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CT Complex in a Variety of Solvents
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Measurements of the quantum yields of photoinduced charge escapmirfestilbene and fumaronitrile
solutions in solvents of different polarity reveal unexpectedly large yields upon direct excitation of the ground-
state charge-transfer (CT) complex. Our current explanation, which proposes relaxation of at least a portion
of the excited, FranckCondon, CT pairs into remote ion pairs with thermalized initial separations of up to
10-15 A, is speculative but emphasizes the need for a substantial revision of the usual picture of ionic
charge separation and recombination.

Photoinduced intermolecular electron transfer in solution has SCHEME 1: Photoinduced Formation of Free lons by
been the subject of extensive research. While much is Excitation of a Ground-State Charge-Transfer Complex
understood, the dynamics involved in the formation of free ions (GSC) to a Franck—Condon Contact lon Pair (CIP*)?
remain subject to intense inquity! Here we report free ion CIP*
yields resulting from the direct excitation of an intermolecular hv \
charge-transfer (CT) complex in a variety of solvents and LIP—— FI
compare our results with theory. Particularly in less polar
solvents, the free ion yields we report are much larger than CIP
expected for charge pairs that are initially in contact in a relaxed —_—
solvent environment. Our results suggest that shortly after TE
excitation, the “initial” separation of charges is larger than the
electron donotracceptor contact distance. Although other GSC
studies of C_T Comple)_(es hav_e. _Suggested this as wealbst aThe scheme emphasizes the role of “initial” loose ion pairs (LIP)
recent work ignores this possibility” in the production of free ions (FI). For simplicity, the scheme omits

Our work supports a mechanism of ion separation involving contact ion pair (CIP) to solvent-separated ion pair (SSIP) intercon-

the excitation of a ground-state complex (GSC) into a Franck ~ Version (for example, see ref 3b,c). Gould and Farid have presented
Condon excited contact ion pair (CIP¥), of which at least a evidence that some conversion of CIP* to CIP occurs within the solvent

A - ) ) ¢ cage®® Sutin (private communication) has suggested that any complete
portion relaxes to thermalized, large-radius or loose ion pairs mechanism should also include reverse electron transfer from LIP to
(LIP). These “initial” LIP may then diffusively separate into reform GSC. Both of these observations increase the importance of a
free ions (FI) or collapse into relaxed LIP or relaxed contact Significant yield of large-radius, “initial” LIP as a source of the observed
ion pairs (CIP) (see Scheme 1). This mechanism includes aTe€ ions.

novel speculation concerning the conversion of CIP* to the current that results from CT-band excitation of thens-stilbene/
initial LIP species. We also report the time-resolved photo- fumaronitrile complex in toluene and tetrahydrofuran (THF).
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. . . Figure 2. Photoresponse for solution of 0.025 tké&ns-stilbene and
g'%g;e’vll'f Photorg[s_;l)o_nstt-:‘ :‘or SOIU:;O” og 0'02;.5 M?S stllkz%rgesand 0.125 M fumaronitrile in tetrahydrofuran after absorption of/dllat

- Tumaronitriie In toluéne aiter absorption o ,4J_a nm 355 nm using a time-resolved transient dc photocurrent technique with
using a time-resolved transient _dc photocurrent technique witk 50 0 Q scope input. As indicated, the experimental signal (solid line)
scope Input. Th(? heavy dashed line is the _Ias_er p_ulse, the S”.‘a”er dashe an be deconvoluted into the signal from recombining geminate pairs
line is the experimental curve, and the solid line is the best fit produced (j,5peq ine) and the free ion signal (dotted line). The best fit yields
as desc_:rlb_ed in the text. The best fit yielded a 14.5 D dipole moment an 18.5 D dipole moment and a geminate pair lifetime of 2.5 ns. The
and a lifetime of 11 ns. rise time of the free ion component of the signal was determined to be

0.8 ns.

