10978 J. Phys. Chem. 2001,105,10978-10985

Photoinduced Electron Transfer between Go and Bis-Diphenylamino (Diphenylpolyenes),
Measurement of Intrinsic Quantum Efficiency
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Intermolecular photoinduced electron transfer betwegra@d twobis-diphenylamino (diphenylpolyenes) in

dilute solutions was measured using step-scan Fourier transform spectroscopy which yielded extremely smooth
temporal data. A mechanistic model containing a single intermediate and treatment of the kinetics generates
a total quantum efficiency for free ions that can be factored into two terms, a quenching efficlen@nd

an efficiency for formation of free ions out of the intermediadg;. Two methods for extractingps are
provided and the dependence on solvent polarity and other parameters is investigated.

1. Introduction SCHEME 1
Electron transfer (ET) between two species is a field of oon Sy . Koy K Ks
. . . . . . A"+D A--D) == (A3—-D%) =—> (A—-D") = A- + D*
fundamental importance in biological photosynthesis and in - ¢ ) <“1<IET( )<T_I,,( )Tm i
materials work as well as a discipline with intrinsic scientific & l,kq ke ko

interest!=3 Photoinduced electron transfer (PET), studied by A+D A+D A+D A+D
laser flash photolysis and time-resolved techniques, has led to

a better understanding of general features of ET mechanisms,t the quantum efficiency of quenching from the quantum yield
but several problems that have been identified still remain. o1 formation of solvated ions from the intermediate, the latter
Frequently, there are difficulties in separating diffusional and perhaps being a truer measure of electron-transfer efficacy than
electron-transfer contributions to the rate, and in some casesine total quantum yield. Additionally, we report on use of step-
the nature of the charged state that is formed (whether it is a gcan Fourier transform photoinduced absorption meffiotls
partial charge-transfer complex, an associated ion pair, or 55 3 powerful experimental tool for study of PET and on two

solvated ions) is not clear. A significant body of work has gpecific oligimers of a new class of organic electron donors,
emerged that investigates organic donors in dilute solutions using,q bis-diphenylamino(diphenylpolyene®.

Ceo as a photoinduced accepfor? Cqg is convenient for this

purpose for three reasons: it can be pumped at the doubledy Experimental Section

Nd:YAG wavelength of 532 nm; it undergoes efficient inter-

system crossing t8Ces* which is sufficiently long-lived to The bis-(diphenylamino)diphenylpolyenes used as electron

permit diffusion and doneracceptor encounters to occur in donors in this study were synthesized by the Charles W.

dilute solution, and théCs* is a reasonably strong acceptor. ~Spangler research groupsdtacceptor) was obtained in a purity
The PET process is generally believed to follow a mechanism o_f 99.5% from Aldrich and u_sed without further pur|f|cat|or_1.

as shown in Scheme 1. The excited species diffuses, forms arkinear, ground-state absorption spectra were takgn of solutions

encounter complex with the donor, then undergoes electron©f Ceo @lone, donors alone, and both in solution together.

transfer eventually resulting in solvated ions. In dilute solution Comparison of these spectra indicated no evidence of ground-

studies involving fullerenes, the lifetime of tR€q¢* typically state coupling. _

shows a linear dependence on the donor concentration indicating All photoinduced absorption (PIA) measurements were

that quenching of the excited triplet is a diffusion-limited ~Performed in solution in 1 cm quartz cuvettes. Solutions were

process. Because the donor cation rise is dependent 864¢te ~ de-oxygenated by bubblingzyas for 15 min resulting ifCeo

decay, it is often assumed that the overall electron-transfer lifetimes of around 22s (in Gy only solutions, without donor

process in dilute solution is diffusion-limited as well. However, Present). A 50 w continuous tungsten filament lamp was used
it is known that electron-transfer rates vary over many orders as the broadband probe source and was focused with F/5 optics

of magnitudé® so careful consideration of the influence of through the center of the cuvette. A Coherent Infinity Nd:YAG
intermediates on the overall rate, and the quantum efficiency, laser frequency doubled to 532 nm was used as a pump
may be warranted. (typically 2 mJ/pulse) in a quasi-coaxial geometry with the probe

