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Abstract

Photophysical and electron transfer properties of pyrylium salts 1-4 were investigated. The photophysical properties include absorptic
and fluorescence spectra, quantum vyields, fluorescence lifetimes and phosphorescence spectra. Laser flash photolysis of 1-4 in dega
dichloromethane led to the formation of transients assigned to the triplets of these molecules. The quantum yields of triplet formation an
the extinction coefficients of the triplet—triplet absorption were determined. Electron transfers to the excited states of 1-4 from bipheny
were studied by fluorescence quenching and laser flash photolysis. The intermediate radical ions formed in the electron transfer reactic
were characterized. In the case of 1-3, only the singlet excited states were involved in electron transfer reactions, whereas, in the case
4, the singlet as well as the triplet excited states act as electron acceptors. Involvement of the triplet in the electron transfer reactions, |
to higher®;o, and lowerkye; Values in the case of 4. Thus, suitable modification of the structure of pyrylium salts can lead to molecules
with very good photoelectron transfer properties. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction also as phototherapeutic agents [10,11]. Although, there are
several studies dealing with the photophysical and electron

2,4,6-Triphenylpyrylium (TPP) perchlorate or tetrafluo- transfer properties of TPP and its thia analog, [12-23], prac-

roborate has found extensive use as a sensitizer in photoin{ically very little is known about the electron transfer proper-

duced electron transfer (PET) reactions [1,2]. As TPP is pos-ties of other members of this group. In this paper, a detailed

itively charged, only charge exchange takes place when theaccount of the photophysical and electron transfer proper-

radical cation of the donor is generated by an electron trans-ties of a few 2,6-dimethyl-4-arylpyrylium perchlorates (1-4,

fer process. Therefore, formation of radical ions will be en- Chart 1) in dichloromethane solution is presented. Our aim

hanced and deactivation through back electron transfer will has been to vary the structure and correlate it to the yield

be reduced in comparison with neutral sensitizers [1]. In ad- of PET reactions. These studies have shown that very facile

dition, TPP is also an efficient PET sensitizer in its triplet electron transfer occurs from biphenyl (BP) to the excited

excited state. This allows the generation of triplet radical ion states of these molecules as per Eq. (1).

pairs and to examine the effect of spin multiplicity on the fate

of these intermediates [3,4]. With respect to PET oxygena-

tion reactions, a unique property of TPP is that it produces *py® | Bp — PY® + BP*t (1)

neither singlet oxygen nor superoxide anion [5]. Thus, TPP

is a suitable sensitizer to study the reactions of radical cations

with molecular oxygen [5,6]. In addition to being good sen-

sitizers in PET reactions, pyrylium salts find potential appli-

cations as laser dyes [7,8], as Q-switches in lasers [9] an

Using laser flash photolysis, we have characterized the
dpyranyl radicals of 1-4 and determined their extinction
coefficients. The quantum yields of radical ion formation
- o ) (®ion) Were also determined. Our studies have shown that
* This is contribution No. RRLT-PRU 106 from the Regional Research . .

Laboratory electron transfer in these cases, proceed with higd,

* Corresponding author. Tel.: +91-471-490674: fax: +91-471-490186  Values and that these derivatives can act as good sensitizers
E-mail addressgopidas@csrrltrd.ren.nic.in (K.R. Gopidas) in PET reactions.
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2. Experimental

2.1. Materials
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Fig. 1. Absorption (—), fluorescence-(--), and phosphorescencesge)
spectra of 4. Absorption and fluorescence spectra are in dichloromethane
and phosphorescence spectrum in glycerol glass at 77 K.

meter.'H NMR spectra were recorded on a JEOL EX-90
spectrometer. Mass spectra (FAB) were recorded on a JEOL
JMS AX503 mass spectrometer. The absorption spectra
were recorded on a Shimadzu UV-2100 or a GBC double
beam UV-VIS spectrophotometer. Fluorescence spectra
were recorded on a SPEX Fluorolog F 112X spectro-
fluorimeter with a right-angled geometry usingc110~°>M

