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Abstract

The photochenistiy of bininy inciusion compleses ol b mnoveratrole €NV and podimitrobenzene «DNB ) with 5 ovelodestrin ¢ 3-CH)
and of ternary inclusion complezes of NV or DNB and | phenyiethy liume cPhis oy with S-01 has been exanuned i the solid staie by
diffuse reflectance aser flash photoivsis. The binary NV A-CD comples shows o iansient absorption sienal assigned to tiwe triplet excited
state of NV The hinary DNBB-CD comples shows itinsent signal assignad 1o the protonaed sadical anion of DNB tormed viacby drogen
abstraction from the 5-CD cavity. Laser excitation of the ternary complenes gencrates the corresponding vadical won paies via photoinduced
clectron transter from the amine to the pittoaromanic wiplet state: Comparison with previonsty doesersbed conventional Laser ash photolysis
studies insolution shows that the investization of solid ternary CD inclusion compleses by diffuse retlectance faser flash photoly sis is valuable

in the case o bimolecular photoreactions that are difticult o stndy i solotion dug o the castence of othervompentive provesses ¢
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1. Introduction

The study of photochemical processes inorganized media
has received incrcasing attention i secent vears (see. tor
example. Refs. | 1-3] and refevences cited therein) because
of the poiential of these media to alter the photophysies and
photochemical  reactivity of  supstrates reltive o that
observed in isotropic media Cas well as other reasons [ 4]).
The difterent types of organized media investigated include
molecular ervstals. micelles. microemulsions, Langmuir-
Blodgett films. zeolites and host-guest molecularcomplexes.
Ot these. the Latter, and in particalar eyctodextrin (CD)y inclu-
ston complexes, are mmongst the most extensively studied
| 1-3].

CDs are cyclic oligosacchiardes of six o cight a- 1) -
elucose units which possess internal hydrophobic cavities
able to include a large variety ot guest molecules in agueous
sofutions | 5-7]. CDs composed of six, seven and eight giu-
cose units are termed «-CD. B-CD and y-CD respectively.
Changes in the photophysics and photochemistry of the guest
molecules included in CD cavities [8=11] may be due o
several effects: specific interactions between the guest and
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the CDS |21 specitic photorcactions beraeen the guest and
the CDS TR sensitioy of peest hoteprocesses Lo the
polarity of the caovironment | 4 protection from quenching
by onygen or other quenchers |3 12 constraiats imposed by
the cavity on the contormations of the guest cindecules and
on the ranstational and rotational motions of ihe photoin-
duced intermediates [ 16,17 . Such changes in propeities are
more pronounced in solid CD complexes [ 18] In the sofid
state. although some progress in svathetic photochemistry
Ras been made [ 18], e.g. CD complexes inducing selectivity
in photochenucal reactions. only a tew studies | 14 15.19-
21 hare been pertormied on the excited state dynamics by
imestigation of the photochemical transients and theirKinetic
hehaviour. mainly ustng the teehnigue of diftuse reflectance
Laser tlash photoivsis (DREFP) devetoped by Wilkinson and
comorhers |22 241, These studies have been restricicd io
untmolecular deactivarion of triplet excited states, or 1o pho-
tochemical hydrogen atom abstraction from the CD by the
excited vuest molecule within the cavity. Hitherto. no DRLEFP
studies have been reported on photochemical bimolecular
processes between dissimilar reagents included inasolid CD
phase.

The formation of inclusion complexes with CDs has been
used w improve the efticiency of photoinduced clectron trans-
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fer t PET) processes {25-28] mainly by fowering the back
electron transter rate due to the constraints imposed by the
cavity on the photogenerated intermediates. Previously. we
reported |29] the totslly selective photoreduction of certain
nitrophenyl ethers by 1-phenylethylamine (PhEA) in solid
B-CD ternary incluston complexes ¢ Scheme 1) . Mechanistic
studies in aqueous solution suggest |30 that a molecule of
PhEA can photoreduce the nitro group of a nitrophenyl ether
molecule 1o the nitroso group via a process initiated by PET
from PhEA to the triplet excited state of the nitroaronutic
compound. Theretore this photoreduction process constitutes
an interesting example tor the study of bimmolecular processes.
and in particular PET processes, in CD inclusion complexes
in the solid state,

In this paper. we report @ DRLEFP study of the solid binary
inclusion complexes of 4-nitroveratrole ( NV) and p-dinitro-
beazene (DNB) with 8-CD and of their 8-CD solid ternary
inclusion complexes with PhEA. In the case of NV, we
compare the results obtained here with those reported previ-
oudly [31] with different amines in agucous solution using
conventional luser flash photolysis.