In the latter medium-polarity solvent and for the first time, a _ o
transient “dipole-like” photocurrent is observed at short times, TABLE 1: Properties of TS/FN lon Pairs in Different

evolving into a steady free ion current at longer times. The Solvents
THF results are shown to be consistent with expectations (see  solvent Psed 7(109sF & rc (AT ro (AN
Scheme 1) on the basis of measurements of FI quantum yields ojyene <1076 11.8 24 235

trans-Stilbene (TS) and fumaronitrile (FN) were chosen as butyl ether 48<10°% 73 3.1 182 15(15)
electron donor and acceptor, respectively. Our initial interest isopropyl ether 3810° 6.1 39 144 14(14)
in this system stemmed from a recent disagreement in the O-chlorotoluene 4.3 10 6.7 47 118 12(12)
literature over the free ion quantum yield in acetonitfité Our fllﬁoprObenzene 1‘3& 103 3.3 54 104 10(10)

; : . 9x 10 1.7 76 74 12(12)

measurements were made in a number of solvents including cp,cl, 6.7x103% 1 89 63 12(12)
acetonitrile using a transient dc photocurrent technfqubich butyronitrile 9.1x 1072 0.13 249 23 8.6(9.3
allows FI yield determinations at lower intensities than does acetonitrile 0.12 0.04 375 15 6.1(7.1)
measurement via transient absorptfoh. aMeasured using 8 ns 355 nm pulses; the erropdsn (based on

Unless noted otherwise, TS and FN (both from Aldrich) were repeated measurements) is approximatelf%. Values are corrected
dissolved at 0.025 and 0.125 M concentrations, respectively.to zero applied electric field according to thedty? Roughly, 5 x
Given the measured equilibrium association constidgd; ~ 107". ¢ Lifetimes from time-resolved fluorescence experiments except
0.6 M1 (values ranged from 0.3 to 1.0 Mdepending on the where no_tecj. In all cases, fluoresc_enge decays were fit to a single
wavelength and solvent used in the analysis), these concentra&XPonential” Estimated, because lifetime was too short for our
. . - _ experiments and reliable data were unavailable in the literatimeerse
tions provide a GSC concentration of roughly M. Al of k_e taken from Thompson et &l.f Dielectric constantd! ¢ Calcu-
solvents (Aldrich reagent and HPLC grades) were used without jated as described in the teftCalculated usingpse, and Onsager
further purification except for acetonitrile, which was distilled equation (eq 2).Values in parentheses were calculated using'eq 2
over CaH through a helices-packed column at high reflux ratio. fm = 3.5 A with ¢sepandz from Table 1.
Measurements were made with 355 nm excitation using either
an MPB Technologies Orion SE-R (fwhm0.4 ns) or a Spectra  photoinduced dipole of magnitude 14£20.6 D with an excited-
Physics Quanta Ray GCR-11 (fwhm 8 ns) Nd:YAG laser. state lifetime of 11+ 1 ns. The agreement of that lifetime
The cells used have been described previoti$lyWe used two with the fluorescence lifetime measured after 355 nm excitation
modifications—a continuous-flow célf (for slow time scale free identifies the dipolar species as the relaxed CIP in toluene.
ion quantum-yield measurements with 8 ns pulses) and a “fast” Figure 2 shows a similar trace except that the solvent is THF.
celP for the “dipole measurements” of Figures 1 and 2. Inthe In contrast with the toluene trace of Figure 1, the current does
latter, the solution was only periodically refreshed. Both cells not return to zero at long times but rises to a steady positive
consisted of two parallel, stainless steel electrodes (kchb value, which continues (not shown) for milliseconds. The long-
cm) fixed in a dielectric cell body and separated by either 2 lived steady current is from FI and corresponds to a value of
mm (slow cell) or 0.9 mm (fast cell). Use of the third harmonic ¢sep= 1.9 x 1073, in good agreement with the value obtained
(355 nm) provided excitation of the TS/FN ground-state using the “slow” cell (see Table 1). The dipole signal observed
complex (GSC). Photoinduced currents were measured acrosst short times is similar to the CIP signal observed in toluene
a load resistoR (varied from 50Q2 to 100 K2) by a Tektronix except that, as described above, the integral of the negative
TDS 684A oscilloscope. Model J4-09 Molectron detectors were current is no longer equal to that of the positive current. The
used to monitor incident and transmitted laser pulse enetyjies. short-time signal results from geminate ion pairs, some of which

