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Electronic coupling magnitudes in dondoridge—acceptor (DBA) molecules are influenced by the detailed
structure of the bridge and its connections to the D and A groups. The influence of different symmetry, initial
and final states on the electronic coupling magnitude, and on transfer dynamics has been investigated in
single conformation (“rigid”) DBA molecules with mirror plane symmetry elements. There is no uniformity

of opinion on the magnitude of the “symmetry effect” in such systems. In this manuscript, the magnitude of
the formally, symmetry forbidden electronic coupling between an excited anthracene donor, D*, and a
cyclobutenediester acceptor across a three-bond bridge, DB# determined through an analysis of the
fluorescence polarization anisotropy of the charge transfer state to ground stat&{)&harge recombination
emission. The wavelength dependence of the anthracene’s absorption and emission band polarization are
determined in a structurally related DBA molecul,that does not exhibit charge transfer absorption or
emission bands. The polarization of these transitions agrees with the literature results for related anthracenes.
Using the polarization data for the lowest energy anthracene absorption harg,he polarization of the

charge recombination emissioniris determined to be wavelength independent and to lie within the mirror
plane symmetry element of the molecule (orthogonal to the anthracene short axis). These results demonstrate
that the charge recombination emission derives negligible oscillator strength from the anthrace&he S
transition and that the electronic coupling between D* and A (i.e., between thed3CT states) is too small

to determine accurately by this method. The absorption polarization dataIfrprovides evidence of a
previously undetected, weak charge transfer absorption bareJB) on the red edge of theySS; transition.

I. Introduction moment of a charge transfer (CT) transition and the electronic

Electron transfer events take place where attended by reason-COUpIIng matrix element between the initial and final diabatic

able driving force and sufficient electronic interaction (coupling) tsrtztisi\tg.mlg Eegglfnvgﬁistqg:ftggi’; (;Isatflg:r cgr(fairt?:r??rg;sfer
between the donor (D) and acceptor (A) sites. In systems Whereand AyE is the vgrtical free energy difference between the two
the coupling is weak (nonadiabatic limit), the transfer rate diabatic states involved in the ?;z:iiative transfer event
constant is determined by the product of the reaction Franck :
Condon factors and the square of the derexceptor electronic

coupling matrix eIementL?/F.1 As both factorspinfluence the M = V| AulAE @
rate constant, it can be challenging to determine the magnitude
of either quantity directly from experimental rate data. Accurate

relative values of coupling magnitudes may be obtained from and final states determine the transition dipole moment (two-

|n\|/et_st|g|at|ons tm \tNh'tht:]he Franet(_‘,ondon fa?tors ?trﬁ heldt state model). Murrell recognized that the observed transition
relatively constant and the geometric parameters of the sys emdipole moment could be increased by intensity borrowing from
are altered. Such experiments provide important data on the

di . . X . “other electronic transitions within a molecdl®lixing of the
istance and orientation dependence ofthe electrpnlc coupling. charge transfer state with higher lying donor or acceptor
The ac_tual r_nagmtude of the electronic cogpllng can be localized excited states (Hthat have large transition dipole
determined if the FranckCondon factors are independently moments to the ground stategfan increase the transition
evaluated and/or variedin the latter case, the functional form 0

dipole moment between the CT ang States. While the
for the.dependence O.f the Eraﬁt:@ondon factor on structural involvement of higher-lying states complicates determination
or environmental variables is usually assumed.

i of |V|cr--5, from radiative rate data, it does offer the possibility
AIthough nonradiative electron transfer rate constants are of evaluatingV|cr--sn in cases where the intrinsic and borrowed
strongly_ mfluen_ced by _bo_th FraneiCondon factors and transition dipole moment contributions can be separated. Ver-
electronic c_oupllngs, rad|_a_t|ve electron transfer rate constants,, . e8 and co-workers analyzed CTS, radiative rate con-
are determined by transition dipole momehtslulliken de-

ibed ol lationship bet the t ition dipol stants to determine;S-CT electronic couplings in a family of
scribed a simple refationship between the transition dipole thiacyclohexane and piperidine-derived donbridge—acceptor

* Corresnonding author (DBA) molecules? Gould!® et al. analyzed the emission energy
t Rhode I?sland ch,”ege_' dependence of CTS radiative rate constants (altered through
*Brown University. variation of solvent polarity and donor oxidation potential) to

Mulliken’s formalism provides a means to determine the
electronic coupling, providedu is knowrf andonly the initial
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determingV|gcr and|V|s—cT in two families of exciplexes.
Bixon!! et al. determinedV|s-ct in a series of norbornane
bridge derived DBA molecules by analyzing the solvent

This manuscript reports steady state and time resolved
fluorescence polarization anisotropy (FPA) investigations of the
optical transitions in DBA moleculg and the 6-bond analogue

dependence of the charge recombination, radiative rate constant2 (Chart 1). The FPA dependence on excitation and emission