OCH,
OCH, hv
+ PhCH(CH3NH2 —»
H20

NG,

Scheme 1.

2. Experimental section

B-D. cellulose (powder. 20 pm). silica { grade 633, 200-
425 mesh, 60 Ay 4-nitroanisole (NA). NV, DNB and PhEA.
supplied by Aldrich. were used as received. NAC NV and
DNB have the structures shown in Scheme 2. Distilled water
wus used to prepare the solutions.

Solid CD complexes were prepared by dissolving acertain
amount ¢f the compound in 0.011 M 8-CD aqueous solution
with magnetic stirming at 70 °C for 4 h. After evaporation of
water in vacuo with a rotary evaporator, the solid obtained
was dried in vacuum at 40 °C for 4 h. Sample loadiags are
given in the text as molar ratios.

Mechanical mixtures of similar concentration o that
employed for the binary solid complex DNB/B-CD were
obtained by mixing ihe appropriate amount of DNB with
cellulose or silica. A mechanical mixture of similar concen-

OCH, OCH, NO;
OCH,
NO, NG, NO,
NV NA DNB
Scheme 2.

tration to that employed tor the ternary solid complex NV/
PhEA/ B-CD was obtained by mixing the appropriate amount
of NV and B-CD with a PREA/B-CD binary complex in an
agate mortar. The binary PhEA/B-CD complex was precip-
itated directly from water at room temperature after 2 h of
magnetic stirring at 70 °C. These mechanical mixtures were
also dried in vacuum at 40 °C for 4 h.

Time-resolved DRLFP experiments were carried out by
exciting samples with frequency-tripled (354.7 nm. 10 m))
or trequency-quadrupled (266 nm. 22 mJ) pulses from an
Nd-YAG faser (HY 200, Lumonics) which had a pulse width
of 8 ns. A 275 W xenon lamp was used as the monitoring
source. and an R928 Hamamatsu photomultiplier was used
as the detector. Transient data were acquired by a Tektronix
2432A digital oscilloscope interfaced to a microcomputer.
The details of this system and data treatment can be found
clsewhere [ 24]. The parameter used to quantify the transient
ditfuse reflectance spectra was AJ/J,. the fractional change
in the ditfuse reflectance. where J,, is the intensity of the
diffuse reflected analysing light scattered by the sample
betore firing of the laser pulse.

Unless otherwise indicated, all the measurenients were per-
tormed at room temperature with aic-cquilibrated samples.
Samples were shaken between laser shots to ensure that a
tresh surface was exposed each time.

Ground state dittuse reflectance absorption spectra were
recorded on a Phillips PURROO UV--visible spectrophoto-
meter equipped with an integrating sphere.

3. Results

1t is known that nitroaromiatics |32.33) and PhEA | 34}
torm inclusion complexes with CDs in agueous solution.
Previous result. [29.35] suggest that all the compounds
cmployed in the present work form inclusion complexes in
agueous media and in the solid state.

31 Binary complexes

Trradiation at 355 nm ot air-equilibrated sotid binary NV/
B-CD complexes in the molar ritio 0.04 : 100 yields a tran-
sient with an absorption maximum at 480 nm (see Fig. 1(a)
for the spectrum and Fig. 1(b) for the decay trace). This
transient absorption resembles the triplet state of NV in non-
hydrogen-bonding sofvents | 35§, where the peak of the tran-
sient absorption occurs, for example, at 480 nm in acetonitrile
solution.

Irradiation at 355 nm of air-equilibrated solid binary NA/
B-CD complexes in the molar ratio 0.07 @ 1.00 yields no
detectable transient absorption.

Irradiation at 266 nm of air-equilibrated solid binary DNB/
B-CD com ~exes in the molar ratio 0.03 : 1.00 yields a tran-
sient with an absorption maximum at less than 390 nm (see
Fig. 2). It was not possible to record the spectra below 390
nm because the analysing light caused photodegradation of
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Fig. 1. ¢ad Tramsient absorption spectrum tor binaey NV/ 3-CD solid incho-
sion complex obtained within 1.7 ps after the faser pulbse at 355 . (b
Transient decay trace monitored ot 480 am tor binary NV/S-CD solid
inclusion complex.
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Fig. 2. Transicnt ubsorption spectrum tor binary DNB/ B-CD solid inclusion
complex obtained within 290 ps atter the laser pulse at 266 nm. A cut-olt
tilier was used o prevent phatodegradation of the sumple and so data col-
lection betow 390 nm was not possible.

the sample. For this rcason, a cut-oft filter with zero trans-
mittance below 390 nm was interposed between the arc lamp
and the sample. The same transicnt with a lower signal inten-
sity was obtained on photoexcitation at 355 nm.