Pyrylium salts 1-4 used in this study were prepared by a solutions. Fluorescence quantum yields were determined

general procedure described earlier [12].
2,6-Dimethyl-4-biphenylylpyrylium perchlorateYield
51%; mp 180-18IC; IR (vmax): 3009, 2963, 2890, 1643,
1092 cnt!; 'H NMR (90 MHz, CDCh), § 3.0 (s, 6H),
7.3-8.3 (m, 11H); HRMS mol. wt. calcd for 16H;70™"
(cation) 261.1279, found, 261.1292.
2,6-Dimethyl-4e-naphthylpyrylium perchlorate Yield
28%; mp 159-16TC; IR (vmax): 3089, 2975, 2918, 1635,
1095cnt!; 'H NMR (90 MHz, CDCE), § 3.0 (s, 6H),
7.3-8.1 (m, 9H); HRMS mol. wt. calcd for 1gH150™
(cation) 235.1123, found, 235.1129.
2,6-Dimethyl-48-naphthylpyrylium perchlorate Yield
40%; mp 237-238; IR (vmax): 3020, 2937, 2869, 1628,
1108 cntl; 'H NMR (90 MHz, CDCE), § 3.0 (s, 6H),
8.0-9.0 (m, 9H); HRMS mol. wt. calcd for 1gH150™
(cation) 235.1123, found, 235.1142.
2,6-Dimethyl-4-(p-acetylphenyl)pyrylium  perchlorate
Yield 20%; mp 134-13%C; IR (vmax): 3087, 2936, 2864,
1636, 1099cm?; 'H NMR (90 MHz, CDCE), § 2.6 (s,
3H) 3.0 (s, 6H), 7.9-8.3 (m, 6 H); HRMS mol. wt. calcd
for C15H150,™ (cation) 227.1072, found, 227.1075.

using optically matched solutions and by employing a so-
lution of quinine sulfate in 1 N sulfuric acidiF =0.54) as

the reference. Phosphorescence spectra of the compounds
in glycerol glass at 77 K were recorded on a SPEX 1934D
phosphorimeter. Fluorescence lifetimes were determined
using an Edinburgh Instruments FL900CD single photon
counting system. Electrochemical experiments were per-
formed with a Wenking Model POS 73 potentioscan and
pulse generator. Solutions of the pyrylium salts(10-2 M)

in acetonitrile, containing 0.1 M tetmna-butylammonium
tetrafluoroborate as supporting electrolyte were thoroughly
degassed before use. A glassy carbon electrode was used as
the working electrode and a platinum gauze was used as the
counter electrode. Laser flash photolysis experiments were
carried out by employing an Applied Photophysics Model
LKS-20 Laser Kinetic Spectrometer using GCR-12 Series
Quanta Ray Nd:YAG laser. The analyzing and laser beams
were fixed at right angles to each other. The laser energy
was 60 mJ at 355 nm.

Biphenyl used in these studies was purified by recrystal- 3. Results and discussion
lization. Spectroscopic grade solvents were used throughout
and solutions for flash photolysis experiments were satu-3 1. photophysical properties

rated with argon for 15 min prior to the experiments.

2.2. Measurements

Pyrylium salts 1-4 exhibit strong absorption in the
300-450 nm region. The absorption spectrum of 4 is given
in Fig. 1and the maxima of the long wavelength absorptions

All melting points are uncorrected and were determined along with the extinction coefficients for 1-4 are presented
on a Buchi Model 530 melting point apparatus. IR spectra in Table 1. Table 1 also gives the fluorescence maxima,
were recorded on a Perkin ElImer Model 882 IR spectro- quantum vyields and lifetimes for all these compounds. It
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Table 1
Absorption maximaXmax(@bs)), extinction coefficients fax), €mission maximaimax(em)), fluorescence quantum yielddg), and fluorescence lifetimes
(zg) for pyrylium salts 1-4 in dichloromethane

