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Photochemical reaction of zrans-di(a-naphthyl)ethylene
with diphenylamine
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Diphenylamine adds to the ethylene bond of excited trans-di(a-naphthyhethylene (1).
Dependence of the quantum yields of mono- and bi-molecular reactions of 1,
cis-di(a-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 1 with a diffusion-limited rate but has no effect on the photochemical
activity of 2 and 3. The reaction mechanism was discussed.
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Photochemical properties of the “diarylethylene—
amine” system are under intense study.*—5 Depending
on the nature of amine and solvent polarity, photo-
irradiation of diarylethylenes in the presence of amines
can result in the formation of a luminescent exciplex or
adducts with different structures.

trans-Di(a-naphthyljethylene (1) is a convenient ob-
ject for studying photoinduced reactions, because, un-
like many diarylethylenes,® the photochemical behavior
of 1 is not impeded by the presence of several conform-
ers in the solution. It has recently been shown’ that
diphenylamine has a substantial effect on the photo-
chemical properties of 1. The results were interpreted in
terms of the common two-stage scheme8? "isomeriza-
tion—cyclization," according to which 1 is first photo-
isomerized to cis-isomer 2 and the latter further under-
goes photocyclization to dihydropicene (3).

However, further study of the photochemical proper-
ties of 1 showed!® the adiabatic channel of direct cy-
clization of 1 to 3 without intermediate formation of 2.
This route of the reaction has not previously been
considered.” In addition, chemical reactions between
diphenylamine and compound 1 have been reported,’
but the nature of the reactions has not been studied.

In this connection. we studied in detail the photo-
chemical reactions in the trans-di(a-naphthyl)ethylene—
diphenylamine system.

Experimental

A DRSh-300 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-11 and 8S-15 filters.

If necessary. the solutions were degassed by multiple freez-
ing—evacuation to 0.02 Torr—thawing out.

For preparative photolysis, a degassed solution of the
trans-isomer (21.6 mg, 0.026 mol) and diphenylamine
(99.6 mg, 0.196 mol) in toluene (3 mL) was irradiated for
13h a A = 365 nm by light with an intensity of
5-107% Einstein dm™3 s~} 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 (Silpear! as packing, hexane as the eluent).
Yellowish crystals of the product (6 mg) with m.p. 105—
106 °C were obtained. 'H NMR (CDCly), & 3.74—3.88 (m,
| H, CH,); 4.00—4.14 (m, 1 H, CHy); 5.15=5.21 (m, | H,
CH); 5.63 (s, | 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 diphenyi-
amine to 1.

For kinetic experiments., we used solutions of compounds
1 ((1—2)-107% mol L), 2 ((4=T7)- 1073 mol L™}), and di-
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phenylamine (with a variable concentration) in toluene. lrra-
diation was carried out by light with a wavelength of 365 nm
and an intensity of (1.4—1.7)+ 107" Einstein dm™? 5™, and
then by light with a wavelength of 446 nm and an intensily
of {3.2—3.6)- 10~® Einstein dm™3 s7! (measured by a PP-1
cavity receptor). All experiments were carried out at room
temperature in a quartz cell with an optical path length / =
18 mm.

Electronic absorption spectra were recorded on a Specord
M-40 instrument; IR spectra were recorded on a Specord
M-82 spectrophotometer; 'H 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 150 °C; the intensities of peaks are presented relative
to the maximum peak.

Results and Discussion
Structure of adduct

According to the mass spectrometric data, the mass
of the molecular ion [M]}¥ of the main product of the
photochemical reaction of diphenylamine with com-
pound 1 is 449 (7%), which corresponds to the addition
of an amine molecule (the mass [M]* is equal to 169) to
dinaphthylethylene ({M]* = 280). Addition at the eth-
ylene bond is the standard direction of the photochemi-
cal reaction of amines with diarylethylenes.#5 in the
case of diphenylamine, both C-adduct 4 and N-adduct
5 can be formed. In this case, C-adduct 4 is formed; the
IR spectrum in the region of 3400 cm™! (KBr) contains
bands of vibrations of the amino group, and the 'H NMR
spectrum exhibits a singlet of the proton of the amino
group at 5.63 ppm.