[tis known that the triplet state of p-nitroacctophenone can
abstract hydrogen atoms from CDs within the inclusion com-
plex en UV irradiation in aqueous solution {36]. Nitroaro-
nutic compounds substituted  with clectron-withdrawing
groups, such as DNB and p-nitrouacctophenone, where the
lowest lying triplet state is of n.7* character [ 37— |. have
a much higher tendency to abstract hydrogen atoms than
nitroaromatics with etectron-donating substitue.ts. where the
lowest lying triplet state is of .7 character | 3741 |. More-
over, pitroaromatic compounds without electron-donating
groups. having lowest lying triplet states of n, 7 character.
show very short litetimes, in the range of picoseconds in
solution {42]. In this work, ro transient was abserved when
the binary complex of NA with 8-CD was subjected to laser
excitation. NA is a nitroaromatic with more tendency than
DNB to have a lewest lying triplet of 7.7 character and.
therefore. witha triplet state expected to have a stightly longer
lifetime [43] than that of DNB but with less tendency to
abstract hydrogen atoms | 37—31 |. This suggests that the tran-
sient observed when DNB/CD samples are subjected to
DRLFP may be due to the radical formed via hydrogen
abstraction from B-CD following excitiation of the nitro
group.

This assigniment is supported by the tact that nanosecond
laser lash photolysis (excitation of DNB at 266 nm in 2-
propanol) leads to a transient with a maximum around 360
nm. This transient has previously been identitied as the con-
jugate acid of the DNB radical anion using the technique of
photachemically  induced dynamic nuclear  polarization
(phoio-CIDNP) [39]. Therefore the observed A, of the
transient from the solid DNB/B-CD complex is consistent
with our assignment that this absorption is due to the proton-
ated radical anion formed through hydrogen abstraction by
the triplet state of DNB.

In order 10 contirm this assignment of the transient
observed with the DNB/8-CD complex. DRLFP studies of
mechanical mixtures of DNB with cellulose and silica were
performed. the former having a far greater capacity to act as
a hydrogen atom donor [ H]. With ccllulose. the same tran-
sient as obtained with the B-CD complexes was observed.
With silica, no transicnt absorption was obtained in the 390~
700 nm range following DRLFP. irrespective of whether the
sample was acrated or deaerated. These results suggest that
the formation of this transicnt is only possible if triplet DNB
molecules can abstract hydrogen atoms from a suitable donor,
and therefore we assign this transient to the protonated radical
anion. The fact that the triplet of DNB could not be detected
from a deacrated silica sample on the nanosecond timescale
is presumably due to the short triplet lifetimes of nitroaro-
matics without electron-donating groups [42.43]. Itis worth
noting that a deacrated sample of a mechanical mixture of
stlica and NV. which contains clectron-donating groups,
showed a transicnt signal attributable to the triplet state of
NV at 480 nm on photoexcitation with the laser at 355 nm.

In order to support further the assignments of these tran-
sients as the triplet state for NV and the protonated radical
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Fig. 3. Transient decay traces monitored at 460 am tor: ¢ 1) binary NV/ 3.
CDsolid inclusion comples: (2) temany NV/sorbic acid/ 8.CD solid inclu-
sion complen: (3) ternary NV/PREAY B-CD solid inclosion complex. All
the samiples have the sume concentration of NV,

anion for DNB. quenching experiments with sorbic acid were
performed. Sorbic acid is a comugated diene which is an
excellent quencher of triplet states through energy transter
[45]. fthas been used [43] as a quencher tor substrates with
triplet energies of about 60 keal mot ' and nitrobenszenes
have similar triplet energies [42.46]. It has been reported
that potassium sorbate acts as a quencher of the triplet swates
of nitrophenyl ethers [47.48]. Sorbic acid has also been used
[49] as a quencher in the presence of CDs in agueous solu-
tion. Morcover. it is known |S0] that potassium sorbate is
included in the CD cavity in agueous solution and. presum-
ably. its neutral analogue will have a higher tendency to be
included in the less polar environment of the CD cavity.
Therefore sorbic acid was used in attempts to quench triplet
excited nitrobenzenes.

Excitation at 355 nm of a solid ternary complex of NV and
sorbic acid with B-CD in the molar ratio 0.04 : 0.64: 1.00
leads to the same transient as obtained with the binary com-
plex of NV, with similar decay kinetics. but with a lower
initial transient signal (Fig. 3). consistent with static quench-
ing occurring within the duration of the laser pulse for the
NV molecules in close proximity o sorbic acid molecules.
This result is consistent with the assignment of the transient
observed as either the triplet state of NV or i transient formed
from the NV triplet state.