Collectively, these studies demonstrate that defaamceptor

wavelengths was determined for both molecules in viscous

electronic coupling magnitudes can be determined via analysessilicone oil at low temperatures. The FPA data from the-S;

of radiative transition dipole moments.
We sought to determin@/|s,—-ct in DBA moleculel (Chart
1), a short bridge (3-bond) member of a family of 1,4-

transitions of2 was used to establish the polarization of the
dimethoxyanthracene absorption bafd§he fractions of long-
axis (x-axis, Chart 1) and short-axig-axis, Chart 1) polarization

dimethoxyanthracene donor, cyclobutenediester acceptor DBAof the absorption bands were determined as a function of
molecules that were previously investigated with respect to the excitation wavelength. This information was combined with the

influence of molecular symmetry, bridge topology, and solvent
on electronic coupling? These molecules possess an ap-
proximate mirror plane symmetry element (symmetry gréyp
bisecting the donor, bridge, and acceptor. For DB#he ground
state symmetry is Awhile the anthracene;State, formed by
promotion of an electron from the HOMO to the LUMO, has
A" symmetry!3 The lowest energy singlet CT state, generated
from the ground state by transfer of an electron from the
anthracene HOMO to the cyclobutenediester LUMO, has A
symmetry. Because the; &nd CT state symmetries differ,
nonradiative transfer of an electron between therfoimally

symmetry forbidden. Nonetheless, transfer occurs on a sub-

nanosecond time scale in DBA Nonradiative, $—CT rate

constants were analyzed for a 7-bond bridge member of this

symmetry-forbidden family and for a 7-bond bridge member
of a structurally similar, symmetry-allowed famiy.lt was
found that|V|s--ct for the symmetry forbidden DBA was 10

FPA data forl’s CT emission band to determine the fraction
of x, y, andz-axis polarization of the CF, transition. Since
the direct, Mulliken type, &>CT transition dipole lies in the
x—zplane (Chart 1), any-polarization of the CT emission most
likely arises from coupling (mixing) of the;Sand CT states.
The fraction ofy-polarization in the CT emission along with
the CT~S and S transition dipole moments were used to
establish an upper bound on the magnitude of Mg,—crt
electronic coupling. An estimate @¥|s,~ct was derived by
analyzing the relative magnitudes of tkend z polarizations
of the CT>S, transition dipole moment.

II. Experimental Section

A. Solvents and Sample PreparationThe viscous silicone
oils used as solvents in this study were obtained from Gelest,
Inc. and used without further purification. They are dimethyl-

to 15-fold smaller than for the symmetry allowed DBA. This siloxane polymers with trimethylsiloxy terminal groups. The
translates into a 100- to 200-fold smaller value of the rate two oils employed, Gelest DMS-T31 and DMS-T41, are referred
constant for the “forbidden” transfer at identical Frar€kondon to as G1000 and G10,000, respectively, where the numbers refer
factors. Bixon and co-workers analyzed CT radiative rate data to the room-temperature viscosity in units of centistokes. Neither
in structurally related DBA molecules containing a dimethoxy- oil yielded significant fluorescence in this study. Samples were
naphthalene donor, a 3- or 4-bond bridge, and acceptors thatprepared by dissolving a very small amount of solid compound

established either symmetry allowed or forbiddep—ET
interaction!! Their analysis presumed that symmetry forbidden
S;<>CT couplings are insufficient to influence<SCT oscillator
strengths but that symmetry-alloweg<8CT interactions con-

(<0.5 mg) in several drops of methylene chloride and adding a
few mL of the silicone oil. Samples prepared in G1000 were
stirred with a magnetic stirrer and then attached to a vacuum
pump for at least thirty minutes to remove the methylene

