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Analysis of Charge-Transfer Absorption and Emission Spectra on an Absolute Scale:
Evaluation of Free Energies, Matrix Elements, and Reorganization Energies
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The relationship between the absorption and emission spectra of the charge-transfer complexes formed between
a series of methyl-substituted benzene donors with 1,2,4,5-tetracyanobenzene as acceptor in 1,2-dichloroethane
was examined in detail. The association constants for charge-transfer complex formation and the emission
quantum yields for these complexes were used to place the experimental absorption and emission spectra on
absolute scales. The simultaneous analysis of these spectra is valid only when the Mulliken two-state model
is justified. For several of the complexes included in this study the electron-transfer parameters, including the
electronic coupling matrix elements, obtained from the analysis of the individual absorption and emission
spectra are in close agreement. The simultaneous analysis of the combined absorption and emission spectra
leads to a well-defined set of electron-transfer parameters for these complexes. In other complexes, where
the two-state model does not apply because of the influence of localized excited states on the absorption
spectrum, analysis of the absorption and emission spectra led to significantly different sets of electron-transfer
parameters. It is demonstrated that the electronic coupling matrix elements are a very sensitive indicator of
the influence of localized excited states on these spectra.

Introduction
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The last three decades have seen tremendous advances in the & Ak T

understanding of electron-transfer (ET) processes. Numerous )

examples of inverted region behavior, proposed initially by

Marcus?! have been reported and the measurements of ET freewith

energies, electronic coupling matrix elements, and reorganization )

energies for ion pairs are now commbni? The application of Ay Ay

the Fermi golden rule expressfotito nonadiabatic electronic i = W 205 Iy

transitions has also been established firmly in the descriptions s

of many of the spectroscopic and dynamic processes related 10 nd

ET within geminate ion pair%.1119-22 Because of the broad

applicability of the golden rule expression, many processes 9= AGg; 4)

associated with weakly coupled electronic transitions can be

described once the ET parameters for a different, albeit related,In this expressionAGgr is the driving force for the electron

process have been determined. Examples showing the correlatransfer,y is the vibrational reorganization energy associated

tions among ET rate constants, radiative rate constants, thewith a single average high-frequency mode of frequengy

shapes and magnitudes of charge-transfer (CT) emission andandisis the reorganization energy of the low-frequency modes

absorption spectra, and Raman scattering intensities have alusually attributed to solvent redistribution. The calculation of

been reported;10:23-27 FCWD includes a numerical summation over fhguanta of

the average high-frequency mode active in the ET process.
CT absorption can also be viewed as an electron-transfer

process that can be evaluated according to &q 5.

®3)
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The golden rule expression for nonadiabatic electron transfer
gives the electron-transfer rate constadat;, as a product of
the square of the electronic coupling matrix elemaftgnd a
Franck-Condon weighted density of states (FCWD) as shown a3

in eq 18 n(V)’Au’(FCWD(Q)) (5)

V= o e
30007%c In 10

2 . . . .
ey = 4%(\/)2(FCWD(Q)) 1) Equations 2 and 3 still apply except thgitis now given by

g = AGgr — hw (6)
Here, FCWDQ) is given by The quantityev is the product of the extinction coefficient for
the absorption at frequeneymultiplied by this frequency, which
* Address correspondence to this author. E-mail: barnold@umbc.edu. is called the reduced absorptiofy is the change in dipole
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moment due to the transfer of the electron, ans the solvent emission, and resonance Raman spectra were all modeled

refractive index. simultaneously:2*25Yet, even for this intensely studied system
An analogous expression for the reduced emission intensity, it is still unclear whether a unified set of ET parameters can be

I/v, which is the emission intensity at frequeneylivided by determined with accuracy. Of particular concern is the wave-

that frequency, is given in eq®, length dependence of the CRIP emission spectrum of the

tetracyanoethylene compléxEmission from nonequilibrated

I _ 641" 5. 2. 2 " states or reactive intermediates would present a significant
v 3h_3c:3n (V)"Au"(FCWD(G") @) problem in the analysis of these spectra. The success, or failure,
of the combined analysis hinges on whether the two-state model
whereg'" is given by is strictly valid and that the same pair of states is probed by alll
of the spectroscopic techniques employed.
g' = AGgr + v (8) This report focuses on the combined analyses of the absorp-