Excitation at 266 nm of a solid ternary complex of DNB
and sorbic acid with B-CD in the molarratic 0.03 : 0.70 1 1.00
docs not Yead to any transient in the 390-700 nm range:
however. sorbic acid absorbs at 266 nm. Excitation at 355
nm of the same complex leads to the same transient as
obtained with the binary complex of DNB with a similar
transient intensity and decay. The fuct that the transient was
not affected by the triplet quencher is consistent with the
assignment of the transient observed as the protonated radical
anion of DNB. although it is interesting to note that sorbic
acid does not affect the hydrogen atom abstraction reaction
which suggests that this reaction is verv fast indeed.

The decay trace of the binary NV/ 8-CD complex transicnt.,
expressed as AJ/ A, does not follow a simple kiretic law. It
can be fitted as two monoexpon2ntials, yiclding lifetimes of
50 ps and 1.8 ms respectively for the short- and long-lived
components. The kinetic trace in Fig. 1(b) was obtained by
a combination of tour individual decays recorded using dit-
“erent imescales. Experiments with variable laser fluence do
not show signiticant changes in the shape of the decay trace.
suggesting that triplet-triplet annihilation does not contribute
to the triplet decay. The same transient decay wis observed
when the sample was degassed prior to excitation. presuma-
bly duc to the protection offered by the €D to any oxygen
quenching of the triplets included in the CD in the solid state
| 14.15.19-21]. h should be noted that the decay of the NV
triplet in the B-CD inclusion complex in the solid state is
much slower than in solution. where its lifetime is reported
to vary between 0.2 and 2.2 ps depending on the solvent
[ 31.35]. Enhanced triplet lifetimes have been observed for
other substrittes adsorbed on solid supports or included within
solid supports: for example. the triplet lifetime of S-phenyl-
propiophenone is increased by five orders of magnitude in
the channels of sodalite | 51.52]).

The decay trace at 390 nm tor the binary DNB/S-CD
complex shows that the transient is very long ived (not
shown).

L2 Ternary complexes

Excitation at 355 nm ot a solid teenary complex of NV and
PhEA with B-CD in the molar ratio (004 1 0.35 1 1.00 vields
atransient absorption with & maximunm at 480 nm (Fig. 4)
monitoring on short timescales. At longer timescales, the
transient absorption shifis to give & maximum absorption at
450 nm ¢ Fig. 4). This second transient was not observed with
binary NV/B-CD complexes. The former transient resembles
the triplet state of NV observed previousty in the binary NV/
B-CD complex. The absorption spectra of the triplet of NV
and the radical anion of NV, which is the first intermediate

025~
0.20 4
0.15 4
- 1
-
~
Q0104
005
/////,—-\\\\\\\\—’ 2
et
0.00
- T ¥ T T ¥
400 450 500 550 600

Wavelength / nm
Fig. 4. Transiemtabsorption spectra tor ternary NV/PhEA/ B-CDsolid inclu-
sion complex obtained within 1.7 ws (1) and 140 ws (2) alter the laser
pulse at 355 nm.
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Fig. 5. Transient absorption spectrum tor wermary DNB/PhEA/B-CD solid
inclusion comples obtained within 83 g atter the laser pulse at 266 o, A
cut-off lilter was used to prevent photodegradinion of the sample and so data
collection below 390 nm was not possible,

in the photoreduction mechanisi | 301, have a similar shape
and position in non-hydrogen-bonding solvents [S3]. In
order to clarity whether this transient is the NV triplet or the
NV radical anion, we monitored the transient decay at 460
nm of an NV/B-CD binary complex and an NV/PhEA/B-
CD ternary complex with equal NV loading. These transient
decays are shown in Fig. 3. A higher transient absorption
intensity in the ternary complex suggests that another tran-
sient has been formed, which has a higher absorption coef-
ficient and a similar absorption spectrum to that of the NV
triplet. This new transient may be the NV radical anion. The
transient observed on longer timescales is more difticult
to assign, and may be cither a transient produced during
the photoreduction process or a superposition of several
transients, including the radical anion and the triplet.

A solid mechanical mixture of NV, B-CD and the PhEA/
B-CD binary complex. with similar concentrations as those
employed for the ternary NV/PhEA/B-CD complex. shows
a transient assigned 10 the NV triplet state. but no other
transicnt is observed at longer times.