tribute to radiative recombination rates. By contrast, an inves- chloride. The high viscosity of G10,000 prevented use of a
tigation of symmetry effects on CT radiative rate constants in stirbar, so these samples were stirred manually then pumped
7-bond bridge analogues of these allowed and forbidden for at least thirty minutes to remove the methylene chloride.
topology molecules reported, at best, a small influence of state Solutions were transferred to one cm path length, suprasil
symmetry on the C¥S, coupling?* Piotrowiak, Levy, and co-  fluorescence cells, sealed, and stored in the dark for one to 5 h
workers® investigated the dynamics of symmetry forbidden to allow bubbles formed during transfer to rise to the surface.
energy transfer between spiro-fused bichromophoric moleculesFluorescence cells were cooled to the desired temperature by
in supersonic jets. They concluded that the “zero-order” picture immersion in an aluminum block with small openings for light
overestimates the degree of symmetry control on electronic entry and exit. The block was cooled using a 2-propanol solution
energy transfer and charge transfer rates. With different circulated from a Neslab LT-50 bath. The temperature was
investigations providing contradictory conclusions regarding the monitored using a Cole-Parmer Digi-Sense thermocouple ther-
influence of electronic symmetry on coupling, an alternative mometer and a type T disk probe placed in direct contact with
analysis of the 8>CT coupling inl is warranted. the wall of the fluorescence cuvette.
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B. Steady-State Fluorescence Polarization Measurements. was sampled prior to encountering the vertical polarizer and
Steady-state fluorescence spectra were collected using a Spefockels cell. The intensity of this light was used to normalize
F111XI fluorimeter system. Polarizers inserted into the excita- the vertical and horizontal “background free” fluorescence
tion and emission paths within the sample compartment were decays for variation in excitation light intensity. Five hundred
aligned according to the following procedure provided by SPEX. to two thousand fluorescence decays were averaged and then
A dilute solution (ca. 0.1%) of colloidal silica (Ludox, obtained scaled to produce the normalized vertical and horizontal

from Aldrich) was employed as a scattering sample. The
emission and excitation monochromators were set to 390 nm,
and both polarizers were roughly aligned to transmit light
polarized parallel to the lab vertical axis (VV setting). The
excitation and emission slits were set to 1.3 mm (approximately
5 nm band-pass), and the excitation polarizer was rotated to
achieve a rough maximum in the scattered light intensity,

The excitation polarizer was rotated °9@o the approximate
horizontal position (HV setting), and then adjusted to achieve
a minimum signal. Each polarizer was then rotated QH

fluorescence decay data.

Ill. Results

A. Reduced Absorption Spectra of the Anthracene Chro-
mophore in 2. DBA 2 was used to determine the polarization
of the dimethoxyanthracene absorption bands. Xhg and
x-axis polarized components of absorption spectra (reduced
spectra) are most commonly determined using linear dichroism
measurement$. Reduced absorption spectra may also be
determined from wavelength-dependent excitation and emission

setting), and the emission polarizer was adjusted to achieve 8anisotropied? but this approach requires that the fractioral

minimum in signal. This procedure was repeated until the
polarization ratio, defined advy x lun)/(lvh x lny), was
greater than 300 (corresponding to a measured anisotropy,
0.99). The polarization ratio from dilute Ludox was periodically
checked and found to be 300 over the course of these
experiments.

The steady state fluorescence anisotropyijs defined assf
= (ly — Ig)/(ly + 2Ig), wherel, andl refer, respectively, to the
emission intensity polarized parallel and perpendicular to the
excitation polarization. To correct for polarization sensitive
transmission and diffraction characteristics in the detection
monochromator and detector, standard correction fdédtaere
applied:

_ lyy = Glyy
Iy + 2Glyy

rSS

whereG = (Inv/lnn). Steady state fluorescence spectra were
obtained with the two polarizers in each of the four orientations
(VV, VH, HV, and HH), and the anisotropy was calculated using
the above equation.

Steady state fluorescence polarization measurements orP€ ignored without complicati

solutions of2 employed excitation slit widths of 0.5 mm and
emission slit widths of 2.0 or 3.0 mm. The emission slit widths
for the experiments withl were 3.0 mm. Increasing the
excitation slits from 0.5 to 2 mm had no effect on the anisotropy
results.

C. Time-Resolved Fluorescence Anisotropy Measure-
ments. Time-resolved fluorescence decays were recorded using
a home-built apparatus. The excitation pulse (388 nm, 40 ps,
< 1uJ) was vertically polarized (CVI CLPA10 polarizer: 100:

1) and passed through a Quantum Technology Inc. QK-10
Pockels cell for 306400 nm. With no voltage, the Pockels

cell was aligned to minimally depolarize the vertical excitation

pulse (v:ly > 80:1). The voltage needed to rotate the excitation
pulse polarization to horizontal was determined. A home-built
switching box, interfaced to the collection computer, toggled
the voltage applied to the Pockels cell between zero (V
polarization) and the predetermined voltage (H-polarization).
Twenty fluorescence decays were averaged in four collection
categories: vertical with excitation shutter closed, vertical with
excitation shutter open, horizontal with excitation shutter closed,
horizontal with excitation shutter open. The signals recorded
with the excitation shutter closed were subtracted from the
signals (with corresponding excitation polarization) recorded
with the excitation shutter open to generate “background free”

y, andz polarizations are known at one or more wavelengths
within the absorption or emission ba#t.The procedure
employed in this analysis follows the work of Friedrich, Mathies,
and Albrecht® who investigated the polarization of the absorp-
tion and emission transitions of anthracene. In the absence of
molecular rotation, the fluorescence polarization anisotropy,
r(dex Anm), €XCiting at wavelengthex and detecting at wavelength
Am, is given by®