1+PhNH Y

g
H
H

Dissociation of the central C—C bond is the most
characteristic route for decomposition of adduct 4 under
electron impact (similar to di(o-naphthyl)ethane!). The
charge is mainly localized on the fragment containing
the amino group (m/z = 308), and the intensity of the
peak of this ion is maximum in the spectrum: the
intensity of the peak of the second fragment with m/c =
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 of the
maximum of the absorption band to the short-wave
region (as compared to the spectrum of initial di-
naphthylethyiene 1) (Fig. I, spectra 4 and [, respec-
tiveiy) corresponds to the cleavage of the conjugation
chain between two naphthyl rings during addition at the
ethylene bond in compound 4.

Despite a substantial difference in experimental con-
ditions (the solution and the solid matrix), our data
correlate with the resuits of studying photoadditions in a
polycrystatline mixture of diphenylamine and stilbenc.5 it
has been shown® that the reaction proceeds vig two
directions: to form adducts with C—N and C—C bonds,
the latter always predominating, and in the case of three-
fold excess of diphenylamine, the reaction affords noth-
ing but the C—C adducts. In our case, under the condi-
tions of preparative photolysis, the diphenylamine excess
was 7.5. and in kinetic studies, it was varied within 103—
10%. 1t is most likely that the addition of amine to 1
occurs through a similar mechanism (se¢ below) regard-
less of the matrix (the solution or the solid matrix).

Reaction kinetics

According to the published data,1? at least five suc-
cesstve-parallel photochiemical reactions (Scheme |, re-
actions @, —s) proceed in the system under study in the
absence of amine. In the presence of diphenylamine,
they should be supplemented by the addition of the latter
10 trans-isomer 1 (g¢). As mentioned,1® it is convenient
to monitor the change in the concentration of
dihvdropicene 3 at A =410 nm, where the other compo-
nents of the mixture do not absorb (see Fig. 1, €3 =
13000 L mol™! ¢cm™!). At the irradiation wavelength of
365 nm, absorption cocflicients are the following: &y =
12470 L mol™! ecm™, g5 = 1120 L mol™! cm™, and
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Fig. 2. Kinetics of changes in the optical density at wave-
lengths of 365 nm (o) and 410 nm (b) during irradiation of a
solution of rrans-isomer 1 (1.12- 1073 mol L™'): experimental
points and theoretical curves in the absence (/) and presence
of 0.1 M diphenylamine (2~35). Theoretical curves were calcu-
lated from Egs. (1)—(5) and data in Table | at the ratio of
constants ky/ks = 100 (2), 10 (3), 1 (4, and 0.1 ().

g3 = 4960 L mol™! cm™!. Comparison of the kinctic
curves recorded at 365 and 410 nm shows that in the
presence of amine, the rate of consumption of 1 in-
creases (Fig. 2, a, curves [ and 2), and the rate of
formation of dihydropicene 3 decreases (Fig. 2, b, curves
I and 2).

Scheme 1

_+Ph,NH ; ?,
Ps

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

Thus, irradiation with light at A = 365 nm results in the
initial moment in selective excitation of only trans-
isomer 1, and in the further course of the reaction,
compounds 2 and 3 that formed are also excited.

It turned out that the reaction of cis-isomer 1 with
diphenylamine at the same exposure did not result in the
formation of adduct 4, and only cyclization and isomer-
ization are observed. Therefore, the direct reaction 2 +
PhoNH - 4 is absent from Scheme 1. When the cis-
isomer is irradiated for a long time, adduct 4 is formed
from the trans-isomer that appeared in the reaction (¢,).
However, since the ¢, value is low and @, << @ (see
Ref. 10), the concentration of the frans-isomer is insig-
nificant, and this route is inefficient.

According to Scheme 1, the change in concentra-
tions of the reagents during irradiation of the reaction
mixture is described by the following system of differen-
tial equations (irradiation with light at 365 nm):

dl/dr = (@) + @5 + ) Dy 305/ Des) +
+ (D 365/ Dygsd (1 ~ 107 Dses) [y, hH

al2]/dr = [9)(Dy 365/ D3es) — (97 + 03)( Dy 365/ D3es) +
+ @4 D3 365/ D3g3) )1 — 107 D65) Jy, 2)

d[3]/dt = [@3( Dz 565/ D3gs) — 94 D3 365/ D3es) +
+ @5 Dy 25/ Diesd L1 ~ 107D363) fy, (3)

d[4}/dr = @g( Dy 365/ Dags)(1 — 107 D3es) fy, %)

and the optical density of the reaction mixture is deter-
mined by the sum of four components

Dy = (eakt] + e,02) + £3,5[3] + eq 4D (5

where ex;, and Dy ; are the absorption coefficient
and optical density of compounds X at the A wave-
length, respectively; and [, is the light intensity (Ein-
stein dm™ s7h).