In this work, we investigate the kinetic treatment of diffusion- Ight. After passing through the sample, the broadband light was
limited PET in dilute solutions and illustrate data treatment refocused on an aperture where only the middle 20% of the
methods that separate forward and backEBET) processes, laser spatial profile was sampled to reduce excitation gradients
and give a clearer indication of whether the overall mechanism @nd their resulting problems, such as thermal lensing.

is truly diffusion limited. This treatment also permits separation ~ The light was then directed into a Bruker IFS 66 or IFS 88
step-scan interferometer to acquire the time and frequency

*To whom correspondence should be addressed. Phone: (406) 994-f€Solved PIA spectrum. A Si diode or InSb (liqui¢ booled)
4399. E-mail: Ispangler@chemistry.montana.edu. detector and broad-band beam splitter were used in the experi-
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Figure 1. Time and frequency resolved photoinduced absorption (PIA) Frequency (cm'1)

spectrum from the step-scan FT system for a solution of 0.25 rgM C Fi . - :

S - A . gure 2. Spectral traces at different times extracted from a 3-dimen-
and 0.25 mM bls-(dlphenylamlno)fj|phenylet2en3=( 1). The rapidly sional time and frequency resolved data set similar to Figure 1. These
decaying peak centered at 13500 cris due to°Ceg* absorption. The data is for a solution of 0.2 mMdand 0.2 mM bis-(diphenylamino)-

broad, near-IR band which peaks at 6750 tis the intervalence band : — A\ in adi
of the singly charged donor cation. The 9240 ¢érband is the G~ gjlghgnzlsetsgeznﬁg pull)sér_] o-dichlorobenzene solvent pumped by a 2

absorption. The solvent used in this figure is a d:dichlorobenzene/
benzonitrile solvent mixture, but most of the following figures are in 100
o-dichlorobenzene.

©
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ments and the transient signals were acquired with a 12 bit, 40
MHz digitizer. The typical three-dimensional spectrum produced
consisted of 400 traces with 200 or 300 ¢rapectral resolution,
and 25 or 50 ns temporal resolution generated by averaging 80
pulses at each interferometer mirror position.
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3. Results and Interpretation

Figure 1 shows a typical time and frequency resolved
photoinduced absorption (PIA) spectrum from the step-scan FT ('J 2 "1 é é 1'0
system for a solution of & and bis-(diphenylamino)diphen-
ylethene (1 = 1) in o-dichlorobenzene (0-DCB). At early times,
the strong photoinduced absorption peak centeredl& 400 Figure 3. Main figure: 3Cqsc* decays as a function of donon & 1)
cm~! that dominates the spectrum is due3@sg* absorption concentration in ODCB,; lines are exponential fits, points are experi-
for which the extinction coefficient is knowt$:3:33 As this mental data. Only half the data points are plotted to allow the fit line

peak decays, a very broad transition grows in the near-IR (6750%032en;egﬂ'|£l_l ;c;ll;::ors\?ei:\?oll%gng(li ﬁ? ?hgu(ﬂgggd:;emjs, 3Onnsor
cm™1) which can be attributed to the intervalence bémd D+, concentration.

the singly charged donor cation. This band is in the same region
as other bis(triarylamine) intervalence battdand its high
degree of asymmetry indicates class Il behavior, i.e., the charge
is delocalized in the catio#f.D™ also shows an absorption band
near 16,000 cm! and both the visible and IR absorptions have
been confirmed by doping the donor with a strong oxidizing d[A%]

agent (SbG) to chemically generate the cation. Also present = —k[A*] — Kk {A*][D] 1)
in the spectrum is a 9240 crh(1082 nm) peak which is the at

well-known Gso~ absorptiori®*":*® Because extinction coef-  paaqurement of the decay rate3@kq* in solution without the
ficients are known for botBCso* and Gso~, these two species donor yieldsk.. As mentioned above, the decay isg* in a

can be. uged to determine co.ncen'grations. .Pr(_asence. of th%olution containing donor, D, is also exponential, indicating that
distinctive intervalence band, which will only existin the singly 14 second term in eq 1 is pseudo first order due to negligible

_charged species in these donor_s, an_d b peak are prc_)of (_’f changes in the donor concentration during the course of the
intermolecular electron transfer in this system. Shown in Figure o5 tion. Hence eq 1 reduces to