(o ) = 2 )

whereZ = RZex)Qu(Am) + RAex)Qy(Am) + Re(Aex)QeAm). In

eq 2,R: (§ = X, ¥, 2 are the fractions of the absorption
coefficient polarized along the molecular y, and z-axes,
respectively. TheQ: refer to the corresponding fractional
components of the emission. At each wavelength the sum of
the fractions must equal 1R(Aex)+ R(Aex)+ RAex) = 1 and
QAm) + Qy(Am) + QAim) = 1. For the singletsinglet
transitions of the anthracene chromophore in the near UV and
visible regions, the transition dipole moments are located in the
plane of the ring (Chart 1R, andQ; are insignificant and may
oi:20 Accordingly, R((lex) = 1

— R(1ex), QuiAm) = 1 — Qy(Awm), and the fluorescence anisotropy
is reduced to a function dR/(Aex) andQy(Am):

6RQ, + 2 ; 3R+ Q) -

The objective of this section is to determiRg/e,) andRy(Aex)
for the dimethoxyanthracene chromophore. Knowledge of the
fractional, short-axis polarizatiorR;, at a single excitation
wavelength,dexo, along with the experimentally determined
emission anisotropy profile(lexo, A) and eq 3 allow determi-
nation of the emission componen@,(1), at each wavelength
within the anthracene emission. Subsequerf@lyi) may be
determined for the entire absorption spectrum from the experi-
mental excitation anisotropy profileid, Am), andQy(Am). From
a series of emission anisotropy profile€lex, 4) at variousiey,
and excitation anisotropy profileg4, Au) at variousiy, a self-
consistent determination &¥(4) and Q,(1) may be effected,
premised on an initial value #,(lexg). This initial estimate of
Ry(Zexq) Was obtained from the reduced absorption spectra of
anthracen® and a number of its alki? and dialkoxy®
derivatives.

Figure 1 displays steady state, fluorescence excitation, and
emission anisotropy profilesss, from the molecul& in G1000
silicone oil at—23 °C.22 The anisotropy is largest for excitation

I’(iex' ’1M) =

fluorescence decays. A small percentage of the excitation pulseand emission wavelengths 6400 nm and decreases as either
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Figure 1. Steady state FPA fror@ in G1000 silicone oil at-23° C.

Excitation anisotropy (left curve) detected at 410 nm. Emission Figure 2. Fractionaly-polarization of the §5, (R, left curve) and

anisotropy (right curve) excited at 388 nm. The steep spike in the ST~ (Qy, right curve) transitions o. Both curves are averages
emission profile near 400 nm is from scattered light. resulting from analyses of numerous excitation and emission anisotropy

data sets (see text).

the former is reduced or the latter is increased. Excitation at 18000
268 nm, within the intense;S-Ss band, produces’(268, 400)
equal to—0.11. Transitions within this absorption band are
predominantlyx-axis (long-axis) polarized in many anthracene
derivatives, consistent with the negative value of the aniso-
tropy 1921 For none of the excitation and emission wavelength
combinations does the anisotropy attain values of 0.4@2,
which would be expected for purely parallel or perpendicular
absorption and emission transition dipole moments, respec-
tively.1” Rotation and libration of a chromophore during its
excited state lifetime reduce the magnitude of the steady state
anisotropyt’ The effects of motion may be eliminated by 0 1
temporally resolving the evolution of the anisotropy following 260 310 360 410
excitation. Time resolved, polarized fluorescence decays were Wavelength (nm)

collected in G10000 silicone oil at23°C following excitation Figure 3. The molar absorption coefficient of the anthracene transitions
at 388 nm. The method of Christiandgwas used to determine in 2 (O) factored into itsy-polarized @) and x-polarized @)

the “motion free” value of the anisotropy(iex, Am). Polarized components (reduced spectra).

