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The radiative rate constark;( and the lifetime of singlet oxygen were measured in 17 new solvents with low
and high ionization potentials (IP) using an IR laser fluorimeter. Analysis of the valugs=00.1-3.1 s*

in 63 solvents shows that the charge-transfer interaction is the main factor in removal of the prohibition on

the radiative spin-forbidden transitidhg — 354~ in oxygen and leads to an increase in thevalues in
solvents with low ionization potentials. There is no correlatiok, efith the energy of dispersion interactions
in collision complex Q(*Ag)---solvent. The averaged contribution of the dispersion interactions itk the
dependence on the nature of solvent is estimated at 10%.

Introduction

The transition'Aq — 3=5~ in molecular oxygen, which is

To clarify this question, we measured the radiative rate
constant of Q(*Ag) in 17 new solvents with low and high
ionization potentials. The dependencekpbn the dispersion

strongly spin-, symmetry-, and parity-forbidden, results inavery ang charge-transfer interactions with the solvent is discussed.

low value of the luminescence rate constant in a vackum

2.6 x 10* s7L1 In solution, this prohibition is partially

removed and results in a sharp increase of the radiative rate

constantk, ~ 0.1-1 s1.2

In 1973, Long and Keardsxplained the enchancement of
theAy — 3%, transition in oxygen by taking into account the
exchange mixing of théA, state with the higher excited states
of a [Oy---solvent] collision complex. It was pointed out by
Hurst, McDonald, and Schuster in 1982 that khealue should
depend strongly on the nature of the solveénQuantitative
estimates ok, were obtained later by several authtr&

There are currently two views on the nature of the interactions

responsible for the removal of the prohibition on the radiative
1Aq— 3Z4 transition in oxygen and solvent effext!t 13 For

Experimental Section

The yield @;) and decay kinetics of £'Ag) luminescence
at 1.27um were recorded 90to the laser beam with a time-
resolved fluorimeter described elsewh&feWe used a TDS-
250 digitizing oscilloscope interfaced to a Macintosh with Igor
software for data collection. Air-saturated solutions of sensitiz-
ers were excitednia 1 cmquartz cell with laser pulsekx =
532 (or 355) nm, 5 ns, 5 mJ, from a Continuum Surelite Nd:
YAG laser. The optical densities of solutions at the excitation
wavelength were O, ~ 0.2.

The determination dk values was carried out using eq 1 by
comparing the @*Ag) luminescence intensity extrapolated to
the center of the laser puls8gj for the same sensitizer in the

a limited series of solvents, empirical quadratic correlations of investigated solvent and in benzene as a standard sblvent

k. vs P and k/S vs P/S were establishe#lll12wheren is the
refractive index,P = (n2 — 1)/(n? + 2), the solvent polariz-
ability, andSis the solvent molarity. The authors concluded
that dispersion interactions are the main factor leading tdthe
dependence on the solvent nattifé!12 Dispersion interactions

st 4 ~ODsg#y 2
_ DAL - 107 )n <
DAL — 10779

wherek; is the Q(*Ag) radiative rate constant in the investigated

st (l)

are a universal type of interaction and are always presentsolvent kst = k(CsHg) = 1.5 s1,12 and @, is the quantum

between any two reagents in an encounter complex.

yield of Ox(*Ag) generation by the sensitizer. We observed that

In contrast to this conclusion is the notion that charge-transfer in air-saturated solvents except for @ the triplet sensitizer
interactions are the dominant factor in removal of the prohibition lifetime decreases by at least 20 times; therefore, any correction

on the spin-forbidden radiativéA; — 5%~ transition in

of eq 1 for incomplete triplet-state quenching by, @&

oxygen!® Theoretical calculations show that the charge-transfer insignificant. In CHIo, this correction was carried out.

interactions efficiently mix théAq and3%y~ states, increasing
the spin-orbit coupling in the [@%-+-solvent®] complex, and
should lead to an increase of thkevalue in solvents with the
low ionization potentiald*1> We previously proposed that this
is the dominant solvent affecting regarding® based on a linear
dependence of log{n?) vs IP for solvents with IPs below 11
eV, where IP is the ionization potential of a solvent molecule
in a gas phase. For organic solvesy n. Thus, use of the
ratio k/n? allows for the accounting of the contribution of the
dispersion interactions from the dependence on the solvent
nature.

