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Abstract

Hindered amines such as 2,2,6,6-tetramethyl piperidineNamethyl-2,2,6,6-tetramethyl piperidines and hindered amino ethers such
asN-methoxy-2,2,6,6-tetramethyl piperidines were examined with respect to their reactivity towards triplet-excited benzopB&¥ipne (
in Ar-saturated acetonitrile solution at room temperature. Upon measuring phosphorescence decay rates in the absence and presenc
quencher it was found that the amines are two to three orders of magnitude more reactive than the amino ethers. For all amine/BP syste
examined the generation of free ions was inferred from an increase in the electrical conductivity. This indicates that a charge transfer (C
mechanism is operative in these cases. Notably, tertiary amines were found to be more reactive’®®/asahsl give higher free ion
yields than secondary amines. In the case of amino ether/BP systems evidence for a CT mechanism was not obtained in spite of an incre
in the electrical conductivity indicating the generation of free ions. The latter are formed much faster than the phosphorescence decays a
very likely originate from triplettriplet annihilatio’BP* + *BP* — BP** 4+ BP*~). ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction also direct hydrogen abstraction as depicted in reaction (1)

is possible, even in polar solvents.
The photoreduction of benzophenone (BP) by amines hass . .

been studied by many researchers [1-26]. Since intersystem BP"+AH — *BPH+A (1)

crossing, $— T, is a very rapid process in the case of BP According to Mataga et al. [20] in this case both processes,

(k~10's1, [6,20]) the photoreduction in dilute solutions CT complex formation and direct hydrogen abstraction are

involves triplet excited benzophenomBP*. In polar sol- competing at encounter 8BP* and amine. The occurrence

vents such as acetonitrile tertiary amines having a low ox- of charge transfer processes can be directly evidenced by de-

idation potential are commonly considered to form triplet tecting the free ions. This is attainable by recording the spe-

excited charge transfer complexes WiBP* consisting of a cific optical absorption spectrum of the radical ions or the in-

contact pair of radical ions, CIP. The latter separate slightly crease in the electrical conductivity provided a solution con-

and form solvent separated ion pairs (SSIP) that later cantaining BP and amine is exposed to light which is absorbed

form free ions or undergo back-electron transfer or geminate by BP. For example, free ions were detected in this way by

proton transfer. The latter process results in the formation UV irradiation of acetonitrile solutions containing BP and

of a ketyl and an aminyl radical (see Scheme 1). N,N-diethylaniline [5], BP and diphenylamine [14] or BP

In non-polar solvents such as benzene the proton trans-and 1,4-diazabicyclo[2,2,2]octane, DABCO [13,16,17].

fer occurs in the charge transfer complex because the radi- The present paper deals with the reaction of hindered

cal ions cannot separate. Regarding primary and secondanamines and corresponding amino ethers with triplet-excited

amines, apart from charge transfer (CT) complex formation, benzophenone. Certain hindered amines, namely derivatives
of 2,2,6,6-tetramethylpiperidine, are efficient light stabiliz-
ers for polyolefins [27—32] and it is commonly accepted that

* Corresponding author. amino ethers are formed when hindered amine light stabiliz-
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BP were purchased from Aldrich. BP was obtained from E.

lhv Products «—— BPt + AH< Merck and was recrystallized from ethanol solution. Ace-
(Free Ions) \ tonitrile (Baker) was distilled prior to use.