Compound Amax(@bs) (nm) €max (M~ Lem1) Amax(€m) (nm) OF ¢ (ns)
1 402 2.8x 10* 501 0.78 <
2 438 1.0x 10* 554 0.22 1%
3 430 9.0x 10° 544 0.64 167
4 336 2.4x 10 405 0.03 20
0.154 gen guenching rate constants were determined and are pre-

sented in Table 2. For all the substrates the bleaching max-
ima in dichloromethane coincided with the absorption max-
ima. This enabled us to calculate the extinction coefficients
(e7) of these absorptions by the singlet depletion method
[24]. The values of extinction coefficients thus obtained
were used to determine the quantum yields of triplet for-
mation @) by relative actinometry method [25]. An opti-
cally matched solution of benzophenone in benzane< 1,
eT=7600 M 1cm™1 at 530 nm) [26] was used as the refer-

010- 0 5 10 15 20 25
ek T ence in these studies. The data obtained for all these com-
300 500 600 700 800 pounds are summarized in Table 2. An inspection of Table
Wavelength, nm 2 confirms that thebt value for 4 is very high compared to

i ) ) ) those of 1-3.
Fig. 2. Transient absorption spectra of 1A{} and 4 (O-) in

dichloromethane recorded at 100ns after the 355nm laser pulse. Insets
show the decay profile and the bleaching recovery for (a) 1 and (b) 4. 3.2 Electron transfer studies

can be seen from Table 1 that 4 exhibits very low fluo-
rescence quantum yield compared to the other derivatives.
This is attributed to the enhanced intersystem crossing in 4
due to the presence of the carbonyl group in the molecule.
Thus, we expect a higher triplet yield in the case of 4. In
accordance with this explanation, 4 exhibits very strong
phosphorescence emission. The phosphorescence spectru

of 4 taken in glycerol glass at 77 K is shown in Fig. 1 along Quenching of the fluorescence of 1-4 by BP occurs by

W'tl? Its a;rt])sorptmtn ?':g quEresc;]ence spectra. - | an electron transfer mechanism (vide infra). The free energy
rom the olnse ot the phosphorescence emission, a va uechange AGgS) associated with the electron transfer can be
of 65kcalM™* was calculated for the triplet energy of 4. calculated by the Weller Eq. (2) [27]
Pyrylium salts 1-3 did not show any phosphorescence emis- ' '
sion under these conditions and hence the triplet energies, s -1 2
. ) AG3(kcal M™") = 23.06[Eox — Ered — d] — E 2
could not be determined in these cases. Absence of phos- el( ) [Eox = Erea—e%/ed] — Es (2)

phorescence emission in the case of 1-3 is attributed to VerY\where Eoy is the oxidation potential of BEeqis the reduc-

poor triplet yields in these cases (wide infra). tion potential ancEs is the singlet energy of the pyrylium
salt used. The terré?/ed in Eq. (2) represents the energy
3.1.1. Laser flash photolysis studies gained in bringing the radical or radical ion species to an
Laser flash photolysis of 1-4 in dichloromethane solution encounter distanced" in a solvent of relative permitivity
saturated with argon, using the third harmonic of a Nd:YAG ‘¢’. In the present case, only charge exchange takes place
laser (355 nm), led to the formation of transients character- in electron transfer and hence this term will be zero [1,12].
ized by bleaching in the region of their ground state absorp- The singlet excitation energies were obtained from the ab-
tions and transient absorptions in the 450—-800 nm region. sorption and fluorescence spectra of 1-4. The reduction po-
Transient absorptions in the case of 1-3 were very weak andtentials of 1-4 were measured using cyclic voltammetry.
exhibited two bands, whereas, in the catd a verystrong The first reduction peaks of 1-4 appeared in tH&38 to
band at 460 nm was observed. Representative examples are-0.49V (versus SCE) range. The cyclic voltammograms of
shown in Fig. 2. these substrates did not show the reverse anodic peak. This
All these transients were quenched by oxygen and henceis a very general behavior exhibited by pyrylium salts hav-
we assign them to the triplets of these compounds. The oxy-ing H or CHs groups in position 2-or 4-of the heterocyclic