_ tion and emission spectra of the CT complexes formed be-

At first glance the frequency dependence of the reduced tween 1,2,4,5-tetracyanobenzene (TCNB) as acceptor and three
absorption and emission spectra as given by egs 5 and 7 Maymethyl-substituted benzene donors: hexamethylbenzene (HMB),
seem unusual and indeed the dependence presented here d'ffeffentamethylbenzene (PMB), and durene (DUR) in 1,2-dichlo-
somewhat from that described initially by MarctisNe have  rgethane (DCLE) solvent. These complexes were chosen specif-
chosen to use the frequency dependence given by egs 5 and fea|ly because the Mulliken two-state motféPhas been shown
because the reduced spectra, once plotted, should be exact mirrofy pe valid in these casé%:34 The CT absorption spectra for
images of each other. Thus, visual conformation of the ap- tpese complexes are well characteri#dihile there are
plicability of the relationships is possible. The derivation of these multiple CT absorption bands in each complex, the relative
relationships and a discussion of the frequency dependence is)ositions of these bands can be predicted with accuracy. The
available elsewher. . . CRIP produced by direct excitation of the CT complexes are

The electronic coupling matrix element that appears in eds yelatively long-lived and the emission spectra do not exhibit
1,5, and 7 can also be related to the radiative rate con&ant,  excitation wavelength dependence. Collectively, these attributes

through eq 9, make these CT complexes ideal candidates for an attempt to
4 determine a unified set of electron-transfer parameters using
k. = 64z 3y (V)ZA,uZ (9) the combined analyses of the CT absorption and emission

3n’c® @ spectra.

) o To achieve this goal the association constants for CT complex
where v, is the average frequency of the reduced emission formation and CRIP emission quantum yields were used to place
spectrum. o o the observed CT absorption and CRIP emission spectra on

One approach to determining the reorganization parametersapsolyte scales. The relationship between the shapes and
plots ket versusAGer for a series of related reaction part-  magnitudes of the reduced absorption and emission spectra of
ners and models the observed behavior according to'¢dfl.  the CT complexes and the measured return electron-transfer rate
Values ofV, v, 4s, andvy can be determined as adjustable constants was evaluated. The results obtained are contrasted with
parameters from the fitting procedure. The range of driving tngse of the mesitylene (MES)/TCNB complex, where the two-
forces available for these studies is usually limited and the giate model does not apply, and the influence of LE states on

anticipated bell-shaped curves are rarely defined adequately.the absorption spectrum disrupts the direct relationship between
Large uncertainties in the determined ET parameters areihe CT absorption and emission spectra.

common. Furthermore, this type of analysis assumes that the

reorganizat_ior_1 energie_s for the individual partners re_main Experimental Section

constant within the series of acceptors and donors studied. In

practice, the variation in reorganization energy can be signifi- ~ Methods. For all spectroscopic measurements, solutions of
cant, even for a closely related series of donor/acceptor pairs. TCNB and appropriate donor, both approximately2® in

Such variation in reorganization energy leads to systematic errorsDCLE, were placed in 1 cm quartz cuvettes at 251 °C.

in the determined ET parameters; the matrix elements are usuallyGround-state absorption spectra were recorded using a Beckman
underestimated and the total reorganization energies are overDU 640 UV—vis spectrometer. Steady-state emission spectra

estimated. were measured using an Edinburgh FLS920 fluorescence
A different approach has been to analyze the reduced emissiorspectrometer equipped with a liquid nitrogen cooled PMT
spectra obtained after direct excitation of CT complekég. (Hamamatsu R5509). The correction factors for the emission