10.1021/jp981329y CCC: $15.00

The sensitizers used were 5,10,15,20-tetraphenylporphine
(TPP), buckminsterfullerene ¢g}, and perinaphthenone (PN).
All were purchased from Aldrich and used as received. Solvents
were the best grade available from Fisher Scientific or Aldrich
and were purified by distillation. All experiments were carried
out at 23 C. Absorption spectra were recorded with a UV-
2101 PC Shimadzu spectrophotometer.

Results

We have assumed that the quantum yield ef®,) genera-
tion by each sensitizer is constant in all of the solvents studied.
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TABLE 1: Lifetime and Radiative Rate Constant of O,(*Ay) in Different Solvents
kst

solvent lion,2 €V Ta, US TPP Go PN K[Fs
1-methylnaphthalene 7.85 7.1 2.18 2.63 2.4
1,3-dimethoxybenzene 8.0 1.9 1.91 1.82 1.9
phenyl ether 8.09 17 1.92 294 2.0
1,2,4-trimethylbenzene 8.27 9.5 2.1 1.9 2.0
anisole 8.21 9.8 181 1.79 1.8
mesitylene 8.41 15 1.8 1.64 1.72
p-xylene 8.44 19 1.61 1.81 1.7
p-bromoanisole 8.49 16 1.84 1.95 1.9
p-chloroanisole 85 15 2.07 2.37 2.2
toluenees 8.82 290 1.45 1.49 1.47
CHal, 9.46 15 2.0 2.0
acetic anhydride 10.0 53 0.5 0%56 0.53
CS 10.07 3000 2.1 217 2.14
hexane 10.13 28 0.51 068 0.6
pentane 10.35 35 0.54 0.4¢ 0.47
CH.Br, 10.50 60 0.85 0.75 0.8
propionic acid 10.525 25 0.83 0.75 0.79
2-nitropropane 10.71 33 0.195 0.20° 0.19
1,2-dichloroethane 11.04 63 0.66 0284 0.75
formic acid 11.33 25 08 0.2 0.25
CCly 11.47 1000 19 0.82 0.91

a Reference 212 Experimentak; value for different sensitizer§ Average valued Estimated according to the oxidation potenffak® = 1.49
V vs SCE? compared with data for naphthaler& (°* = 1.54 V vs SCE2 ,,s=8.14 eV) and 1-methylnaphthaleri& g = 1.43 V vs SCE2 lion
= 7.85 eV).® dex = 355 nm. Estimated according to the oxidation potenfa),®* = 1.72 V vs SCE* compared with data fop-bromoanisole
(E12™* = 1.70 V vs SCE* |;,, = 8.49 eV).9 Sensitizer is protoporphyrin IX dimethyl estérODs3,=0.06. ' Assumed equal to protonated solvent.

This approach is supported by experimental data in the literature2 predicts a linear dependencekpbn P. However, the function

where for TPP®, = 0.644 0.13 in the 19 solvents studiéd.
It was established that forgg; @A &~ 1.0 in benzene, toluene
and cyclohexan&~1° This estimate was successfully used
previously to measure thig values in several solvents. It
has been shown that PN generates singlet oxygen @jith=
0.94-1.0 in 13 various solvents and methanbl,O mixtures?®

Thus, using the approach, = ®,%(benzene) and eq 1, we
determineds; values in 14 new solvents (Table 1). The values
k- in CCly and C$S were the subject of some controversy, and
we remeasured these values in this work. Our estirkate
2.14 st in CS (Table 1) is in good agreement with the
experimental result of 2.7°$ recently obtained by Scurlodi.
The value ofk. = 0.91 st in CCl, (Table 1) is in excellent
agreement with the previously reported value of 0.98%

We have also measured the(&\y) lifetimes in the solvents
shown in Table 1. The, values in mesitylenep-xylene,
pentane, and 1,2-dichloroethane were known in the liter#ture
and are in good agreement with the present results.

Discussion

The radiative rate constant ob@Ag) may be estimated from
the well-known expression of Strickler and Bétg

k = (2.88x 109)n2v02§—'u Jedv 2

wherev, = 7850 cnt! and is the averaged frequency of the
IAg — 324 transition3® g, and g, are the degeneracies of the
3%y~ and A4 states, and is the extinction coefficient of
molecular oxygen. The integral extends over the erffiig

P is only a qualitative estimate which does not take into account
such parameters as the size of molecules, molecular polirzability
of solvent molecules, and internuclear distance in collision
complex3! More properly, a dependence kfon theenergy

of the disperion interactionAV) is expected. ThéV value,
which takes into account all of the above-mentioned variables,
is a universal quantitative parameter directly proportional to the
radiative rate constant, i.ek; ~ p? ~ |AV|, wherep is an
induced dipole moment of the\g — 324~ transition3!