2 are spectral traces 8€s* and D" at early and late times
which were extracted from the 3-D data set. d[A*] . . .
3Ceo* Decay. The D' spectrum has a broad peak centered in Tat —KIAT — kAT = —(k + kJIAT (2
the visible whose tail slightly overlaps tA€s0* absorption band.
This contribution can be removed by scaling the ibtensity wherekg = kg[D]. Integration yields the expected exponential
in this region at late times, long after t8€¢* decay, to the decay
intervalence band intensity. Then the intervalence temporal
behavior scaled by this factor, is subtracted from*Dg* decay [A¥] =[A¥] e« Tk (3)
curve to provide a more accurate fit. The time-profileS@f*
measured at 745 nm (Figure 3) indicate that the decay rates ofMeasurement of the decay in thgs@vith donor solution yields

Time(us)

3Cgo* increase with increasing donor concentration. We can
write the differential equation for the disappearance of the
excited acceptor, A*
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SCHEME 2 d[D+ ( R)A* -
A"+D kd—) (AS_D™) ]-;Sk‘—_> A-+ D kSl k., + kG [ ][ ]
: e ks( S A D] — K JA D] @
A+D A+D Kg, + kg

The quantum efficiency for formation of solvated ions from

an observed rate constant that is the intermediate is

=k + ko =k + kD] “) Ps1 = kGR['TsiE]k&['] B kGRkj_I Ks, ®

wherekopsis the observed first-order decay rate constant of the o
triplet (fit with a single exponential)k is the rate constant ~ Substitution into eq 8 generates
without donor present, [D] is the concentration of the donor, d[ +]
and kq is the bimolecular quenching rate constant A Stern D et S
Volmer plot of kgps vs [D] (inset of Figure 3) yields a straight = ky@g[A*][D] + ke Ps[A ]ID 7] — kJA 1D 7]
line, which indicates that thériplet quenchingis diffusion (10)
limited. A quenching rate constant kf = 3.5 x 10° M~1s™?
was obtained from this fit. or

Donor Cation Behavior. The data clearly suggest that the
triplet quenching is diffusion limited, but that does not neces- d[D+] = k.®[AHID ATID (1 — & 11
sarily mean the entire electron-transfer process is. If we assume dt = kiP5 [AT]ID] kedA Il ]( s) (11)
theoverall reaction is diffusion limited, that means all processes
for intermediates in Scheme 1 will be fast compare#st@and whereky andkec are diffusion rate contants, akg{1l — @g))
the time constant of the Dsignal rise should be nearly equal = keetis the observed rate constant for back electron transfer.
to the3Cesg* decay (frise = TdecayWheretgecay= 1/Kgecay. IN such The quantityky®s| = ket is equivalent to the observed forward
a case, it may not be possible to track the formation and electron-transfer rate constant reported in some of the literature.
concentrations of the intermediates even with high temporal It should be pointed out that ttspecificquantity (1— ®g)) in
resolution techniques because the relative rates will dictate veryeq 11 arises because of the simplified mechanism, and this is
low concentrations of the intermediates at any time during the one respect in which the second mechanism should be consid-
reaction. On the other hand, completely ignoring the existence ered approximate that the relationship betwiegrandk.ec may
of the intermediates will result in erroneous treatment of the have different factor than + &g if the dominant path to
source of certain efficiencies in the process. In this case, it neutrals in the forward direction is different than in the reverse.
becomes reasonable to approximate the mechanism with aHowever, this term is conceptually important in that it illustrates
simpler one that models multiple, undetectable intermediates that the experimentally determined rate from a second-order plot
in Scheme 1 with a single intermediate, as shown in does not yield the truke but instead yields a value modified
Scheme 2. This has the advantage of simplifying the kinetic by some forward term.
equations, retaining all measurable species, yet acknowled- It is useful to look at the two terms in eq 11 in the light of
ging that recombination processes for the intermediate ulti- what can be measured experimentally. At times long compared
mately affect quantum efficiency for formation of separated to the quenching lifetime, the concentration of the photoprepared
ions. species will be zero ([A%}sxidecay™ 0), eliminating the first