In these cases only the spectral range collected limits the rangespectra were determined by comparison with standard spéctra.
of driving forces studied and a significant fraction of the bell- CT emission quantum yields were measured relative to optically
shaped Marcus curve is usually observed. Because these spectraatched solutions of tris-2:bipyridylruthenium(ll) chloride

are generally broad and featureless, significant uncertainty in (Ru[bpykClz) in HO (®; = 0.042 + 0.002f" and 2-¢-

the ET parameters obtained from the fitting procedure is still dimethylaminostyryl)pyridylmethyl iodide (2-DASPI) in metha-
common. The quantitAGer + A can be well-defined, but ~ nol (®; = 0.0040 + 0.0005%8 as secondary fluorescence
separation of this sum into its componeASer and4, let alone standards. Average values of quantum yield determinations using
the separation of into meaningful values ofy andAs, remains both standards were reported.

a challenge. Materials. TCNB was purchased from Aldrich Chemical Co.
Attempts to determine a unified set of ET parameters have and was purified by passing it through silica gel twice with
combined the analysis of spectroscopic information collected methylene chloride as the eluting solvent, followed by recrys-

using several techniques. Perhaps the most widely studied ETtallization from chloroform. HMB, PMB, and DUR were
system to date is the hexamethylbenzene/tetracyanoethylene Cpurchased from Aldrich and purified by passing them through
complex where CT absorption, contact radical ion pair (CRIP) alumina with methylene chloride as the eluting solvent, followed
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5.5 1.5 TABLE 1: Absolute Scales of Reduced Absorption and
o 12 Emission Spectra of 1,2,4,5-Tetracyanobenzene Complexes
: ’ with Methyl-Substituted Benzene Donors in
33 0.9 1,2-Dichloroethane
22 0.6 donor e ke (I)mad  €mad  evmal
1.1 03 = HMB 2.7x10% 21x10® 47x10° 202 1.4x 107
2 PMB 3.0x10% 19x10f 3.9x10° 164 1.2x 107
g v B DUR 33x10“% 16x10° 3.1x10° 109 8.6x 10
= 55 1.5 ; MES 11.6x10* 1.0x10° 1.7x10° 168 1.4x 10Y
<
e 1 12 g a410%.°4+15%.°In J%, £15%.9%In M~* cm™?, from ref 35.¢In
§ - - é M-tcem sl +15%.
' e 0.6 E extinction coefficient of the CT complex is required to place
L_‘.j 1 03 = the reduced absorption spectrum on an absolute scale (with units
3 ] of M~ cm™! s71). Our methods of determining the association
= 0 0 =z - -
i D constants and extinction coefficients of weakly bound CT
- > B complexes have been descriffett and the reported values for
44 12« the HMB, PMB, DUR, and MES complexes in DCtEwvere
33 09 used to scale the reduced absorption spectra in Figures 1 and
55 % 2. The maximum reduced absorption values for each complex
: 2 obtained are collected in Table 1.
1.1 0.3
0 0 Discussion
10000 15000 20000 25000 30000 The spectral data collected for the HMB, PMB, and DUR
1 complexes with TCNB in DCLE were analyzed three different
Wavenumber (cm™) ways. In each casé\Ger, Ay, andis were used to determine

Figure 1. Absolute reduced absorption and emission spectra of the the position, width, and asymmetry of the absorption and
HMB, PMB, and DUR complexes with TCNB in DCLE. Also shown  emission spectra according to egs 5 and 7, respectively. The
are the best simultaneous fits of the spectra according to eqs 5 and 7ynatrix element.V. was used to scale the magnitude of the
using the parameters given in Table 2. predicted spectra to obtain agreement with the measured spectra.
A value ofyy = 1400 cnT! was assumed in all cases as a typical

5.5 1.5
_5 = 5 value for aromatic donor/acceptor pat?sThe consequences of
= 4.4 12 = 2 _ . . : -
&~ =8 this assumption will be described in due course.
g5 33 09 = ‘;* The first procedure calculated the reduced absorption spectra
3 ‘?:_a 22 0.6 3— =3 according to eq 5. The valuésGer, V, Ay, andis that resulted
_§ 0 03 o _5 in the minimization of the square of the difference between the
) ' = B calculated and experimental spectra were obtained. The region
0 0 = of the absorption spectrum analyzed included only those
10000 15000 20000 25000 30000 35000 wavelengths where the lowest energy absorption band contrib-
Wavenumber (cm) uted greater than 95% of the total absorbance based on the