fluorescence decays were recorded at two wavelengths on the

blue edge of the emission band and yielded motion-free valuesthe value of 0.90 generated from the initial assumption that
of r(388, 405)= 0.34 4+ 0.02 andr(388, 420)= 0.314+ 0.01. R,(410) = 1.0. Figure 2 displays the final, self-consistent,
The corresponding values of (Figure 1) are 0.216 and 0.206. R (260-410 nm) andQ,(400-550) resulting from a starting
From these data, an average value of the rati®=/r1.54 was value of R(388 nm)= 0.91. The steady state, wavelength-
obtained. Therefore, all steady-state emission and excitationgependent anisotropy curves predicted using the avergged
anisotropy data fron2 were multiplied by 1.54 to generate the  Q andr/rss= 1.54 are in good agreement with the experimental
motion-free anisotropy, 6x, Am). results (Supporting Information, Figure S1). Thpolarized and
The red edge of the first vibronic band in the absorption y-polarized components of the absorption spectrum (reduced
spectrum of 1,4-didecyloxyanthracene is purgigxis (short-  spectra) may be calculated as41Ry(1)) x €(1) andR/(1) x
axis) polarized®?* Thus, R/(410 nm)= 1.0 was used as the  ¢(1), respectively (Figure 3). The first vibrational feature (383
initial estimate in the effort to determiri®(1) andQy(4). This nm) of the absorption is extensivelyaxis polarized. The
estimate, the motion-free anisotropy dafd,10, 436-450), and  vibrational spacing in thg-polarized spectrum is 1360 cnt,
eq 3 were used to evalua@(430—-450 nm)® The resulting  The extinction coefficient at the vibronic peaks of thpolarized
Q/(430-450 nm) were combined with the experimentally ~spectrum decrease at shorter wavelengths, as does the modula-
determined (388, 436-450) data and eq 3 to generate a value tion in this spectrum. The intensity of thepolarized absorption
of R(388 nm)= 0.90+ 0.02 (average of the results from 41 spectrum increases from near zero at 410 nm to the first peak
wavelengths). As the entire fluorescence spectrum is observableat 362 nm. Although there is very little modulation in the
upon excitation at 388 ni#t,R,(388 nm) and the(388, 400~ x-polarized spectrum, it appears that the first vibrational band
600) data were used to generate valueQg#00-600 nm). of thex-axis polarized absorption is1500 cnr? to the blue of
Average values oR/(260—410 nm) were then determined from  the first vibrational band in the y-polarized spectréfrlhe
theQy at 410 nm (0.974), 439 nm (0.863), and 470 nm (0.803), vibrational spacing in the-polarized spectrum is 1450 cnt™.
and the corresponding260-400, Av). Finally, a second set  The intensity of thex-polarized absorption attains a maximum

15000 A

12000 -

9000 +

6000

3000 +

Molar Absorption Coefficient

of averageQ,(400—-550) values were determined from tRg at 344 nm. Thex-axis polarization of the intense absorption
at 320 nm (0.373), 350 nm (0.573), 370 nm (0.712), and 388 band in the 266280 nm region is consistent with prior
nm, and the correspondinglex, 400-550). determinations in anthracene and derivatitfest

The bounds (0.861.0) on R(4) and Qy(4) constrain the B. Polarization Components of the CT Emission from 1.

acceptable values d®(388 nm). In the iterative procedure Excitation (388 nm) ofl at in G1000 silicon oil at-11 °C
described above, values Bj(388 nm)< 0.90 generat€,(400 yields a steady state emission anisotropy plot (Figure 4) that is
nm) that are larger than 1.02. Similarly, valuesR){388 nm) dramatically different from that of. At wavelengths longer

> 0.92 producer(410 nm)> 1.03 andR(260 nm)< 0. This than 525 nm, the anisotropy avelength independemith
constraindRy(388 nm) to 0.9+ 0.01, in good agreement with  the value—0.105+ 0.010. At wavelengths shorter than 525
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transition will have a nonzero value of the fractional emission
polarization along the-axis, Q. Thus, the simplification used
for 2, Qx =1 — Qy, is not valid for1 and the full expression
for 2 in eq 2 for must be used. Providéds excited within the
S—S; anthracene transitionR, = 0 (vida supra) and the
expression forX becomes a function of only two unknown
quantities,Qyx and Qy,

2 = R(1e)Qm) + R (e Q(Ay) (4)

As noted above, the anisotropy of the €%, transition is
wavelength independent. A single value @f and of Qy is
appropriate for the entire CT emission band. An analysis was
performed using data frottyy = 600 nm. The motion free FPA

Figure 4. The steady state emission spectrum (arbitrarily scaled) and ,5)yes for 1 were obtained from time resolved polarized

emission anisotropy frort excited at 388 nm in G1000 silicon oil at
—12 °C. Note, both plots use the same zero along Waxis. The

emission at wavelengths shorter than 525 nm is contaminated by traces

of a donor-only impurity.

04
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-0.1
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Figure 5. Excitation anisotropy profile fod detected at 600 nm in
G1000 silicon oil at—11 °C. Experimental data{), Q, = —0.035
(black line),Qy = 0.00 (blue line),Qy = 0.04 (green line).

fluorescence decays collected in G10000 silicone oit-ap

°C, following excitation at 388 nm. The time-resolved anisotropy
at 550, 575, and 600 nm decayed slightly during the CT state
lifetime (< 1 ns). The motionless anisotropy wa$.115+
0.005, a value slightly more negative than from the steady state
spectr&2® To account for this difference, the steady state
anisotropy data froml was multiplied by 1.09 prior to the
following analyses.