We now treat the kinetics for this simpler, approximate term. Additionally, because of charge conservation;][A=
mechanism. The differential equations for the disappearance of[D*]. These two factors simplify the equation to
A* still hold. A differential equation can also be written for

the time dependence of thef@oncentration d[D™]
= _kbei[D+]2' (t> 57deca>) 12)
d[D+
= kgll] —kedA 1D B (5) After integration this yields
where [I] is the concentration of the intermediate, shown as = Koot + (13)

(A%~- - -B%T) in the mechanism. If the steady-state approxima- [D I [D ]tmax
tion is applied to the intermediate, we have
Thus, at times long compared to the decay@{o*, the BET
dfi] . and decay of the ion PIA signal should follow second-order
ot =0=Kk{A"[D] +kJA ]ID ] — ksl — kerlll  (6) kinetics. A plot of 1/[D"] vs time yields a straight line with a
slope of the observed BET rate constankgf (Figure 4).

and The rise in the ion signal is due to the first term in eq 11. As
mentioned above, for a diffusion-limited process the time
Ky K, constant of the D signal rise should be nearly equal to the
= (—)[A*][D] + ( £ _ATDT] (7)) 3Ceg* decay @rise = Tdecay. BUt a fit of the rise for the raw
k) + Keg k) + kg experimental data will not provide an accurate measure because

of the recombination term in eq 11. Because we can measure
Substitution into (4) yields the effect of the second term independently at long times, we
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Figure 4. Plot of the inverse of the donor cation concentration vs time Figure 5. Decay ofCeg* (=5, triangles) compared to the rise of the
showing straight-line behavior after essentially complete decay of the bis-(diphenylamino)diphenylethene donor catior\@long with fits
excited acceptor®Csg*), marked as 5. The slope of this line is the (solid lines). Both the raw Drise (squares) and the back electron
observed back electron-transfer rate constast. This second-order transfer corrected rise (circles) are shown. Only half the data points
behavior indicates that the charged species detected in the experimenare plotted to enable viewing of the fit lines. Eliminating the decay of
are solvated ions. the D" signal due to BET changes the best fit rise time constant
significantly, andrgecay, c60= Tcorrected rise, B, iNdicating that the overall

can extrapolate this temporal behavior to early times and correctelectron-transfer mechanism is diffusion limited.

AN L .
for the kot [A”][D] term resulting in the equation TABLE 1: Rate Constants, Lifetimes and Quantum
Efficiencies for Photoinduced Electron Transfer between G
at 0.25 MM and Bis-Diphenylamino(diphenylstilbene) f =
1), and Bis-Diphenylamino(diphenylbutadiene), 6 = 2) at
Several Different Concentrations$

d —+
B i @glaD] =gl

(corrected to remove BET) (14)

[n=1] 0.1 (mM) 0.2 (mM) 0.3 (mM) 0.4 (mM)
Recalling that [A*} = [A*] oe_(kr + kQ)tl eq 14 becomes kbet(M—ls—l) 1.2x 100 1.3x 100 1.4 x 10 1.3 x 10
+ Tdecay(S) 25x10°% 14x10°% 0.90x 10°% 0.69x 10°©
d[D"] (kKo Triseraw (S)  1.4x 108 0.87x10° 0.61x 106 0.42x 10°°
G ko®@s[A*] & & X (corrected for BET)  (15)  rpooon(s) 2.4x 10° 14x10° 089x 106 0.67x 10°°
Dq (%) 88.8 93.5 95.9 96.9
0,
Integration from 0— t yields gzl*(g; %) Z:g ;Z ;; ;g
kQ Dyncorr(%0) 5.0 5.8 6.1 6.1
0,
[D+]t = krT(I)SI[A*] 0{ 1— ef(kr"' kQ)t} (Dcorr(A)) 6.8 7.3 7.4 7.0
ko [n=2] 0.1mM 0.2mM 0.3mM 0.4mM
(corrected for BET) (16) 1~ M 5is ) 86x 10 86x1F° 87x1F  86x 10
; _ Tdecay(S) 20x 106 10x10°% 0.74x10°% 0.57x 10°¢
given that [D']i=o = 0. o Ticoran(S)  1.2x 106 0.67x 10 0.48x 106 036x 10
Thus, we see that if we assume a diffusion-limited mecha- ;. (s) 2.0x10® 1.0x10° 0.72x 10° 0.573x 10°

nism, the argument for the exponential rise of the cation is ®q (%) 90.3 95.3 96.6 97.4

identical to that of the decay of the excited acceptor in ég 3  ®si(%) 11.2 11.1 11.2 11.0

the data is corrected for BETThis provides a good criterion i@*‘l’?:)/(")@ 170;52 18065 %)Oig 3047
i i i i i imi uncorr\ 70 . . . .