Figure 2. Absolute reduced absorption and emission spectra of the pu_b“ShEd, analyses of these speét& For each cor_’nplex the
MES/TCNB complex in DCLE. Also shown is the best simultaneous fitting region spanned the red edge of the absorption band and
fit of the spectra according to egs 5 and 7, using the parameters givenincluded several data points past the observed absorption
in Table 2. maximum. Shorter wavelengths could not be included because

o the lowest energy CT band overlaps significantly with additional
by r_ecrystalp_zatmn from _ethanql. ,ME,S was purchased f_rom CT absorptions and eventually with the LE absorption band of
Aldrich, purn‘.led by fractional distillation, and passed twice toNB. The parameteraGer, V, Ay, andis obtained from the
through alumina. HPLC-grade DCLE was purchased from VWR' ¢q,ced absorption spectrum of each complex are collected in
and was used as received. Table 2 along with the estimated confidence intervals in these
values.

The second procedure required the reduced emission spectra
The reduced absorption and emission spectra of the HMB, for each complex to be calculated according to eq 7. The
PMB, and DUR complexes with TCNB in DCLE on absolute calculated and observed emission spectra were compared and
scales are presented in Figure 1. The reduced absorption andhe set of ET parameters that resulted in the least-squares
emission spectra for the MES/TCNB complex in DCLE are minimization of residuals was again obtained. The entire
shown in Figure 2. The emission spectra were obtained by directavailable range of each emission spectrum shown in Figure 1
excitation of the CT complex at 380 nm. At this wavelength was used in the fitting procedure and the resulting param-

the individual acceptor and donors do not absorb. The emissioneters AGer, V, iy, and As were collected (Table 2). Confi-
quantum yields ©F) and radiative rate constants for each dence intervals for the fitting parameters are also included in
complex are given in Table 1. The radiative rate constants werethe table.

determined using the measured emission quantum yields and The third fitting procedure assumed that the absorption and
the CRIP decay constants published previot&ijhe kg values emission spectra for each complex could be analyzed simulta-
were used to place the reduced emission spectra in absoluteneously according to egs 5 and 7 and a single unified set of ET
units (J1). The maximum reduced emission intensities for each parameters determined. The least-squares summations for the
complex are also included in Table 1. Knowledge of the individual traces were normalized and then weighted based on

Results
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TABLE 2: Electron-Transfer Parameters Obtained from the Reduced Absorption and Emission Spectra of
1,2,4,5-Tetracyanobenzene Complexes with Methyl-Substituted Benzene Donors in 1,2-Dichloroethfane

absorptioR emissiol simultaneous
donor Vv }.\/ }.5 AGET Vv }.\/ A.S AGET Vv /1\/ }.5 AGET
HMB 870 0.33 0.35 2.35 863 0.31 0.46 2.45 869 0.36 0.33 2.35
PMB 816 0.40 0.35 2.45 806 0.40 0.29 2.40 810 0.40 0.35 2.46
DUR 728 0.47 0.30 2.50 741 0.45 0.34 2.54 733 0.47 0.30 2.51
MES 924 0.48 0.25 2.87 561 0.31 1.36 3.52 713 0.53 0.36 2.74

a Electronic coupling matrix element¥) given in cnm! (+10%). Reorganization energiek, (@ndis) and free energyXGer) given in eV. Error
limits based on 25% increasejf. ® Ay = £0.08,As = +0.15,AGgr = +0.10,AGgr + 4 = £0.02,4 = £+ 0.08.¢ Ay = £0.10,4s = +0.20,AGgr
= 40.15,AGgr + 4 = £0.03,4 = +£0.10.9 1y = +0.03,As = +0.03,AGer = +0.01,AGer + 4 = +0.01,1 = +0.02.