The system of equations (1)—(4) with account for
equation (5) in the general form has no analytical
solution and should be solved numerically.!? However,
in the case of the reaction of 1 with diphenylamine,
search for the sotution is difficult because adduct 4 does
not absorb at L > 350 nm (see Fig. 1, spectrum 4). In
addition, absolute values of some parameters have no
substantial effect on the-final result of the calculation.
For example, the change in AD upon variation of the
quantum yields @3 and ¢4 for trans-isomer 1 and speci-
fied values of other parameters is shown in Fig. 3. A
broad “"valley” is observed on the surface AD = flp;,¢4).
due to which ¢; and @4 may vary within wide limits
without affecting the calculation error, and only the
@3/94 ratio is important. This can be explained by the
previously found!® ratio of quantum yields: @3, 94 > @,
@s. According to this, the rate of accumulation of com-
pounds 2 and 3 is determined by slow isomerization (@)
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Fig. 3. Influence of changes in @5 and @4 on the mean-square
error of the optical density (AD = [S(Deye = Dep)’/ml'’?)
when rrans-isomer 1 is used as the mmbal reagent.

and cyclization (ys), whereas equilibrium between 2 and
3 is rapidly established and depends only on the ¢3/¢,
ratio and the corresponding absorption coefficients.

By contrast, this ratio plays a positive role in the
description of reaction of cis-isomer 2. Due to this,
compounds 2 and 3 are the main components of the
mixture n the initial region of the reaction. Therefore,
only terms containing concentrations and opticat densi-
ties of these compounds are significant in Egs. (1)—(3).
Numerical solution of the system of equations gives the
quantum vields ¢; = 0.5520.05 and ¢4 = 0.8£0.1. which
agrees with the published data.}® These values remain
unchanged within the error regardiess of the presence of
dioxygen and amine within the concentration interval of
the latter to 0.1 mot L~1

The ¢, valuc was also obtained independently in
special experiments. At first, when cis-isomer 2 was
irradiated with light at A = 365 nm, dihvdropicene 3
accumulated in the solution, and then it was selectively
excited with light at A = 436 nm. This resulted in
enly reaction 3 — 2 with the quantum yield ¢, =
0.8x0.1, which is independent of the presence of
amine (to concentrations of 0.1 mol L") and
dioxygen (in the interval of A = 365—436 nm, and the
reaction is also independent of the wavelength of irra-
diation).

When trans-isomer 1 is used as the initial compound,
in the initial time moment (/—0) we have |2} = [3] =
|4} = 0; hence, from Egs. (1) and (3) we obtain

dDy/dr = —@ gy, 11 — 107 Pwsyly,

where @ = @, + @5 + @g. All processes invoiving the
excited rrans-isomer are presented in Scheme 2. Here
the &, constant characterizes monomolecular radiative

and nonradiative processes of deactivation of 1*, except
for isomerization and cyclization, which are summated
by the k, constant; the k3 constant is assigned to physi-
cal quenching of 1* by amine, k4 characterizes the
addition of amine to 1*, and ks refers to the sum of
amine-sensitized isomerization and cyclization.

Scheme 2

I3
1+ — 3

ks
243
1* + Ph,NH —=2» | + Ph,NH

1"« Ph,NH 24 4

'S

4
1* + PhyNH —— 2 + 3 + Ph,NH

According to Scheme 2, the quantum yield of con-
sumption of 1 is determined as

ky + (kg + ks){PhyNHJ
ky + ky + (ky + ky + ks)[PhoNHI

o=

from which we obtain
/(1 — @) = {ky + (kg + ks)[PhaNHI}/(ky + k3[Ph,NH]). (6)

The quantum yields of consumption of 1 were deter-
mined from the initial regions of the kinetic curves of
the dependence of Diygs on ¢ It follows from the linear
dependence (r = 0.999) of the o@/(1 — ¢) ratio on the
amine concentration (Fig. 4) that k, >> k3[Ph,NH].
i.e.. the physical quenching of the excited rrans-isomer