Electron transfer reactions of 1-4 were studied using BP
as the electron donor. We have observed that the fluorescence
of 1-4 were quenched very efficiently by biphenyl and the
plots of fluorescence intensity versus BP concentration were
linear in all cases. These were analyzed by the Stern-Volmer
treatment. The singlet quenching rate constah(g§)(ob-
Bined in this way, are presented in Table 3.
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Table 2
Triplet—triplet absorption maximai{max), extinction coefficientsel max), triplet quantum yields §+), triplet lifetimes 1) and oxygen quenching rate
constants K;(O2)) for pyrylium derivatives 1-4

Compound AT max (nm) € max (M~tem™) o7 T (1s) kq(O2) (M~1s™)
1 500 (680) 4.0¢10* 0.03 2.2 4.9% 10

2 520 (680) 5.5¢10* 0.13 6.1 3.3¢10°

3 520 (680) 1.5¢10* 0.09 35 4.2 10°

4 460 2.7x 10 0.66 8.3 2.2 10°

Table 3

Singlet energiesHs), reduction potentialsHed), free energies of electron transfer to the singlet st&t€«5) from BP and singlet quenching rate
constants qu) by BP for the pyrylium salts 1-4 in dichloromethane solution

Compound Eoo (kcalM™1) Ered (V vS. SCE) AGg® (kcalM™1) kg M~1s71)
1 63.6 —0.44 -8.3 4.8x 10°

2 58.9 —0.49 —2.4 1.2x 10°

3 59.6 —0.47 —-3.6 4.7x 10°

4 77.9 —0.38 —23.9 1.5x 1010

ring and is attributed to a fast dimerization of the pyranyl
radicals [28—30].

The oxidation potential of BP is 1.91V versus SCE [31].
Using this valueAGgS values were calculated employing ;
Eq. (2). AGe® values along with excitation energies, reduc- 0.059 {
tion potentials and singlet quenching rate constants are pre- j
sented in Table 3. Note from Table 3 the6,° value for 4 is
highly negative. Consequently, diffusion controlled quench-
ing is observed in this case. For other substratedyS val- 0.00
ues were only moderately negatived.4 to—8.3 kcal M™1).

These values lie in the normal region according to Marcus

equation [32] and we expect the rate constants to be lower " 400 500 600 700
than the diffusion limited valueky® obtained for 1-3 are in
good agreement with these observations.

AOD

Wavelength, nm

Fig. 3. Transient absorption spectrumA@) of 1 (2x 107°M) in the

. . presence of BP (0.1 M) at 100 ns following the laser pulse. Inset shows

3.2.1. Laser flash photolysis studies the decay of the transient at 680 nm. The corrected spectrum of the radical
In order to gain a better understanding of the mechanismis also shown ©-).

involved in the quenching reactions, laser flash photolysis

experiments were carried out. We have observed that therate ;') of 9x 10°M~1s™1 was obtained in this case
guenching of the triplets of 1-3 by BP was not very effi- from a plot of the pseudo-first-order decay rates versus BP
cient. This most probably is due to energetic reasons. Asconcentration. The value dng obtained was very close to
mentioned earlier, pyrylium salts 1-3 did not show phos- the diffusion-controlled value.

phorescence emission and hence their triplet energies could In order to characterize the transients involved in these
not be measured accurately. For a few pyrylium salts for electron transfer reactions, transient absorption spectra were
which triplet energies are known, a singlet—triplet gap of recorded in the presence of BP (0.1 M). Under these condi-
10-15kcal M1 were observed [12,33]. We have assumed tions, more than 90% of the singlets will be quenched lead-
a singlet—triplet gap of 10 kcal M, and calculated the free  ing to the formation of biphenyl radical cation (BP) and
energies of electron transfer from BP to the triplet states the corresponding pyranyl radicals (PYFigs. 3—-5 show the
(AGg") of pyrylium salts 1-3, using the Weller equa- transient absorption spectra of 1-3 recorded in the presence
tion. AGg" values thus estimated for 1-3 were positive of BP. All these spectra showed the well-known transient
(1.7-7.6 kcal M1). We believe that triplet quenching in  absorption due to BP at 680 nm [31]. Correspondingly,
these cases were very inefficient because of the positivethe absorptions in the 380-450 nm region were assigned to
AGe" values associated with these quenching reactions. Inthe pyranyl radicals formed as a result of electron transfer
contrast, very efficient triplet quenching was observed for according to Eq. (1).