the number of data points analyzed in each spectrum. TheTABLE 3: Electron-Transfer Parameters Obtained from the
analysis included the same spectral regions used in the previouééliiltlﬁ)end#gﬁ;[gr“%gtgg%%%?gnim(')?s'onv and Return
analyses as d.escrlbed abqve. The valueA@@T,.V, Av, and 1,2,4,5-Tetracyanobenzene Complexes with
4s that minimized the residuals were determined and these pjethyl-Substituted Benzene Donors in 1,2-Dichloroetharfe
values are collected in Table 2 along with the confidence donor koot AG—r v - I
intervals in these parameters. The calculated spectra based on “ETC ET v s
the results of the simultaneous fitting procedure are shown in HMB 7.7 x 10° 2.35 886 070 040 030
Figure 1 PMB  5.6x 1C° 2.45 818 075 041 0.34
C . DUR  4.0x 10° 2.51 727 076 045 0.31
Examination of the values collected in Table 2 shows that *
when the absorption or emission spectra were analyzed indi- °Return electron-transfer rate constants were treated as constraints
Vi Iv. th mA + ) was well defined within a narrow on the ET parameters according to eq 1. All parameters were obtained
dually, the SUMAGer + 1 was we qe. ed wit anarro with vy fixed at 1400 cm?. P From refs 8d and 39h0.2 x 10° s™%.
range of acceptable values. Uncertainties of eh0/03 eV on . p . _
. L +0.01 eV.9 +10%.°¢ £0.02 eV,4A = £0.01 eV.
this sum were observed. However, the individual valueS@ér
and/ were poorly defined; uncertainties in the individual values tions of the emission quantum yields and absorption extinction
were 5 times larger than those observed for their sum. Clearly, coefficients must both be accurate. The difficulties associated
the values oAGgr andZ are strongly correlated. Furthermore, with using BenesiHildebrand* or related method%*’ to
the partitioning of into its componentsly and s leads to determine the association constants required to establish the
uncertainties that are so large as to render the estimates of thesextinction coefficients are well document&dwe have devel-
parameters of little value. It has been a common practice to fix oped an alternative method that was used to determine the

one of these values (usually) and allow onlyls to changé. association constants and extinction coefficients of the CT
The use of this restriction assumes that all of the variation in complexes of interest hereth?! The agreement between
the total reorganization energy is due to changegsinThe absolute scales of the absorption and emission spectra observed
validity of this practice has been a matter of delfatand as in this report confirms that our alternative method of determining
will be seen below, is unnecessary in certain cases. the association constants is significantly more accurate than

Combined analyses, as described above, are physicallymethods used previously for weakly bound CT complexes.
meaningful only if the two-state model applies for a particular ~ When the absorption and emission spectra of these CT
complex under investigation. When the two-state model is valid, complexes are analyzed simultaneously, not only is the sum
the reduced absorption and emission spectra should corresponcGet + A4 well defined but also their individual values are now
to transitions between identical pairs of states and both spectradetermined preciselyAGegr is defined by the intersection of
may be characterized by a common set of ET parameters. Thethe reduced spectra aridis related to the separation of the
parameters obtained from the simultaneous analysis of HMB, spectral maxima. The partitioning of the reorganization energy
PMB, and DUR spectra are comparable to those obtained frominto its componentéy andAs s still a problem. The partitioning
the individual spectra, albeit with significantly lower uncertain- of A defines the asymmetry of the spectra about their respective
ties, and are consistent with values reported for similar systems. maxima. Unfortunately, the individual parameters obtained from
The validity of the simultaneous analysis can be tested further the simultaneous analysis still reflect significant uncertainty as
by comparing the? value of the simultaneous fit with the sum  shown by the error limits reported for these values (Table 2).
of ¥? values of the individual fits. The ratios of thé values, The available spectral range for the reduced absorption and
given byRy? = y%in/(%abs + x%em), were 1.16, 1.16, and 1.20 emission spectra cover the Marcus normal region and the
for the HMB, PMB, and DUR complexes, respectively. The inverted region is poorly represented in both spectra.
accuracy of the fitting procedure decreases by no more than The ET parameters collected in Table 2 can be used to
20% when each pair of absorption and emission spectra arecalculate the CRIP return electron-transfer rate constants
forced to share a single set of parameters: a 2-fold reduction (k—g1,cp for the HMB, PMB, and DUR complexes with TCNB
in the number of degrees of freedom. Such minor increases inin DCLE according to eq 1. Values &fgrcp= 5.2 x 10°, 4.7
Ry? are sufficiently small to justify the use of the simultaneous x 10° and 5.1x 10° s™! were predicted for each of these
fitting procedure. complexes, respectively, with uncertainties of approximatedy