*

BP

iISC

p* A3 [ppt . AHT]—> (BP--AHT)

Separation of Radical lons BP + AH

/ 2.2. Flash photolysis

A ruby laser (Korad, model K 1QS2) operated in con-
junction with a frequency doubler was used to generate

_ | 20 ns flashes of 347 nm light. As in the previous work [17],
Geminate Proton Transfer for emission measurements, a RCA 1028 photomultiplier
'L was used in conjunction with a gating system that oper-

“BPH + A ated the full chain of dynodes after a chosen delay period
(100-800ns) [33]. Photocurrent measurements were per-
formed with a rectangular quartz cell attached to a flow sys-

tem. The cell was equipped with a pair of platinum elec-
R._( ; ROO- q R- , q trodes that were connected to a dc set-up [5]. The solutions
N —H Tb R'—(- N—O-——» R'— N —0—R

(CT-Complex) (Solvent Separated Ion Pair)

Scheme 1. Photoreaction of BP with amine in polar solvents.

were purged with argon prior to irradiation. Actinometry
was performed with solutions of BP containing naphthalene

) ) o ) as described previously [34].
Scheme 2. Conversion of hindered amine into amino ether.

ers (HALS), react with alkyl or peroxyl radicals as is shown 2.3. Free ion quantum yields
in Scheme 2.

The high stabilizer efficiency of HALS compounds is  Quantum yield determinations on the basis of photocur-
thought to be particularly due to the capability of amino rent measurements generally suffer from lack of knowledge
ethers to react with peroxyl radicals thus regenerating ni- concerning the mobility of the various ions or ion radicals.
troxides that in turn can react with radicals. Due to the im- To circumvent this difficulty all photocurrent data were re-
portant role hindered amines play in polymer stabilization |ated to the photocurrent measured under identical condi-
the interest in this class of compounds is growing. Following tions for the system BP/DABCO/acetonitrile and, conse-
this line the present study concentrating on the reactivity of quently,®(ion)e values are reported in this paper. The pho-
hindered amines and amino ethers was initiated. The chem-toreduction ofBP* by DABCO does not yield ketyl radicals
ical structures of the compounds examined in this work are put essentially results in the formation of free radical ions.
presented in Tables 1 and 2. Very large free ion yields of the photoreduction3&P* by

Some of the compounds were studied by Step et al. [22] DABCO have been reported in the literature(ion)=0.8
who inferred from transient absorption and time-resolved [16], ®(ion)= 0.95 [13] and®(ion)=0.9-1.0 [17].

ESR measurements th#BP* is quenched quite effectively

by amined andll but does not react with the amino etlhiér

[22]. Therefore, it was concluded that there is no significant 3 Resylts

interaction via charge transfer complex formation between
amino ethers anéBP*.

Notably, Kluge and Brede have studied the photoreduc-
tion of BP by the hindered amind¥ andV in various
solvents including acetonitrile by flash photolysis using
time-resolved optical absorption spectroscopy [26]. In that

WOT" no evidence for the benzpphenone radical anion indi- solute a photocurrent was built up within a few microsec-
cating the g_enera'uon O.f free lons was found._By contrast, onds after the flash, indicating that the free ions are
_the gene_ranon of free ions with hmderec_:l amines was ev- generated by a monophotonic process. Provided the free
'de”C?d in the pr.eg,ent work by performing time-resolved ions were generated by a biphotonic effect the photocur-
electrical conductivity measurements. rent should be formed within the flash. Although rather
low, the ion vyield clearly surpassed the detection limit.

3.1. Free ion generation in the absence of amines and
amino ethers

Upon irradiation of an Ar-saturated acetonitrile solu-
tion containing BP (2.% 103moldm™3) and no other

2. Experimental details ®(ion)e =0.015 was obtained at an absorbed dose per
flashDgps= 9 x 1072 einstein dn13. In this connection it is
2.1. Materials notable that the photogeneration of free ions from BP in
acetonitrile has been reported recently by Raumer et al. [35]
The compounds, 11, Il , XII', Xlll andXIV were ob- who performed irradiations akyc = 355 nhm and concluded

tained from Ciba-Geigy, Ardsley, NY. Compountg—IX on the basis of the results of detailed experimental work
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Table 1
Photoreduction of benzophenone by amines. Solvent: acetonitrile BB x 103 mol dm3; Daps= 3.6 x 102 einstein dn3
Amine Eox? (V) IPP (eV) kg® (dmP mol—ts71) ®(ion)e
O
1l
° [ 1.18 7.6x 108 0.018