4. Using a triplet energy of 65 kcal M (obtained from the It can be seen from Figs. 3-5 that the pyranyl radicals
phosphorescence spectrum)Ge " =—10.8 kcal M1 was absorb in the 380-450 nm region. The pyrylium salts also
calculated for this quenching reaction. Triplet quenching absorb in this region and as a result the observed transient
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Table 4

o, Absorption maxima Xmax '*), extinction coefficients€max ' *), rate of

00159 ¢ & back electron transfeikgey) and quantum yields of formatiornd{y,) for
N the pyranyl radicals generated in the PET reactions of 1-4 with BP

Compound Amax " (M) €mad¥* (M~Lem™) kpet M71s7h)  Djon

3 6

0.010
a Time, ps 1 370 4.0x 104 9.5x 1010 0.36
2 2 380 (450) 1.6<10* (1.2x 10%) 1.3x 10 0.30
3 370 3.6x 10* 9.5x 10%0 0.26
0.0054 4 385 4.7% 10¢ 5.9 1010 0.71

0.000

T T T T T T T
400 500 600 700
Wavelength, nm

Fig. 4. Transient absorption spectrunin) of 2 (2x 10°°M) in the

presence of BP (0.1 M) at 100 ns following the laser pulse. Inset shows

the decay of the transient at 680 nm. The corrected spectrum of the radical 8
is also shown ©-). <

0.04 0.030
R
i
R 0.015
0.03 Q a -0.1 T T T T —T T T
Q % 300 400 500 600 700
H 0.000
Wavelength, nm
g 0021 1 % 0 5 10 , , _
2 {od : Time, ps Fig. 6. Transient absorption spectra at{} 0.1, (O-) 0.25, ({J-) 0.5 and
h P (-v-) 1.0 following the 355 nm laser pulse excitation of 44205 M)
0.01 1 in the presence of biphenyl €10~* M) in dichloromethane. Insert shows
the growth of the transients at 390 and 680nm, decay at 460 nm and
bleaching recovery at 340 nm.
0.00 1

400 500 600 700 Unlike the 680 nm band, this short-wavelength band is very
narrow and showed negligible absorption above 350 nm.
Hence any error arising from neglecting this absorption is
Fig. 5. Transient absorption spectrumA@ of 3 (2x 10-°M) in the negligible). The concentration of the pyranyl radicals could
presence of BP (0.1M) at 100 ns following the laser pulse. Inset shows not be directly measured from these experiments. However,
the decay of the transient at 680 nm. The corrected spectrum of the fadiCﬁ'according to the stoichiometry of Eq. (1), [P]¥ [Bp°+]
is also shown ©-). and hence [BP] can be substituted in Eq. (3). Since the
absorptions due to PYand BP* are far removed and
absorption is a superposition of the radical absorption and non-interfering, [BP*] can be directly calculated from the
the ground state bleaching due to the pyrylium salts. In such gpserved difference absorption and known extinction coef-
cases, the actual spectra of the radicals can be obtained usinggjent €=1.45x 10*M~1cm1) [31] at 680 nm. The cor-
Eq. (3) [24]. rected absorption spectra of the radicals are presented along
AOD with the transient absorption spectra in Figs. 3-5. The ab-
obsd . . . . . .
Epy® = W + epy+ (3 _sorptlon maxima and the extinction coefficients of these rad-
icals are listed in Table 4.
In Eq. (3),epy® is the actual extinction coefficient of the Transient absorption spectrum of 4 recorded in the pres-
radical absorptionepy™ is the extinction coefficient of the  ence of BP (0.1 M), also showed absorption at 680 nm due
pyrylium salt, AODgpsq is the observed difference absorp- to BP*. A second absorption observed at 385 nm was as-
tion, ‘I' is the optical path length and [PYis the concen-  signed to 4. In this case, however, we have observed that the
tration of the pyranyl radicals formed in the electron trans- triplets were also quenched by BP. In order to see whether
fer reaction. Eq. (3) assumes that no other species absorliriplet quenching also leads to electron transfer, we have
in this region. This assumption is valid in the present case recorded the transient absorption spectrum of 4 in the pres-
because the absorption due to the*BR far removed from ence of 1x 10~* M BP. The singlets are relatively unaffected
the 350-450 nm region where the correction is attempted. and triplets are efficiently quenched at this concentration of
(It should be mentioned here that BPhas an absorptionin ~ BP. The transient absorption spectra obtained at different
the short wavelength region. In our control experiments with time intervals following the laser pulse are shown in Fig.
triphenylpyrylium/BP system this band appeared at 330 nm. 6. At early times the spectrum obtained corresponds to the