The fact that single sets of ET parameters, including the x 10° s™L. Although these calculated rate constants are in
matrix elements, are obtained from the analysis of the absorptionagreement with the published values given in Table 3, the
and emission spectra has two important implications. First, the uncertainties in the predictéder cpvalues are quite large. This
two-state model is likely to be valid for the HMB, PMB, and fact arises because small uncertainties in the partitioning of
DUR complexes with TCNB in DCLE. This conclusion has been into 4y and As lead to large uncertainties when extrapolated
reached previously based on the analysis of the absorptiondeep into the inverted region to determkgr cp Accordingly,
spectra and the observed transition moment vector direéfioifs.  the experimental return ET rate constants can be used to place
Second, and perhaps more importantly, the analytical determina-a restriction on the ET parameter set through eq 1. By using
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the measured rate constants as additional constraints on the ET AGgr = Eyy(D) — Eo(A) + Agp (10)
parameter sets, precise values of the ET parameters were

obtained, including the partitioning of the reorganization energy
into its componentdy and/s. The final sets of ET perameters potentials of the donor and acceptor, respectively, Apg is

for the HMB, PMB, and DUR/TCNB complexes, which include 5 gqyent-dependent term that accounts for the Coulombic
the simultaneous analysis of the reduced spectra and the returiyapijization of the ion pair. Given the donor oxidation potentials

electron-transfer rate constant as a restriction, are collected i”(versus SCE) of 1.59 (HMB), 1.71 (PMB), and 1.78 eV (DUR)
Table 3. The incorporation of the return ET rates into the and Ee{TCNB) = —0.64 eV’ a valuegpp = 100 + 20 meV

combined analysis reduces the allowed valueoind4s as results, which is consistent with values reported previously in
depicted by the greatly reduced error limits on these values. pc| 48

The return ET rate constants for the complexes used in this
study are complimentary to the spectra because the rate constantg
describe processes that occur deep in the inverted region, whicq/

is exactly the region that is poorly represented in both of the with increasing ET driving force has also been reported for

spectra. . i . methyl-substituted benzene/TCNB complexes in chloroform
Before discussing the values of the determined ET parametersyased on the analysis of CRIP emission specise magnitude
in more detail, first consider the reduced absorption and emissiongf the total reorganization energy observed in the present
spectra of the MES/TCNB complex in DCLE shown in Figure  systems is consistent with previous observations in chlorinated
2. The reduced absorption and emission spectra do not conformggyents and the increase in upon decreasing the methyl
to the mirror image relationship expected if the two-state model gpstitution of electron donors has been nétZtBecauseV
were applicablé” When these spectra are analyzed indepen- and ) change systematically withGer, analysis of a plot of
dently, two significantly different parameter sets are obtained k_gr.cpVersus ET driving force according to eq 1 will not give

(Table 2). The emission spectrum appears to be broader thany valid set of ET parameters for the present series of CT
the absorption spectrum as confirmed by comparing the valuescomplexes.