Figures 1 and 2 show photocurrent traces obtained with 0.4 dissociate into FI. While a more complex analysis may
ns, 355 nm excitation of the TS/FN GSC in toluene and THF, eventually prove fruitful, we have analyzed Figure 2 as arising
respectively. The toluene trace exhibits the characteristics of afrom only two contributions to photocurrent. The first comes
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from the formation followed by reorientation and eventual

disappearance of the geminate pairs, which were treated as

species with a single radius (dipole moment) and lifetime. The
second component is the free ion (FI) current. The FI signal

was not constrained in the analysis except that it was assumed
to increase monotonically after the laser pulse. This analysis

yields a geminate pair dipole moment of 1851.0 D and a
lifetime of 2.5+ 0.4 ns, somewhat longer than the fluorescence
decay time of the ion pairs in THF, 1# 0.2 ns. The rise
time of the free ion current is about 04880.1 ns, significantly
shorter than the lifetime of the geminate pairs, which indicates
that the majority of free ions originate from larger separation

distances compared to the geminately recombining ion pairs.

The small quantum yield calculated from the FI current provides
partial justification for the simple analysis whose results are
shown in Figure 2.

The (quantum) yield of ion-pair separation is calculated from
measurements in the “slow cell” ggep= Nc/(aNy), whereN,
is the number of photons absorbed anid the fraction ofN,

absorbed by the GSC. The number of ion pairs that separate

into free ions N, was calculated from the extrapolatédignal
amplitude,vmax using eq 1:

2
d Umax

N="F7—"""T""= 1

°T &, U VR @
whered is the distance between electrodess the charge of
the electron,u; and u— are the positive and negative ion
mobilities 12 andV, is the applied voltage. FN does not absorb
at 355 nm at all, and TS monomer absorbs only slightly. Under
our typical conditions at least 95% of the incident radiation
(depending on the solvent) is absorbed solely by the GSC. At
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Figure 3. Graph of loggse{0) at zero applied electric field vs. The
circles are the experimental data, the solid line was generated by using
eq 2 withro = 12 A, and the dashed line was generated in the same
manner except thab was taken to be 3.5 A.
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In both eqs 2 and '2ro (the thermalization length) is the
separation at which the charge pair begins diffusing with=
eD./ksT, andr. is the Onsager radius, = €/(4mercoksT). Both
results assume diffusion on a screened Coulomb potential with
diffusion constants that are independent of space and time. In
eq 2 of HN, zis a dimensionless constant definedzas (D+

zero concentration of FN, no photocurrent was detectable; the+ D_)r /«r2, where D+ and D_ are the cation and anion

signal was at least 100 times less than the nominal TS/FN signal
The TS* lifetime is too short to allow any significant diffusional
electron transfer to occ@rt® Nevertheless, we checked the

diffusion constants. Recombination of the two charges is
governed by the surface rate constantlefined asn/t, where
7 (s71) is the lifetime of recombination at,. The two equations

dependence of the photocurrent magnitude (normalized by GSCfor ¢s{0) differ because of a difference in the boundary

absorption) on the concentration of FN. Within the accuracy
of our measurements, we found no apparent variatighgin

the range of 0.01:60.150 M FN with 0.005 M TS in dichlo-
romethane.

With this method gsepwas determined in the solvents listed
in Table 1. The quantum yield of 0.12 in acetonitrile is
significantly less than the 0.38 reported by Peters and co-
workers? though larger than the yield estimated by Thompson
and Simor. Our value of 0.091 fowsep in butyronitrile is
smaller than the value of 0.48 reported previodsI@ur result

conditions used by O and by HN. Onsager assumed that a
charge pair disappears forever (recombination) any time that
its separation reaches zero while the more flexible boundary
conditions of HN allow for an increased separation probability
for small-separation charge pairs especially if the dielectric
constant is high.