@/A1 — @)

0.8 L -
06} /

045 -

02’“/'/
[

0 002 004 006 008 0.10
{PhsNH};/mol L™

Fig. 4. Ratio ¢/(] — ¢) as a function of the concentration of
diphenylamine (¢ is the quantum yield of consumption of
trans~-isomer 1, r = 0.999).
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Table 1. fnfluence of the ratio of rate
constants k;/ks on the quantum yields of
consumption of 1 at a concentration of
diphenylamine of 0.1 mol L7!

ks/ks o s 0
0.1 0.299  0.099  0.032
| 0.191  0.063  0.176
10 0.082  0.028  0.32

100 0.06 0.02 0.35

Note. ¢ = ¢ + s + ¢ = 0.43.

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

o/(1 ~ ¢) = 0.13 + 6.33{Ph;NH].

Comparison of this equation with Eq. (6) gives
ky/ky = 0.13 and (kg + kg)/ky = 6.33. Since ky/k) +
1 = 1/kyty (g is the lifetime of excited compound 1),
we obtain (kg + ks)tg = 6.33/1.13 = 5.6 L moi™}.
Taking into account that the lifetime of the singlet
excited state of 1 is equall3 to 2 ns. we find the rate
constant of chemical quenching of 1 by diphenylamine,
kg = ks + ks =28-10° L mol™! 57! close to the rate
constant of the diffusion-limited reaction in toluene.

Each of the k; and ks constants summates the rate
constants of two reactions of the trans-isomer, isomer-
ization, and cyclization. It is reasonable to assume that
in the presence of amine, the previously found!?® ratio
¢,/¢s = 3 remains unchanged (the latter is determined
by the shape of the potential energy surface of the
excited state M) Then we can calculate the contribution
of each of the parameters to the total ¢ value at different
ratios of constants k;/ks (Table 1). The values obtained
were used for calculation of the theoretical kinetic curves
from Egs. (1)--(4) taking into account Eq. (3).

It is seen in Fig. 2, a that the curves calculated for
A = 365 nm (the optical density of the rrans-isomer
makes the main contribution to them) are poorly sensi-
tive, especially in the initial region, to the value of each
term. but change substantially when the total quantum
vield @ increases from 0.11 (curve /) to 0.43 (curves 2—
5). At the same time, analysis of the kinetic curves of
accumulation of dihydropicene (410 nm, Fig. 2, b) fa-
vors the relationship of the constants k4 >> k5. There-
fore. the reaction with amine rather than isomerization
and cyclization is the main channel of consumption of
trans-isomer 1 in the presence of diphenylamine.

Reaction mechanism

It is usually assumed that during photoaddition of
both aliphatic? and aromatic® amines 1o diarylethylenes.
a proton is transferred from the amine radical cation to
the diarylethylene radical anion after photoelectron trans-

fer, and then the recombination of two neutral radicals
occurs (Scheme 3).

Scheme 3

1+PhNH Y

H C10H7
— 1 "+ PNH * —s H +PhoN
H
l CioHy l
4 5

However, when aromatic amines are used as donors.
recombination at the stage of radical ion products in-
volving C atoms of benzene rings of amine is also
possible. Taking into account the unpaired electron
density in the diphenylamine radical cation.!® the attack
of radical anion 1° 7 on C atoms in the para-position to
the N atom of the radical cation with the formation of
the C-adduct can be considered the main direction of
the reaction in this case. The formation of the N-adduct
(along with the C-adduct) is possible only after
deprotonation of the radical cation during recombina-
tion with the participation of the neutral amine radical,
because attack at the N atom is shielded in the radical
cation.!s

It is clear from the scheme considered that the factors
stabilizing the radical ion pair and decreasing the yield of
neutral radicals, for example, an increase in the medium
polarity, favor the recombination of radical ions resulting
in an increase in the relative content of the C-adduct. It
is this effect that has been observed on going from a
mixture of diphenylamine and stilbene to their acetoni-
trile solutions. In the reaction of diphenylamine with
compound 1, steric hindrances due to repulsion of naph-
thyl rings of 1 and phenyl rings of amine are an additional
factor that prevents the formation of adduct 5.
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