of A obtained from the individual fits collected in Table 2. The
AGgr values predicted from the individual spectra also differ
by more than 0.65 eV and the electrpnic coupling matrix o nice of vy = 1400 cn1?! influences the values of the ET
elements differ by a factor of 2. These dnfferences sugge_S'_[ thatparameters is in order. A brief survey of the literature reveals
the two-state model does not apply for this complex. Addition- yhat values ofvy between 1400 and 1500 cihare common
ally, the matrix element predicted for the absorption of the MES/ ¢ - -0 atic donor/acceptor pafféindeed, in this study it was
TCNB complex is larger than the matrix element observed for ¢, 4 that assumed values of of as low as 1300 crt and
th_e HMB/TCNB complex (Table 2). This finding is inconsistent ¢ high as 1800 cnt allowed reasonable fits to the data to be
with what would be expected based on the two-state model and,cpjeyed, If the reduced spectra and the return ET rate constant
suggests that intensity borrowing plays a significant role in the 5.6 gnalyzed assuming a valueigf= 1500 cm? the values
absorption process of the MES/TCNB complex. When the ot AG_."v, and are not affected, but the partitioning af
absorption and emission spectra of the MES/TCNB complex i ., and As changes significantly. For the DUR/TCNB
are fit simultaneously to a single set of ET parameters, the complex,y decreases from 0.45 to 0.40 eV abglincreases
predicted spectra deviate significantly from the measured om 031 to 0.36 eV whemy is changed from 1400 to 1500
spectra, as shown in Figure 2. The valugzdbbtained from ;-1 Resonance Raman studies have shown that there may be
the simultaneous fit is more than 100 times greater than the seyeral vibrational modes that contribute significantly to the
sum of y? values of the individual fits. reorganization of the CRIP and the use of a single average
Just as it was concluded that the two-state model applies tofrequency may not be uniformly applicable in all ca%é%25
the HMB, PMB, and DUR complexes with TCNB in DCLE  While the reorganization parameters may be precisely deter-
because the reduced absorption and emission spectra producgined using the combined analysis as described above, the
common sets of ET parameters, it must be concluded that theaccuracy of these determinations will remain questionable until
two-state model does not apply for the MES/TCNB complex a more rigorous approach to determining the formyois found.
in DCLE because this complex fails this test. We conclude that Given the sensitivity of the values &{ andAis to the assumed
excitation of the MES/TCNB complex leads to a state with value of vy, coupled with the expectation that, may be
considerable LE character; as much as 20% of the oscillator different for each of the complexes studied, it seems unreason-
strength is due to intensity borrowed from LE based on time- able to critically evaluate even the trends in the individual
resolved linear dichroism measuremetitsThe parameters  components of the total reorganization energy at this time.
determined from the analysis of the absorption spectrum do not  gefore concluding this report it is appropriate to comment
describe the transition from the ground state to the CRIP, but op the potential utility of this combined analysis approach to
rather a transition from the ground state to a mixed CRIP-LE the spectroscopy of CT complexes in general. The question of
exciplex. The steady-state emission observed from the MES/\yhether the absorption and emission spectra can be analyzed
TCNB complex in DCLE has contributions from the initial  simultaneously amounts to determining if the Mulliken two-
CRIP-LE exciplex, which is electronically distinct from the  state model is applicable to the complex of interest. It has been
relaxed CRIFY and is therefore a combination of spectra from spown that the degree of LE intensity borrowing depends on
two distinctly different species. This spectrum should not be the energy difference between the CT transition maximum and
subjected to direct analysis according to eq 7. Parametersthe closest LE transitioff.For transitions that are well separated
obtained from such an analysis would be meaningless. in energy the degree of intensity borrowing will be negligible
Turning attention to the parameter sets determined using theand the two-state model is likely to apply. Unfortunately, the
combined analysis (Table 3) it is observed thatAlt&-r values CRIP energies in many of these systems are relatively low and
are consistent with the trend predicted by the Weller equation: nonradiative return ET will be rapid. Therefore, the limitation

where Eq(D) and E.{A) are the oxidation and reduction

The electronic coupling matrix elements of the HMB, PMB,
nd DUR complexes with TCNB in DCLE are comparable to
alues determined for related syste¥i8.The decrease iV

It is tempting to compare the precisely determined reorga-
nization parametergy and s, but a discussion of how the
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of the combined analysis is not finding complexes in which
the two-state model is applicable, but finding two-state com-
plexes where the CRIP is sufficiently long-lived so that the
emission spectrum can be observed.

Conclusions

It has been demonstrated that when the Mulliken two-state
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