The fractional absorption coefficientR{ R) from the
dimethoxyanthracene chromophoreZrtan be used to deter-
mine the fractional components of the €5 emission, Q,
provided the proximity of the acceptor to the anthracenelin
does not substantially perturb the anthracefe& absorption
spectrum and any contributions from thg-8CT transition are
very small. Both criteria appear to be satisfied in the region
from 310 to 360 nmQy and Q, were treated as adjustable
parameters in a nonlinear least-squares fit(8L0—360 nm,
600 nm) using eq 4 foE, R(A) andR/(4) of the dimethoxy-

nm, trace donor fluorescence, and a solvent Raman peakanthracene chromophore, and eq 2 ifé? An unconstrained

contaminate the emission spectréhiThe negative sign and

regression analysis yield&g, = 0.991,Q, = —0.035, and, by

wavelength independence of the emission anisotropy suggestifference Q, = 0.044 (lower solid line, Figure 5). This indicates

that if the CT emission derives intensity by borrowing oscillator

that the CT=S, emission is predominantty-axis polarized. A

strength from anthracene (donor) or ethylene (acceptor) transi-negative value o, is not possible. Additionally, thesg, and
tions, the polarizations of all involved emission transition dipoles Q, values, combined with th&®, and R, of the anthracene

are very similar and are very different from the absorption

absorption, predict values 0{405-410 nm, 600 nm) that are

polarization at 388 nm. The wavelength independence of the more negative than-0.2 when substituted into eq32.A

emission anisotropy indicates that one seQefhould suffice
for all emission wavelengths between 525 and 700 nm.

regression analysis performed with the constr@int 0 yielded
Qx = 0.960,Qy = 0.00, andQ, = 0.040 (middle solid line,

The excitation wavelength dependence of the steady stateFigure 5). The (1, 600) profiles calculated using the constrained

emission anisotropy frorhin G1000 at-11°C (squares, Figure
5) is dramatically different from that o2 (Figure 1). The
polarization anisotropy froml decreasesas the excitation

and nonconstrainedk, Q) overlap the data and each other
throughout the 316360 nm region. Atlex > 370 nm, the
anisotropy profile predicted witQ, = 0 lies slightly above the

wavelength is moved from 310 to 385 nm. There is a slight Q, = —0.035 prediction and yields= —0.19 at 410 nm. To
modulation, most notable as a peak at 370 nm and a shouldefexplore the influence o, on fit quality, a regression value of

at 350 nm. Above 390 nm, the anisotropy increases sharply with Q, was determined witl®Q, fixed to 0.04. This yielded,

increasing excitation wavelength, reaching values greater than0.918,Q, = 0.040,Q, = 0.042 and a predicted anisotropy curve

0.25 atlg > 415 nm. The change in slope and sign of the

(upper solid line, Figure 5) that lies below most of the data

anisotropy for excitation wavelengths above 390 nm cannot be points between 310 and 325 nm and above all the data points

rationalized using th&, andR, determined fron® (vide infra).
This portion ofl’s absorption spectrum must contain an optical
transition not present i@. The transition dipole direction for
this transition is very similar to that of the CT emission and is
reasonably assigned as ag—&CT absorption banéf The CT
absorption line shape will be determined after @geof the
CT—S emission have been evaluated.

Values ofQy, Qy, andQ; for the CTF—~S; emission inl are
needed to evaluat¥|s--ct. The transition dipole for the C+S

between 350 and 360 nm. @y is greater than zero, 0.04 is a
generous upper limit. For the two sets of polarized CT emission
transition probabilities, (0.960, 0.000, 0.040) and (0.918, 0.040,
0.042), the “effective” CT transition dipoles lie at angles of
(11.5, 90.¢, 78.5) and (16.8, 78.5, 78.2), from thex, vy,
andz axes, respectively.

As noted above, the abrupt increase of the excitation
anisotropy froml at wavelengths greater than 385 nm indicates
the presence of a CT absorption band. Small differences in the

emission is not constrained to lie in the plane of the anthracene.absorption line shapes of different donor-only model compounds
The acceptor is displaced (along the negative z direction, Chartand of 1 complicated determination of the CT band shape by
1) from the xy (anthracene) plane. A Mulliken type €75 spectral subtractiof? At wavelengths where theyS'S; and
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7500 ——————— — ‘ TABLE 1: Cartesian Componentsiof the State and
1 ‘ Transition Dipole Moments in 1

6500 ...0‘\.. ‘ S SP CcT S-S S~CT
E 5500 :’ % X 0.816D —3.331D 32.118D 0.087 D 0.556 D
2 IS ‘-\f‘. y 2519D 2.419D 2.856D 5.484D 0.004D
g 4500 $ A z 3.484D 3.387D 11.335D 0.008D  0.140D
o (]
5 3500 3 P aWith the reference frame origin at the middle of the anthracene,
1 A the positive halves of the andz axes extend away from the acceptor
§ 2500 - . ‘ (Chart 1). (b) % refers to the lowest energy, locally excited state of
g ‘ . \ the anthracene chromophore.
g 1500 — 0..