Photoexciation at 266 am of the ternary sample of DNB
and PhEA with 8-CD in the molar ratio 0.03:0.52: 1.00
leads to a transient absorption formed within the laser pulse
duration. The spectrum shows two absorption maximaaround
410 and above 700 nm (Fig. 5). This transient is clearly
difterent from that observed in the binary DNB/B-CD com-
plex. This long-lived transient absorption is assigned to the
DNB radical anion on the basis of literature data | 54}

4. Discussion

It is known that CDs can act as hydrogen atom donors for
triplet states of carbonyl compounds in solid complexes
[ 14.20]. The results presented here show that 8-CD can also
act as a hydrogen atom donor for some nitroaromatic triplets
(with low-lying triplet states of n.a* character) [37—41] in

by
lw&dstaxe

Scheme 3.

solid complexes. A similar conclusion was reached in aque-
ous solution | 36].

PET trom PhEA to cxcited NV and DNB is observed in
the ternary complexes, presumably because 5-CD inclusion
complexes gencrally erystallize with a channel-like structure
[551. In such tubular structures. contact between the two
reactants is possible, cnabling electron transter to occur on
photoexcitation (see Scheme 3 for DNB).

Notime-resolved information regarding the rate of the PET
process could be obtained duc to the fact that. at least in the
DNB case. this process occurs within the duration of the laser
pulse. In the NV case, the overlapping [ 33] of the triplet and
radical anion absorption spectra makes it difticult to abstract
information about the Kinetic behaviour.

The fact that the PET process does not occur in a mechan-
ical mixture of NV, B-CD and PhEA/B-CD with similar
concentrations as those employed for the ternary NV/PhEA/
B-CD complex suggests that the photochemical process
observed in the ternary complex only occurs if preorganiza-
tion of the reactants takes place during the formation of the
ternary complex. The driving torce for this self-organization
is probably the formation of hydrogen-bond interactions
between the nitro and amino groups. The existence of inter-
molecular hydrogen-bond interactions between nitroaromatic
compounds and amines has been reported [56.57] in the
literature. It has also been reported [ 58] that solid molecular
complexes between nitroaromatic compounds and amines
are formed which. on irradiation, give mixtures of several
photoreduction products.

The fact that the radical anion of DNB is observed imme-
diately following the laser pulse for the ternary DNB/PhEA/
B-CD complex means that the PET process occurs in less
than 8 ns. This result turther supports the existence of preor-
ganization of the reactants in such inclusion complexes. The
fact that. in such ternary complexes. the PET process can be
competitive with hydrogen atom abstracticn from the 8-CD
cavity provides further suppont for the formation of hydrogen-
boud interactions between the nitro and amino groups,
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because the formation of hydrogen bonds stabilizes the 7.7
triplet states of nitroaromatic compounds [43] and. as
pointed out above, 7.7 triplet states have little tendency to
abstract hydrogen atoms [ 3741 .

Although PET processes have been studied 'n solid CD
complexes by time-resolved electron spin resonance (ESR)
[ 28]. as far as we know, this is the first time that the technique
of DRLFP has been applied to the study of such processes.

It is interesting to note the remarkable difterences in the
photobehaviovr observed for NV in the presence of amines
in selid terary complexes and in aqueous solution. In aque-
aus solution [31]. in addition to the formation of photosub-
stitution products during NV triplet decay. an ensemble of o
complexes with broad absorption in the 400-530 nm range
and relatively large lifetimes is observed by conventional
laser flash photolysis. Moreover. with primary amines ( meth-
viamine or n-hexylamine). the NV radical anion is not
observed directly and its existence is inferred through indirect
methods. (Preliminary laser Hash photolysis experiments
[35] of the photorcaction <f NV with PhEA in aqueous
solution show that the photobehaviour is analogous to that
previously reported |31 for methylanune and n-hexylam-
inc.) By contrast. in the investigation of the solid ternary
NV/PhEA/B-CD complex by DRLFP. only the photo-
reduction process is observed. i.e. the foriation of the radical
anien and photoreduction intermediates, without interference
from other competitive processes such as photosubstitution
and the formation of « complexes, despite the fact that pho-
tosubstitution products by PhEA are obtamned in aqueous
solution [29]. This highly selective process in the termary
complexes supports the existence of real inclusion complexes
in the solid state in which the selectivity is the result of the
constraints imposed by the CD cavity on the included
reagents.

In summary. the results preseated here show that. provided
that interaction between the reactants is possible in solid CD
inclusion complexes. the study of such complexes by DRLFP
is valuable in the investigation of bimolecular photoinduced
reactions. especially when they are difficult 1o study in solu-
tion due to the existence of other competitive processes.
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