Wavelength, nm
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triplet absorption spectrum. The absorption due to the triplet pyranyl radicals exhibit higher spin density at position 4-of
at 460 nm decays with concomitant growth of absorption at the heterocyclic ring [37]. Based on these results it was sug-
680 nm (due to BP") and at 385 nm (due to*% Isosbestic gested that, if the 4-position is substituted with groups that
points were observed at 410 and 550 nm. The decay of thecan stabilize the odd electron by delocalization, the pyranyl
triplet matched with the growth of the radical absorptions. radicals would be more stable. Higher yield of the radicals
All these factors clearly suggested that quenching of the of 1-3 in these reactions suggested that these radicals are
triplet of 4 by BP also occurs by an electron transfer mech- more stable compared to their 4-alkylphenyl analogs.
anism and directly leads to the formation of BPand 2. Our studies have shown that 4 exhibited excellent proper-
In the case of the electron transfer quenching of 1-4 ties as a PET sensitizer. This is reflected in the low value of
by BP, the yields of radical productj,, were estimated koet and very high value o®jo,. This property is attributed
by relative actinometry method. Optically matched solu- to the higher triplet yield of 4 compared to 1-3 and also to
tions of benzophenone in benzene (reference compound) and PP. It is well established that electron transfer involving
of pyrylium salts (1-4) in dichloromethane containing BP triplet excited states leads to efficient separation of ion pairs.
(0.1 M), were saturated with argon and subjected to flash This is a consequence of the fact that recombination in the
photolysis at 355 nmdjo, values were then calculated from geminate triplet radical pair to regenerate the starting ma-
the AOD values using Eq. (4). terials is spin forbidden and this leads to lovkgg; values
] AODBP.+8$ and higherdjq, values [38-40].

Qjon = b7 ———
ERNCTo

(4)
4. Summary and conclusions

In Eq. (4),AOD'’s are the end-of-pulse absorbance changes,
e’s are the extinction coefficients and R stands for the refer-  Apsorption, emission and laser flash photolysis studies
ence compound benzophenodgen values thus estimated  of pyrylium salts 1-4 were carried out. Pyrylium salts 1-3
are presented in Table 4. showed higher fluorescence quantum yields, whereas, pres-

The radicals generated by electron transfer decayed al-ence of a carbonyl group leads to enhanced intersystem
most completely at longer time scales. Since long-lived ab- crossing resulting in higher triplet yields in the case of 4. It
sorptions due to product formation were not observed, it was was observed that the fluorescence of these molecules were
assumed that the decay occurred by back electron transfekfficiently quenched by electron donation from biphenyl.

according to Eq. (5), Using laser flash photolysis technique, we have character-
. + Kbete U ized the radical ions formed in these electron transfer reac-
PY®* +BP*" =PY" +BP (5) tions and determined their extinction coefficients and quan-

where,knet i the rate of back electron transfer. In all these UM yields of formation. Our studies have shown that these
cases, decay of the radicals followed second order kinet-S€nsitizers, especially 4, can have good potential for use as
ics. Observation of second order kinetics suggested that the? Sensitizer in PET reactions. These studies also show that
species are present as free and/or loose ion pairs and not agiodification of the structure of pyrylium salts can lead to
contact ion pairs, in which case first-order kinetics would molecules with very good photoelectron transfer properties.
be anticipated [34]. Monitoring the decay of the ‘BPab-

sorption at 680 nm, the decay ratgs were cglculated. Va"AcknowIedgements
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