[

minimized (molecular mechanics) starting from a geometry in
which one G=C—C=O0 unit had ars-cis conformation and the

ggi

500 o it ; other wass-trans. The calculated anthraceng~S, transition
300 325 350 375 400 425 dipole moment is displaced by 0.9rom the y-axis. The
Wavelength (nm) calculated $>CT transition dipole moment makes angles of

Figure 6. The CT absorption band df(<) determined from the total 14.1°, 89.6¢", and 75.9 with the x, y, andz axes, respectively,
absorption spectrum®) and the excitation polarization anisotropy  which yields polarized components of the CT emission (and
profile at wavelengths greater than 350 nm. The dashed line correspondsabsorption) ofQx = 0.941,Q, = 0.0, andQ, = 0.05935

toe=0. Generalized Mulliken Hush calculatiotisvere performed to

So—CT absorption bands overlap, the observed extinction determine the coupling between the diabatic §, and CT

coefficient is the sum of the extinction coefficients of the States. The energies, dipole moments, and transition dipole
individual transitionseops = ecT + €s1. moments from the ZINDO/CI calculations were used as input.

33 The observed polarized The calculated coupling matrix elements @Ws,.ct = 555

absorption components are weighted averages of those from th&M * and |V|s.ct = 32 cntt.

individual transitions: . _
IV. Discussion

€ €
o % = L_CT RéCT + \(1 — igRési ) %55) . The anisotropy and polarization results for the 1,4-dimethoxy-
Substitution of*eq Feiptp eq 2 Weldsehg following expression  gnthracene chromophore fhare consistent with results from

for ecrleops All quantities in eq 6 are known with the exception  girycturally similar anthracene derivativid? The origins of

of R, the absorption and fluorescence bands are polarized almost
5+ 1 entirely along thg/-a>_<is _Ry = 0.99:|:_O.02,Qy = 0.97;|: 0:02:
— z (QECT % Rgsa) 410 nm). As the excitation or emission wavelength is displaced
€cT 3 £ <Ryz from the origin, thex-axis (long-axis) components of the
—= (6) transitions increase (and the FPA decreases). Absorption in the
€obs Q CT o (R CT_R Sl) 260-270 nm region is predominantly-axis polarized. The
A simple approximatigs js to use tie regre%sion value@:67 anisotropy and polarization results for the-€%, emission from

in place of theR:CT(4). 'i'hngCT are the emissive analogue of 1 differ markedly from those of the anthracene transition®.in
the CT absorption polarizations and are wavelength independent.Specifically, the anisotropy of the C¥S, emission inl (a)

This approach yields a crude estimate of the CT absorption banddecreasess the excitation wavelength increases; from 0.2 at
(Figure 6). At wavelengths greater than 380 nm, the experi- 310 nm to—0.1 at 385 nm, (bjncreasessharply at excitation
mental anisotropy profile deviates significantly from the regres- wavelengths longer than 385 nm, and (c) is independent of
sion prediction (Figure 5). Use of eq 6 yields a maximum of emission wavelength. Both the negative sign of the CT emission
the $—CT band at 383 nm witlhct equal to 330 M! cm™2 anisotropy (excited between 360 and 400 nm) and its negative
The $—CT transition comprises 10% of the observed spectrum slope versus excitation wavelength (31885 nm) demonstrate

at 390 nm, 50% at 405 nm, and 75% at 410 nm. At wavelengths that the CT>S, emission is polarized in a direction orthogonal
shorter than 380 nm, the analysis yields a second peak at 3690 the molecular-axis. The sharp reversal of the anisotropy
nm, with ect equal to 470 M! cm~! and a precipitous drop at  sign at wavelengths greater than 385 nm is due to a weak
shorter wavelengths. The experimental FPA (squares, FigureS;—CT absorption band. The presence of this band prevented
5) exhibits a local maximum at 369 nm, which is the origin of direct determination of the fractional-polarization of the

this second maximum in the extractegt&CT spectrum. While ~ CT—S emission,Qy, via excitation at wavelengths wheRy

this analysis establishes the presence of a wegkCI ~ 1 for the anthracene chromophore (Figurdg,> 400 nm).
absorption band, the data is insufficient to generate accurateAs the alternative, an analysis of the anisotropy excitation profile
values of the bandwidth or maximum. from 310 to 360 nm yield®y = 0. The absence gfpolarized