1]
o I 0.84 4.7x10° 0.074

1l
° n 1.28 1.7x 10° 0.10

N—H
v 8.04 1.4% 10° 0.035
2.5% 10°%
< E_CHs
Y 7.68 6.4x 10° 0.096
6.2x 10°%
N—H
C Y| 8.70 3.0x 10°
8.6& 0.052
(CoHs)2N=H VII 1.3 8.6F 0.125
N(CzHs)3 VIII 0.99" 8.08 3.0x 10° 0.54
DABCO IX 0.56" 7.70 1.2x 101° 1.0
None - 0.01%
a0xidation potential versus SCE.
bvertical ionization potential.
®Rate constant of phosphorescence quenching.
dQuantum yield of free ions relative to that of the system BP/DABCO.
€Oxidation peak potential of cyclic voltammogram.
fRef. [39].
9Ref [38].
"Ref. [37].
'Ref. [12].
IDaps= 9.0x 1075 einstein dn3.
kRef. [26].
Table 2
Quenching of BP phosphorescence by hindered amino ethers. Solvent: acetonitrite ZBR] 103 mol dm3; Daps= 3.6 x 10~° einstein dn3
Amine kg (@m*mol~ts™) Ej (V)2
c—0 q—o — CH 3
Il
° Il 1.7x 1P 1.25
CH4
I
N —O0 —C — CHy
I
CHy X ca. 1x 10° 1.41

CH3
|
c—o N —o—c—©
Il |
° CHy X1 6.0x 107 1.38
H
@)
c—o N—-O—C
Il L
o XIV 4.3% 107 1.73

a0xidation peak potential from cyclic voltammograms recorded with Pt electrodes in 0.1yM "B~ acetonitrile solution versus the saturated
calomel electrode (SCE), calibrated versus the ferrocene/ferrocenium cdifpteq.31V). Courtesy of Prof. W. Abraham.
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that ion generation in this system is due to triplet—triplet [XII] (mol dm™)
annihilation (TTA): 0 0.1 0.2
3BP* + 3BP* — BP** + BP*~ 2) P |

This implies that®(ion)e is not independent dD,ps the
absorbed dose per flash, but increases with incredxipg
Taking this into account &(ion)e value quite similar to
that found in this work is obtained on the basis of the data
of Raumer et al. [35].

k; (10°s7™)

3.2. Reaction of BP triplets with amines

3.2.1. Phosphorescence quenching

The major feature of the exposure of BP, dissolved in ace-
tonitrile, to 347 nm light is the rapid formation & 20 ps) of
BP triplets with a rather high quantum yiel&GBP*) ~ 1.0)
[36]. The decay of BP triplets can be readily monitored be- [I] and [II] (10™* mol dm™)
cause of the characteristic optical absorption and emission _ _ _
(phosphorescence) spectr&BP*. Notably, in the presence E'g- 2. Phosdphlorenscencc? ”?“e_mh*”g ft’f t{"get‘ex‘;'te_‘: _Ibenz‘l’pt’,‘e”"”e
OT mOSt, amines a quStantial por_tion of t[he initially f_ormed ail ;rﬁgzmmtesm;)eratua;:. PIotsI,n of rtﬁz qu.Zt(—aord:::edoerz(';)I/e csr?sl:eig? VS.
triplets is converted into ketyl radicals. Since the optical ab- the quencher concentrationem =530 nm; [BP= 2.3 x 10-2 mol dn3;
sorption spectra of ketyl radicals and BP triplets strongly Days=3.6x 1075 einstein dn3.
overlap, the analysis of kinetic data based on absorption

measurements is tedious. Such a problem does not exist a .
P jja and Fig. 2 shows plots &f, the pseudo-1st order rate

far as phosphorescence measurements are concerned, an
constant of the phosphorescence decay, versus [quencher],

therefore, in the present work the kinetics of the reaction the quencher concentration. obtained by usina compounds
of 3BP* with amines were followed throughout by measur- d ' . y g P
[, 1 andlll as quenchers. Quenching rate constegisere

ing the decay of the emission at 530 nm. Typical results are : )
shown in Figs. 1 and 2. A phosphorescence decay trace,ev"’“u"’Ited on the basis of Eq. (3):
recorded in this case with compoul( is depicted in Fig.