for determination of whether the process is diffusion limited, Deoe (%) 101 106 109 10.8

but use of uncorrected data will not provide an accurate
determination, as illustrated in Figure 5. We compared the rise
1 *
?f: etsh:\/[;uzgr;?le ﬁ]ngotgg ;gerce:ae)rlnggtsgv.i tflji(r)]r 4%/?)”55:?;2 tggb? the and is expecte(_j to give a value that is too Iebr, obtained from the
. . ' corrected maximum value and should be accurate; abgt@s),
BET correction, the errors are approximately 40%, (Table 1). optained from the quenching rate and the first derivative plot and which
We now define some additional useful quantum efficiencies. should yield the same value d&or.
The quantum efficiency for production of the intermediate from
the photoexcited species is the same as the quantum efficiencysimilar to the treatment by von Raumetral.* and substitution
for quenching for the simplified mechanism into eq 16 yields

ko

+k
o Equation 18 also suggests a method of determining the total

The overall quantum efficiency for production of solvated ions quantum efficiency. If we take time,— c, D* will have its
from 3Cgg* is the product of®s; and @q maximum value and the exponential term will equal zero. We

then see
ks ko

* (18) D"
kor T ks Kotk [D Tynax = @ [A¥] gor @ = [[A*]m (corrected for BET)
max

This factoring of total quantum yield into two components is (20)

a2 There are three quantities reported for total quantum efficiency:
uncors Which is obtained from the uncorrected maximum value method

[D*], = ®[A*] {1— e & (corrected for BET) (19)

Dy = 17)

D =Dy d, =
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S 012l Figure 7. PIA spectra at various times extracted from a 3-D data set
}i ' for a 0.2 mM G¢ bis-(diphenylamino)diphenylbutadiene) & 2)
=) solution in ODCB.
5 0.08}
§ 0.041 TABLE 2: Solvent Polarity Dependence Data, 0, 25%, 50%
2 : Benzonitrile (BN) in o-dichlorobenzene (ODCB}¥}
000 1 I 1 ) 1 0, 0,
05 2 Y 05 o3 BN in ODCB 0 25% 50%
D] (mM) dielectric constant 9.93 13.87 17.82
_ _ Koet (M ~157%) 1.2 x 10% 6.2x 10° 5.2x 10°
Figure 6. (a) Plot of d[D]/dt vs [*Cs¢*] using BET corrected D data Tdecay(S) 1.1x 10°6 1.0x 10°6 1.0x 10°6
for a 0.2 mM solution in both donor andsg€in ODCB. Equation 14 Trise—corr (S) 1.0x 10°¢ 0.9x 106 1.1x10°
indicates that this plot has a slopel@f®s [D] or ko®s). (b) A plot of Dq (%) 95.2 95.3 95.6
slopes determined by the method in part (a) vs donor concentration, ®g, (%) 7.7 18.6 26.5
analogous to a SterfVolmer plot. The plot shows excellent linearity. Do* Dg (%) 7.3 17.7 25.4
The [D] dependence is due to the term in the slope andbg is Dyncorr(%0) 5.9 14.0 18.5
independent of [D]. Do (%) 7.1 17.3 24.3
. . . a Solutions are 0.25 mM in bothggandbis-diphenylamino(diphe-
Note that [A*]p is a maximum value and that [ max is the nylstilbene) o = 1).

theoretical maximum ion concentration obtained by correcting
for back electron transfer, not the maximum value in the raw

experimental data. Figure 5 illustrates that the experimental a”damino)diphenylbutadienem(: 2). The transient PIA spectrum

theoretical maxima can differ significantly. , shows indicates that there is electron transfer fromnthe 2
We see that the total quantum efficiency containg which donor to 3Ces*. The n =

. e o = 2 donor cation shows a similar
will be strongly dependent on the diffusion rate and the lifetime

