumula t ion  of  d ihydropicene  (410 nm, Fig. 2, b) fa- 
vors the relationship of the constants  k 4 >> k 5. There -  
fore, the react ion with a m i n e  rather t h a n  isomerizat ion 
and cycl iza t ion is the main channel  of  consumpt ion  o f  
trans-isomer I in the presence  of  diphenylamine.  

Reaction mechanism 

It is usually assumed that during photoaddi t ion o f  
both al iphat ic  4 and aromatic  5 amines  to diaD'lethylenes. 
a proton is transferred from the amine  radical cat ion to 
the diarylethylene radical an ion  after photoelectron trans- 

fer, and then the r ecombina t ion  o f  two neutral radicals 
occurs  (Scheme 3). 

Scheme 3 

1 + Ph2NH ITv 

OloH7 
) 1 - + P h 2 N H  + ~ + P h 2 N  

4 5 

However,  when a romat i c  amines are used as donors. 
recombinat ion at the stage o f  radical ion products  in- 
volving C atoms of  benzene  rings of  amine is also 
possible. Taking into accoun t  tile unpaired electron 
density in the d ipheny lamine  radical cation,  )s the attack 
of  radical anion ! " -- on C a toms in the para-position to 
the N atom of  the radical cat ion with the formation of  
the C-adduct  can be cons idered  the main direction of  
the reaction in this case. The  formation o f  the N-adduct  
(a long with the C - a d d u c t )  is possible only  after  
deprotonat ion o f  the radical cat ion during recombina-  
tion with tile par t ic ipat ion  o f  the neutral amine radical, 
because attack at the N a tom is shielded in the radical 
cation, t5 

It is clear from the scheme  considered that the lhctors 
stabilizing the radical ion pair and decreasing the yield of  
neutral radicals, for example ,  an increase in the medium 
polarity, favor the recombina t ion  of  radical ions resulting 
in an increase in the relative content  of  the C-adduct ,  It 
is this efli~ct that has been observed 5 on going from a 
mixture of  d iphenylamine  and stilbene to their acetoni- 
trile solutions. In the react ion of  diphenylamine with 
compound 1, steric h indrances  due to repulsion of  naph- 
thyt rings o f l  and phenyl rings of  amine are an additional 
factor that prevents the format ion of  adduct 5. 

The authors thank M. M. Kantor for the program of 
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and mass spectra were recorded in TsKP FIMIS .  
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