[ I
8

0 2 4 6 10

k1 = ko + kq[quencher] 3)
FLASH (a) As can be seen from Table 1 all amines are less reactive
i Phosphoresgence towards®BP* than DABCO, i.ekq is lower than in the case

of DABCO (kg = 1.2x 10°dm® mol~1 s71). Regarding the
tertiary amines th&, values of the piperidine type aminks
andV are larger than that of triethyl amin¥I{l ). Notably,
substitution of the 4-hydrogen by the benzoyl-oxy group
in IV and V reduces the reactivity to some extent as is
recognized by comparing tlkg values of compound¥ and

V with those of compoundsandll , respectively. Moreover,

it is inferred from thek, values of the corresponding amine
Photocurrent (b) coupled/ll andIV /V, that tertiary amines are more reactive
towards®BP* than secondary amines.

-
4k

1
20 mV
500 ns l

A
__l }_ 5 mV 3.2.2. Photogeneration of free ions
[ In acetonitrile solutions containing apart from BP also
T 500 ns U = 500 V an amine, a photocurrent substantially larger than in the
absence of amine, was formed after the flash concomi-
FLASH tantly with the decay of the phosphorescence. This is
demonstrated by a typical oscilloscope trace recorded in
Fig. 1. Reduction of triplet-excited benzophenone by amWein this case with amineV shown in Fig. 1b. Here, only

Ar-saturated acetc_)nl_tnle solution at ambient temperature. Oscillo- about 10% of the triplets initially formed are estimated
scope traces depicting the phosphorescence decayemt 530 nm

: _ 0 11
(@) and the build-up of the photocurrent (b) after the 20ns flash to undergo TTA (Wlt_hlkT_Tf = 1'2X 1010dm?® m0|_58 '
(Ainc =347 nm). [BP=2.3x 10-3moldm3; [V] =1 x 10-3mol dm3; kg=6.4x 10°dm®mol~ts™%,  [*BP*]=3.6x 10~>mol
Dabs= 3.6 105 einstein dm3. dm~2 and V] =1 x 103 moldm3). Therefore, contribu-
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tions to the photocurrent arising from TTA (vide Section FLASH
3.1) are negligible.

The photoreduction of BP triplets by amines results in ~ —v—\ Phosphorescence AV e
the formation of free ions in all cases. However, the yields \ MMM‘MM“'V{“WMWMh
differ significantly as can be seen from Table 1. Generally, M"‘(‘ o | @
secondary give lower ion yields than tertiary amines. The \MW 20 mv
piperidine type amine$V andV vyield four to six times ﬂ,l ‘ll Hs F T
less free ions than the corresponding ethyl amiisand M
VIII , respectively. Substitution of the 4-hydrogen by the V!
benzoyl-oxy group ilV andV results in a 2- and 1.3-fold

decrease in the ion yield (compaké with |, andV with II'). — Photocurrent
Moreover, substitution of the 2- and 6-hydrogens by methyl / b)
groups reduces the ion yield by a factor 1.5 (compate J_ (
with V1). /
/ a‘ . pst, 5.mv