: ; ~ intervalence band in the IR, but the visible absorption band is
of the photoprepared species. These properties are not relatlvered shifted compared to the stilbene (see Figure 7). Table 1
to the intrinsic ET properties of the doreacceptor system. It

is desirable to determine th N frici ¢ elect shows rate constants and quantum efficiencies for two different
It?angfelrra:‘roem ?heein?é?qrrllrc]e?jiat;qu—arllgu/r(nkse-l-lcllzn)c%nodileuteec O donors (bis-(diphenylamino)diphenylethene and bis-(diphenyl-

e e 7SI = PSVARS) T RGR). 1 .. amino)diphenylbutadiene) at four different concentrations. In
solution diffusion limited cases, the intermediate typically will

" ) o .
not be measurable so the rate constégtandkes may not be all cases, théCqg* decay and the Drise exhibit the same time

iectydeermined.Bubecan e determined vi o metrocs. | *7S1 0 WD excerena ror mdeatn e oechor.
The first method, which we will refer to as the maximum value P J ' ’

method, uses eq 19 to determine the total quantum efficiency, of determining®sg; yield results that are in good agreement with

and lifetime measurements to calculdtg from ko andk;. @g; each other. o _
is then determined from eq 18. In order to further test the kinetic treatment and the outlined

The second method determindss from a plot the first method of analysis, conditions were changed to produce changes
derivative of the BET corrected cation concentration vs [A*] N the two quantum efficiency termskq and ®g. In the first
as in eq 14. A plot of d[D]/dt vs [FCs¢*] will have a slope of case, data were collected as a function of solvent polarity using
ka®s; [D] or ko®s. Becausdqg was determined from thiCec* mixtures that were 0%, 25%, and 50% benzonitrile (BN) in
decay and eq 4 this first derivative plot ultimately yields, 0-DCB with 0.25mM concentration of both ¢& and bis-
the desired quantity (Figure 6 a). Because even moderate(diphenylamino)diphenylethene. Higher polarity solvents sta-
fluctuations will result in a first derivative plot with very large  bilize the intermediate and the solvated ions so will typically
scatter and a poorly determined slope, this method of determin-increase®s;. This solvent change will have a relatively small
ing ®s, requires time-resolved data with very low noise. In a effect on the diffusion rate of the neutral species or the lifetime
method analogous to a Stefolmer plot, the slopes deter-  of 3Cgg*, S0 ®g should not be strongly effected. Rates and
mined by the first derivative method for several experiments quantum efficiencies for the electron-transfer process were
run at different concentrations can be plotted vs [D] which will determined and extracted by the methods outlined above (Table
result in a slope oky @s,. (See Figure 6b.) An actual Stern 2), and a significant change g, is observed ranging from
Volmer plot of the same data yieldg, so the ratio between  7.4% in ODCB to 26.5% in a 1:1 mixture of ODCB/BN. The
the two providesDsg,. guenching efficiency remains at0.95 for all three solutions.

The same processes were performed wigfl Bis-(diphenyl-
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20 TABLE 3: Deoxygenation Dependence Data. Solutions Are

@ 0.25 MM in Both Cgpand n = 1 in a 50/50 ODCB/BN
ol f\ Solvent
deoxygenated not deoxygenated

12+ status (bubbled N gas) (no bubbling)
Koet (M~1572) 5.2x 10° 5.4x 10°

[D'}uM) (Raw data)

Trisecorr (S) 1.1x 10° 0.40x 1078

Do (%)
g (%)
Do* D (%)
(Duncorr(%)
Do (%)

95.6
26.5
25.3
18.5
24.3

8 { Taecay(S) 0.98x 107 0.43x 106
£
$
0

325
27.3

12 . )
4. Discussion
10 B Ao . . . - . .
° It is tempting to assume that PET in dilute solutions will be

81 s diffusion limited because the encounter between the photopre-
° pared species and the partner species will be. However, ET rates
of in other systems can vary over many orders of magnitude and
can occur over fairly long distancé$?® so a test of this
.l g@‘“ assumption is warranted. When a diffusion-limited mechanism
is assumed, and treated kinetically, several issues arise that will
be discussed in detail in this section.
o2 c 30 " 4 %0 Test Criterion for Diffusion-Limited Behavior. In the