Experimental results fapsepandro values, calculated using
egs 2 and 2 are listed in Table 1. In most cases, egs 2 &nd 2
give indistinguishable resultd. For thegsepvalues we observe
and for solvent dielectric constants below about 10, the

makes sense because the smaller yield in butyronitrile parallelsdifference between the O and HN boundary conditions is

the reduction in dielectric constant between acetonitrile and
butyronitrile. In other solventsgsep, Was seen to decrease
dramatically with decreasing solvent dielectric constant (see
Table 1).

Mauzerall and Ballard reviewed various theories that have
been used to analyzg.,datal* We have chosen to analyze
our data according to treatments by Onsaget{@)d by Hong
and Noolandi (HN)}® By solving the diffusion equation for
two oppositely charged particles, O and HN derived the
following two equations fokpsep at zero applied field:

Peef0) =€

e '+ (z— 1)e "I
1+ (z— 1) "

)

(2)

inconsequential. The log @fsepis plotted versus. in Figure

3, and for comparison, curves are given using eq 2 wjth

12 A and with the typical “contact” ion-pair radius of = 3.5

A. The results in Figure 3 clearly favor the larger initial
separation distance as characteristic of those “just thermalized”
geminate ion pairs that contribute to the Fl yield.

How might these large initial separations be achieved, and
what doeso mean? In eqgs 2 and,Z, represents the distance
between ions in theimitial thermalized configuration The
origin of the largero required to explain our experiments is not
clear and, especially for small ion separations, could result from
inaccuracies associated with the semicontinuum approximation
used in both the O and HN models. However, there are a
number of reasons why the initial thermalized separations may
exceed distances close to contagt,= 3.5 A. Even though
the Franck-Condon excited state (CIP*) is (most likely) formed
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at contact upon excitation, CIP* has excess energy stored inTherefore we rule out the above-mentioned diffusional route
the interaction between its dipole moment and the solvent. Somefor long-range electron transfer as the source of the large initial
studied® have suggested that the free ion yield resulting from LIP separation.
the photoexcitation of various CT complexes is dependent on In summary, we have reported free ion quantum yields
the amount of this excess energy. With 355 nm excitation, this resulting from the direct excitation of the TS/FN charge-transfer
energy is roughly 0.5 eV above the zero-point level of CIP complex in a variety of solvents. A comparison of our data
depending on the solvent used. Since at distances close towith theories developed by Onsager and by Hong and Noolandi
contact the volumes of the solvent molecules cannot be ignored,supports the mechanism presented in Scheme 1, in which at
the relaxation of CIP* must be viewed as a process involving least a portion of the CIP*'s formed relaxes to extended or loose
an ensemble of solvent molecules together with the two ions ion pair. These “initial” LIP’s can dissociate to free ions or
of CIP*. The solvent reorganization and the relaxation of relaxto CIP’s. The existence of thermalized initial LIP’s with
interionic vibration could produce extended thermalization separations in the 1015 A rangé? (see Table 1) is required to
lengths in some cases. Although the contributions to this explain the large Fl yields, provided that the interionic potential
increase in initial distance are most likely entropic in nature, is simple screened Coulombic (at least for distances equal to
there are energetic contributions to this process as well. Theor greater than they values of Table 1).
dipole moment of CIP* polarizes the surrounding solvent and  In addition, for the first time, fast photocurrent measurements
creates a reaction field on itséfwhich tends to pull the CIP*  for the TS/FN system in THF allow the observation of a two-
ions apart to form ion pairs with large separation (LIP), or in component signal in which formation and reorientation of
other words, the solvation energy of CIP* is less than that of a geminate ion pairs give rise to a “dipole-like” component at
separated ion pair. Thus we viewas an initial LIP separation  early times and ion-pair dissociation produces a constant free
distance. ion current at longer times. The rise time of the free ion current
In solvents of low dielectric constant, Coulombic forces are @ppears to be shorter than the lifetime of the ion-pair dipoles,
expected to cause most of the extended pairs (initial LIP’s) to While the latter is longer than the observed fluorescence lifetime.
collapse to CIP’s, probably within a nanosecond. Solvent- These observations are in accord with the mechanism presented
separated ion pairs (SSIP) should be important intermediatesin Scheme 1.
in this equilibration? but our experiments offer no insights into
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