3.3. Reaction of BP triplets with amino ethers ' |

J Ug = 400 V
3.3.1. Phosphorescence quenching

Experiments with compound¥X and Xl, that were 1‘

synthesized for this work, did not yield reproducible
FLASH

H,C — . . . . . .
N —O0—CH 3 T Fig. 3. Reaction of triplet-excited benzophenone with amino
3 /N T O CHy ether 1l in Ar-saturated acetonitrile solution at ambient tem-
X H3C—CH, X1 perature. Oscilloscope traces depicting the phosphorescence decay

at 2em=530nm (a) and the build-up of the photocurrent (b)
results. It turned out that these amino ethers are not veryafter the 20ns flash i =347nm). [BP=2.3x 102 moldm 3
stable and spontaneously form products capable of reduc!!l 1=5:0x 1072 moldnT=; Daps=9.0x 10-° einstein ™.
ing BP triplets. On the other hand, compounds —XIV
(see Table 2) are quite stable. At low concentration the generation of radical ions by TTA and/or ionic species

they affect the benzophenone phosphorescene decay onwormed in consecutive reactions of the radical ions with the
Scarce|y and7 therefore, re|ative|y h|gh amine concentra- amino ether. This ConjeCtUre is substantiated by the fact that

tions (>5x 10~2moldnm3) had to be applied to measure the generation rate of the current increased with increasing
quenching rate constants. The latter range frorf ® amino ether concentration. Actually, at the absorbed dose

107 dm3mol-1s~1, as can be seen from Table 2. The values Dabs=9.0x 107 einsteindm® applied in this case about
of these rate constants are much lower than those pertain25% of the BP triplets initially formed are estimated to
ing to the corresponding amines (see Table 1). Therefore, itundergo TTA.

can be now concluded more precisely than before [22], that

amino ethers do react wilBP*, but their reactivity towards

3BP* is much lower than that of the corresponding amines. 4. Discussion

Interestingly, the benzyl etherglll and XIV are much

more reactive toward@BP* than the methyl or theert-butyl 4.1. Reaction ofBP* with amines

ether, compoundBl andXIl , respectively, as indicated by

a difference irkq values of one order of magnitude. The most important result of this work concerns the fact
that free ions are formed upon irradiation of acetonitrile

3.3.2. Photogeneration of free ions solutions containing BP and one of the amines listed in Table

Electrical conductivity measurements revealed the pho- 1. Therefore, it can be concluded that these amines interact
togeneration of free ions in acetonitrile solutions contain- with BP triplets via a charge transfer mechanism. In the
ing BP and amino ethers. However, with all compounds following, the dependence &§, the quenching rate constant,
listed in Table 2 the photocurrent formed several times more and of ®(ion)e, the quantum yield of free ion formation,
rapidly than the phosphorescence decayed. Typical kineticon the chemical nature of the amines will be discussed in
traces (recorded in this case with the systdnBP) demon- ~ some detail.
strating this behavior are shown in Fig. 3. The pronounced
difference in the rates of the photocurrent generation and4.1.1. Dependence ofland ®(ion).e on the chemical
phosphorescence decay indicates that the formation of freenature of the amine
ions is not correlated with a reaction of the amino ether  The rate constants of the reaction3P* with amines
with 3BP*. It rather seems that the photocurrent reflects have been reported to increase with decreasing ionization
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potential (IP) (or oxidation potential,y) of the amine and Notably, the formation of a photocurrent accompanying
to approach eventually a limiting value corresponding to the phosphorescence decay could not be seen, although a
about 1x 10°dm® mol~1s~1 [18]. This behavior is in ac-  relatively large photocurrent was observed with all amino
cordance with the model of Rehm and Weller [40] and on ethers. But it built up much faster than the phosphores-
this basis it can be explained why secondary amines are lesxence decayed. Thus, the free ions formed in this case
reactive than the corresponding tertiary amines. Actually, must originate from a different source. This might be
values of IPs or oxidation peak potentialgo are available based on triplet—triplet annihilation which presumably is
in the cases of the couplég/V andl/Il, respectively (vide not or only scarcely affected by amino ethers. Here, it is
Table 1). In both cases, the values of IPEf of the more recalled that the generation of free ions via TTA by laser
reactive tertiary amineg andll are lower than those of the  flash photolysis of BP in acetonitrile via reaction (2) has
less reactive secondary amirn&sandl. been evidenced [35]. When a solution containing BP and
Apparently, a similar trend exists regarding the probability amino ethetll (0.1 moldni3) was exposed to a laser flash
of the formation of free ions from CT complexes. As has (Daps= 3.6x 102 einstein dn13) a photocurrent about 10
been pointed out above (vide Section 3.3.2 and Table 1) thetimes larger than in the absence Itif was measured. A
d(ion)e values pertaining to secondary amines are lower plausible explanation is based on the following mechanism
than those of the corresponding tertiary amines. which assumes thdtl reacts with BP* and in this way
In this connection it is interesting to note, that accord- impedes to some extent the neutralization reaction (5):
ing to Miyasaka and Mataga [20] the rate constant of gemi- _
nate proton transfer decreases with decreasing oxidation po-3BP* +3BP* — BP*T + BP* (2)