For an estimate of the effect of dispersion interactions, we
will analyze the dependence kfon the energy of dispersion
interactions between #Ag) and solvent molecule using the
London formulg!32

AV = —1.50/0,'d, °(IP)I J(IP + 1,) (3)
wherel, is the ionization potential of oxygen in tHédq state:
la = IP(O;) — E(*Ag) = 12.07-0.98= 11.09 eV?1:33

The molecular polarizabilitgts of a solvent molecule is given
by the LorenzLorentz equatiofi-3!

,_ 3P
% = 7SN @
whereSthe the solvent molarity and is Avogadro’s number.
The experimental molecular polarizability of oxygen in the
ground state is 1.58 ¥ For singlet oxygen, this value is
unknown and we will use the estimate,’ = 2.6 A3 of
Schmidt3* We assume a spherical form of molecules in order
to estimate the internuclear distartzeén the collision complexes
and use the known radius of singlet oxygen of 1.21% AThe

— A4 absorption band. Unfortunately, eq 2 cannot be used to estimates ofAV for all solvents studied in the literature are given

directly estimatek, because values for oxygen have not been
reported.

in Table 2. Itis necessary to note that the theoretical estimates
of ag' values from eq 4 are in a good agreement with the known

Let us consider, therefore, a practical analysis. The increaseexperimental datdt The dispersion interaction is very weak,
of the solvent polarizability leading to an increase of the induced and |AV| values are neakT.

dipole moment of théX;~ — A transition should lead to an
increase of thé; value, in total agreement with eq 2. Equation

From the data shown in Figure 1, it follows that there is no
correlation between the radiative rate constant and the energy
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TABLE 2: Photophysical Properties of Ox(*Ay) in Different Solvents