[Coo} (M) previous section, it was shown that the time constant for the
Figure 8. (a) Uncorrected B behavior for a 0.25 mM bis-(diphenyl-  rise of the ion signal should equal that of the photoinitiator
amino)diphenylethene sgsolution in a 1:1 ODCB/BN solvent pumped  decay. This is not at all surprising, but what is easy to overlook
with 0.2 mJ pulses with (open circles) and without (black triangles) s that the ion signal decay due to BET must somehow be taken
deoxygenation. Quenching by oxygen strongly affects total ion yield. 5 account to get a reliable determination. In this work, it is
(b) First derivative plots (as in Figure 6) for BET corrected part (a) accomplished by fitting the BET at long times, extrapolating

data. Because both the psuedo-first oditmmorquenching rate constant, . . . .
ko, and the quantum efficiency for formation of solvated ions from the {0 €arly times and subtracting. Another approach is to numeri-

intermediate s, are unaffected by the oxygen, the slopes of the two cally model the ion signal dependence and extragt This
first derivative plots are essentially identical. correction is critical for other factors discussed below.
If the process is not diffusion limited;se for the cation will

Additionally, ®s values determined via the maximum value be less thanrgecay for the photoinitiator, and a measurable
method and the first derivative plot method are in reasonable population might exist in one or more of the intermediate states
agreement. shown in the first mechanism (Scheme 1). This intermediate

Because the lifetime ofCgs* is long compared to the  signal should peak before the solvated ion signal, but may be
diffusion proces$;*° @ is typically close to 1 when & is used very difficult to extract because it may highly overlap either
as the photoinduced acceptor. The total quantum yield will then the photoinitiator signal, or the solvated ion signal, depending
have a value close tdg), as is observed in the data presented on which intermediate has the longest lifetime.
in Tables 1 and 2. For photoinduced species with shorter Measurement of Quantum Efficiency. The ratio of the
lifetimes, or for systems with much slower diffusion rates, maximum [D'] value in the raw experimental data to [Ax
separation of the contributions obg and ®s; can yield is sometimes used as a measure of quantum yield. This method
information about the efficacy of charge state formation. To generates a quantum yield at one specific time; the point at
illustrate this point, we changed the degree to which we which forward and back ET are balanced. (Ultimately, the
deoxygenated solutions and performed new measurements. Byquantum yield is zero because the ions recombine.) We have
changing the degree of deoxygenatikis effectively increased,  shown that by correcting for BET and using the corrected
making it more competitive witlkg and reducing the value of ~ maximum value of [D], a quantumefficiency related-to-
®o. Because the intermediates in the electron transfer mecha-branching ratios of rate constants (eqs 19 and 17) can be
nism are relatively short lived, they should be relatively determined that provides the fraction of photoexcited species
insensitive to dissolved oxygen concentration and we would that go on to transfer an electron.
anticipate thatbs; would not change appreciably. We measured  In the simplified, diffusion-limited mechanism, there are two
the transient absorption of a solution of [bis-(diphenylamino)- contributions to this yield, the fraction of photoexcited species
diphenylethene¥ [Cesg] = 0.25 mM in a 1:1 ratio of ODCB/  that undergo an encounter with the donor before relaxade),
BN solvent at same laser pump power with, and without and the fraction of intermediates that go on to form solvated
deoxygenation of the solution. Figure 8 shows a plot of the first ions, ®g.. The ®q term is dictated by the lifetime of the
derivative of the BET corrected cation concentration vs [A*] photoexcited species and the diffusion rate whereas the second
under these two conditions. Neither the slokgPs, nor the term is a better measure of thrinsic ET behavior. The data
initial [3Ceg*] changes. Kinetic data is given in Table 3 which presented above for solutions that were not deoxygenated in
shows that the total quantum efficiency drops freff.25 to order to effectively increask and reducedq, illustrate this
~0.09 without deoxygenation, bdes, is unchanged to within point clearly. The result of this experiment is that the reduction
2% as measured by the first derivative method. The change inin ®q results in fewer A*— D encounters and a reduction of
total quantum efficiency is due to a reductiond®g from 0.95 overall quantum efficiency. Bubs, remains the same within
to 0.32. experimental error, indicating that for the A* D encounters

d[D"Ydt (uM/ps)
%
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that do occur, the same fraction go on to form solvated ions. methods required to generate this information were also

The kinetic treatment presented here shows that even if thepresented.

intermediate cannot be measur&es, can be extracted from
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