tential in the case of tertia_ry amines.. W_ith the aid.of th(_e BP'T + 1l — BP+IIl*F (4)
data compiled in Table 1 this conclusion is substantiated in
the cases o¥Ill andIX by the corresponding values, i.e. BP** +BP*~ — BP+BP (5)

®(ion)el (0.54 versus 1.0) anfyy (0.98 versus 0.56). Here,
it is presumed that an increase d&r(ion)e is correlated to
a decrease in the yield of ketyl/aminyl radical formation.
However, this correlation does not seem to be of general im-
portance, as can be seen by comparingdiien),e values ket ]
of V-andVIIl . In the case o/ ®(ion)rel is about five times  PET4 = 37 % 1BP* ] ©
lower than forVIll , although IPY) is lower than IPYIII ).

Apart from these thermodynamic considerations a mech- With ket =5x 10°dm®*mol~tst,  k, =2 x 10'°dm?®
anistic aspect should also be taken into account here, namelynol"*s™%, [lll]=0.1moldn3 and [BP*]=10"°mol
the fact that in the case of the tertiary amines two com- dm 3 one obtains:peTa~ 1.0, i.e. ET (reaction (4)) is
peting processes have to be envisaged with respect to thdighly favored over neutralization (reaction (5)). Apart from
formation of free ions according to Scheme 1: proton trans- the prevention of the neutralization reaction the increase in
fer and ion recombination (back electron transfer). In the the photocurrentia might be also due to the decompo-
case of the secondary amines, on the other hand, also direcgition of Il ** into more mobile fragments, becauigal
H-abstraction according to reaction (1) has to be taken into IS proportional to the mobilityx; of the charge carriers
account. This reaction is likely to participate in the process according to Eq. (7):
on the expense of free ion generation and, therefore in the E
case of secondary aminégion)e should be lower than for  itotal X (3) Z(%’Ciﬂi) (7)

tertiary amines.
where,q; is the charge of the ionsg; the concentration of
ions, E the applied electric field strength addhe distance
4.2. Reaction ofBP* with amino ethers between electrodes.

Provided onlylll and BP~ are competing for BP" the
probability peT4 for the occurrence of the electron transfer
reactions (4) is given by Eq. (6):

Apparently, the amino ethers examined in this work in-
teract relatively weakly with BP triplets. This is concluded 5. Conclusions
from the fact that phosphorescence quenching occurs rela-
tively slowly, i.e. with rate constants ranging fromx110° The experiments described in this paper show that hin-
to 6 x 10’ dm® mol~1s~1. The relatively low reactivity isin ~ dered amines such as 2,2,6,6-tetramethyl piperidines and
accordance with rather high oxidation peak potentials (vide N-methyl-2,2,6,6-tetramethyl piperidines are much more re-
Table 2). However, the rather large difference in kheval- active towards triplet excited benzophenotf*) than hin-
ues of the alkyl etherfil and XIl and the benzyl ethers dered amino ethers such Bsmethoxy-2,2,6,6-tetramethyl
Xl andXIV is not reflected by a corresponding difference piperidines. The rate constants determined by phosphores-
in Eg values and a plausible explanation for this difference cence quenching differ by two to three orders of magnitude.
cannot be given at present. From electrical conductivity measurements it is inferred that
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