solvent n lion,2 €V SM d, A as, A3 —AV, cmt k,2s1
PhS 1.6327 7.81 6.00 5.26 23.61 160 2.66
1-methylnaphthalene 1.615 7.85 7.04 5.05 19.66 171 €2.68
2-ethylnaphthalene 1.598 7.9 6.35 5.18 21.31 159 2.025
1,3-dimethoxybenzene 1.524 8.0 7.64 4.95 15.89 159 €19
phenyl ether 1.579 8.09 6.30 5.19 20.91 157 e2.0
1-bromonaphthalene 1.657 8.09 7.19 5.02 20.29 186 3.11
1,2,4-trimethylbenzene 1.504 8.27 7.40 4.99 15.88 153 e 2.0
anisole 1.516 8.21 9.20 4.72 13.02 174 €1.8
mesitylene 1.449 8.41 7.19 5.02 16.20 152 1.72
p-xylene 1.495 8.44 8.16 4.87 14.18 161 .7
p-bromoanisole 1.564 8.49 7.99 4.89 16.15 178 1.9
p-chloroanisole 1.535 8.5 8.16 4.87 15.13 173 €2.2
CsHsl 1.620 8.69 8.94 4.76 15.59 206 2.61
toluene 1.496 8.82 9.39 4.70 12.43 177 1.44
tolueneds 1.4932 8.82 9.41 4.70 12.25 177 1647
CsHsBr 1.559 8.98 9.50 4.69 13.49 199 1.97
1,3-dibromobenzene 1.608 9.05 8.27 4.85 16.58 200 2.715
CeHsCl 1.524 9.06 9.84 4.65 12.34 193 1.68
N,N-dimethylformamide 1.4305 9.13 12.91 4.35 7.94 185 0.63
dioxane 1.4225 9.19 11.73 4.45 8.61 175 0.56
CeHsF 1.465 9.20 10.66 4.56 10.29 182 1.28
benzene 1.501 9.25 11.19 4.50 10.44 199 915
benzeneds 1.4986 9.25 11.29 4.49 10.30 199 1.34
1-iodopropane 1.504 9.27 10.25 4.60 11.46 193 9.44
tetrahydrofuran 1.407 9.41 12.33 4.40 7.92 176 Q.77
CHal, 1.743 9.46 12.41 4.39 12.93 290 2.0
CeFsl 1.497 9.50 7.50 4.97 15.48 165 1923
diethyl ether 1.353 9.51 9.55 4.68 9.00 138 0615
CgFsBr 1.449 9.57 8.02 4.89 13.26 157 1925
benzonitrile 1.528 9.62 9.79 4.65 12.47 200 1.8
CFRsCeHs 1.414 9.685 8.21 4.86 12.08 149 1.14
acetone 1.598 9.71 13.62 4.29 6.41 167 0.59
CsFsCl 1.421 9.72 7.74 4.93 12.99 148 0989
cyclohexane 1.426 9.86 9.26 4.72 10.98 164 0.66
2-butanol 1.3975 9.88 10.90 4.53 8.77 167 0.57
CsFs 1.3769 9.906 8.66 4.79 10.53 143 @51
heptane 1.387 9.92 6.83 5.09 13.68 130 0.66
acetic anhydride 1.390 10.0 10.60 4.56 8.87 163 .53
1-butanol 1.3985 10.06 10.93 4.53 8.77 169 01465
CS 1.627 10.07 16.59 4.10 8.47 298 214
2-propanol 1.377 10.12 13.06 4.34 6.99 175 0.465
hexane 1.375 10.13 7.65 4.94 11.87 135 €0.6
formamide 1.447 10.16 25.18 3.72 4.21 268 0.36
1-propanol 1.384 10.22 13.38 4.31 6.93 181 0.53
pentane 1.358 10.35 8.68 4.79 10.04 140 0.47
CH3;CH,OD 1.3595 10.47 17.01 4.07 5.14 191 0.35
ethanol 1.360 10.47 17.04 4.07 5.14 191 0.55
CH:Br» 1.541 10.50 14.25 4.24 8.75 253 280
propionic acid 1.386 10.525 13.40 4.31 6.95 184 ©.79
2-nitropropane 1.394 10.71 11.13 4.51 8.52 174 0.19
methanol 1.329 10.85 24.69 3.74 3.27 206 0.32
methanold, 1.3262 10.98 24.62 3.74 3.25 206 0.80
1,2-dichloroethane 1.445 11.04 12.69 4.37 8.32 209 €0.75
CoF4Bra 1.370 11.1 8.37 4.84 10.72 164 1.4
CH.Cl, 1.424 11.32 15.60 4.16 6.49 221 0.75
formic acid 1.3704 11.33 26.50 3.68 3.39 240 0.25
CHClg 1.446 11.37 12.50 4.38 8.46 211 1.14
CCly 1.4595 11.47 10.36 4.59 10.47 200 0.92
CRCH,OH 1.290 11.7 13.73 4.29 5.24 152 0.17
C.ClsF; 1.3578 11.99 6.18 5.22 14.10 126 1935
acetonitrile 1.344 12.194 19.15 3.96 4.39 207 0.45
D,O 1.328 12.6 55.27 3.15 1.46 279 0.18
H,O 1.333 12.612 55.41 3.14 1.47 283 .10

2 Reference 212 Averaged values from the literature data in ref 11 taking into acck(@Hs) = 1.5 s1°. ¢ Averaged value from 2.96°%°
and 2.4 st of this work. 9 Reference 11¢ This work. Reference 49 Reference 9" Reference 25.References 8 and 10Averaged value of 0.93
s t9and 0.91 st in this work.* The averaged value of published data are 8.08)75%1°0.0623 and 0.066 s.?¢ ' Reference 27.

of dispersion interactions. We interpret this to mean that other solvent nature. Singlet oxygen is a good electron acceptor (the
interactions are responsable for the strendependence on the  electron affinity of Q is 0.45 e\#Y), so the solvent molecules
solvent nature. should act as electron donors. To subtract the dependence of

This lack of correlation led us to estimate the contribution the k. value on the energy of dispersion interactions, we will
of charge-transfer interactions to the dependence on the analyze the data from a plot of Idg{AV|) vs IP. From the
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Figure 1. Dependence of the £3A,) radiative rate constant on the ~ Figure 3. Dependence of the 0A) radiative rate constant on the
energy of dispersion interactions. ionization potential of the solvent. Linear least-squares fit: slope is

—0.262 eV?, intercept is 2.483, and correlation coefficient is 0.855.

1.5
for practical estimates,
-2
_ k. =2.6x 10* + 63.3% 2" (6)
2-25
£ wherek; is in s, AVis in cm'%, and IP is in eV.
2 -3 We can roughly estimate the contribution of the dispersion
interactions by analysis of the experimental data plotted in
-3.5 ° coordinates of lod: vs IP (Figure 3). In this case, we obtain
the linear dependence with a smaller slope-&26 eV'! and
-4 Sooebn oo oo a lower correlation coefficient than those of Figure 2. Compar-

7 8 9 10 11 12 13 . . S
IP, eV ing the slopes of linear dependences in Figures 1 and 2, we

Figure 2. Dependence of logf|AV]) on the ionization potential of ~ €Stimate the contribution of dispersion interactions~d9%.

the solvent. Linear least-squares fit: slope-i8.292 eV?, intercept Thus, the effect of the dispersion interaction inducing the dipole

is 0.512, and correlation coefficient is 0.897. moment in the!Aq — 3%4 transition is small in comparison
with the charge-transfer interactions.

data presented in Figure 2, we conclude that despite the different Plots ofk vs P were interpreted in the literature as showing

vent nat q i s there | q @ strong dependence on the polarizabfti%t12 However, as
g,o vent nature and accuracyleimeasurements, there is a goo previous authors have also pointed out, there is a qualitative
linear dependence of log(|AV|) vs IP. A slope of-0.3 eV'1

inverse correlation between the ionization potential of a solvent

with the correlation coefficient 0.90 is obtained. andP (Table 2). Thus, we note, as others have, k&t bound
The only solvents not included in the plot are GGIHCE, to have a qualitative correlation with both IP aRd It is our
CaH4Br2, and GClaFs, which are all in the region IP 11 eV. interpretation, however, that the IP correlation makes more

physical sense, particularly in light of the results shown in Figure
1. Furthermore, the correlationslofwith n or P are not nearly
as strong as those previously reported with a larger sample of

Carbon tetrachloride and chloroform are very powerful electron
acceptors, and we estimated that in a collision complex with
O,(*Ag), these species act as electron accepforhis means solvents

that, as a matter of principle, we cannot use the data in these |1 interesting to note that heavy-atom effects onkhealue
solvents to fit the dependence lag(AV() vs IP. The electron  gre not observed (Table 2). For halogen-substituted benzenes
affinities of GH4Brz and GClsFs are unknown; however, itis  and anisoles, the value &f is determined mainly by the IP
reasonable to expect them to be high. Nonetheless, at presentyalue rather than the presence of a heavy atom in the solvent
the physical reasons for highvalues in four above-mentioned molecule. In organic solventk, = 0.1-3.1 s, much higher
solvents is not clear, and additional investigations are required than in a vacuum 2.6« 1074 s™1.! This suggests that thiéq

in the region IP> 11 eV. and 3%, states are significantly mixed through the charge-
) o transfer interactions with the solvent, and therefore, the con-
The small slope o_f the linear dependence in FlgUfeQ-S_ tribution of heavy-atom effect must be a much smaller pertur-
eV1, points out that in an encounter complex, the weak exciplex pation.
with a partial electron transfer [Ag) ~°++-solvent] is formed. Minaewi53536predicted that probability of thetAg—X3%,~

Thus, we conclude that charge-transfer interactions are responradiative transition in molecular oxygen should increase in
sible for removal the prohibition on the radiative spin-forbidden collisions with solvents molecules. It is proposed that the a
IAg— 334~ transition in oxygen and lead to the high values of X transition borrows intensity from the collision-inducettly"
k- in solvents with low ionization potentials. According to the — a'Agq transition due to the spirorbit interaction in oxygen.
data in Figure 2 and the value &f in a vacuun, the next The ratio of the collision-induced b- a and a— X radiative
semiempirical equation may be offered rate constants for molecular oxygen in G@las determined
by Schmidt and Bodeshefihand equals is 3.2 1074, in good
agreement with the theoretical estimé&teAccording to this
k. =2.6x 10+ 3.271AVv|e *%"" (5) model, one can expect that in solvents with heavy atoms, the
strong spir-orbit coupling in collision complex &--solvent
should lead to the increase of the-aX radiative rate constant.
or in the simplified StricklerBerg form, which is convinient However, as mentioned above, this effect is not observed
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experimentally (Table 2). We can suppose that the mechanism

of the a— X transition enhancement through the intensity
borrowing from the b— a transition may be the main factor in

rare gas matrixes and in solvents with high ionization potentials,

where the contribution of the charge-transfer interaction is
negligible.

Summary

The charge-transfer interaction betweesf'@g) and solvent
molecules is the major factor in the removal of the prohibition
on the spin-forbidden radiative transitiéfiy — 3Z4~ in oxygen.
The mixing of the charge-transfer state with fitg, and 3%y~
states of oxygen leads to a strong increase of spibit
coupling in the exciplex [@°-:-solvent], which results in
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