C. Calculated Dipole Moments and Coupling Matrix character in the emission demonstrates that electronic mixing

Elements in 1. The dipole moments and transition dipole of the CT and $states inl is negligible. This result is expected
moments among the relevant singlet states were calculated for DBA molecules with rigorous mirror plane symmetry,
using the ZINDO/CI method (Table 1). The acceptor ester because the CT and, States have different electronic sym-
groups can rotate about the-C single bond connecting the  metries, Aand A’, respectively. However, molecular mechanics
C=0 and G=C moieties. To avoid enforcing a mirror plane calculations and crystal structufésf the acceptor indicate that
symmetry element in the calculations, the structure was the lowest energy structure incorporates a dissymmetric ar-

rangement of the ester groups. This reduction of the molecular

symmetry should increase the magnitude gET mixing. It

is also possible for the 'ACT state to mix with & vibrational
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levels of the A’ S; state (overall vibronic symmetry’A These The S—CT electron-transfer rate i is at least 3x 1010
vibronic levels of $ have reasonable oscillator strength to)ta s L41b How large mustV|s--cT be to achieve rates this fast?
vibrational levels of the ground state. Such mixing is reported Comparison of spectroscopic energy gaps indicais®

to contribute to the reduction of-axis polarized $-S (Si—CT) = —0.27 eV*1® The difference in energy of the; S
fluorescence from anthracene and its derivatives upon increasingand CT emission maxima yields 0.29 eV as an estimate of the
the emission wavelengfli. The wavelength independence of total reorganization enerdy? This value is smaller than prior
the CT—~S, emission anisotropy fromi suggests that such  estimates ofly, 0.39 eV!? It is reasonable to assume thiat
mixing is not significant. As shown above, the best fit of the lies between 0.05 and 0.2 eV in the weakly dipolar siloxane
anisotropy data (Figure 5) indicates insufficieat-5CT mixing polymers. Thus, to reproduce the above transfer rate constant
to produce detectabieaxis polarization in the CFS, emission. usinghw = 0.175 eV and the above twis values,|V|s—cT
From a practical point of view, the;S CT coupling in DBA1 must be 39 and 48 cm, respectively** These values, which

is too small to measure accurately from fluorescence polarizationare within a factor of 2 of the GMH/ZINDO and seven-bond

anisotropy data. DBA derived estimates, predi€k, < 0.001 for the CT emission,
Although the best-fit results indicate that<SCT mixing is in accord with the best fit emission polarization results.

negligible, arupper limit for this coupling can be derived from The GMH analysis predict¥/|s.-ct = 550 cn. The ground

the upper limit onQy (0.04, vide supra) following the method ~and CT states have the same electronic symmetry and, in the

of Gould et al'® The radiative rate constant of the €5 dissymmetric conformation examined, their interaction is cal-

transition®® 1.1 x 107 s'1, is determined by the G¥Sy culated to be 17 times larger tha¥|s,~ct. The ZINDO/CI

transition moment according t9.g = n[(n? + 2)/3]2 x 313.7 calculations predict the GFSp transition dipole moment is 0.57

X Vo, X M(ZZT, where the average emission frequengy is D. This estimate of the transition moment is 2.6-fold smaller

18.1 kK andn is the solvent refractive indeé®. This yields a than the experimental value derived from the radiative rate

CT<$ transition dipole moment, M = 1.5 D. They- constant, Mt = 1.5 D. In addition to the direct, Mulliken

contribution, $<CT oscillator strength could be borrowed from
the energetically distant, but intense, 260 nm transition of the
anthracene chromophore. As thig£5; transition isx-polarized;

componer® of the transition dipole moment, 8, = ./Qy X

Mct, amounts tov0.04 x 1.5 D or 0.3 D. If one assumes that

the entire y-polarized component of the €%, radiative rate ) e
constant arises from oscillator strength borrowed from the thezpolarized component of the observed CT transition moment

S,—S, transition?® then the coefficient of the diabatig State can only arise from the directSCT transition. Thez-polarized

in the adiabatic CT state can be estimatets G, = Mcry/ component may be estimated asﬁ?k*CT) = \/62 x
Mp+, where M- is the transition dipole momeny-polarized) Msm-ct = v0.04 x 1.5 D = 0.30 D:** The GMH derived
of the anthracene;S-S transition. With My = 3.32 D41 Cg, Sy=CT transition dipole moments predict the relative magni-
amounts to 0.09. The fraction of the diabatic anthracerstsge ~ tudes of tqu and z polarized componentsQ,/Q, = 0.941/
mixed into the adiabatic CT state4sC2, which indicates that ~ 0:059= 16 This ratio can be used to estimate #éomponent
the diabatic $state constitutes less than 1% of the adiabatic © the direct, Mulliken type transition dipole moment,M
CT state®2 By first-order perturbation theory, the;SCT (So=CT) = VQX/«/@ x M£Sg>CT) = V16 x 0.3 D= 1.2
electronic coupling may be related to the mixing coefficient D. where the experimental value ofA8,>CT) = 0.30 D is

and the energy gap between the states as used. The total, Mulliken type contribution to the<SCT,
transition dipole moment amounts to
VIgcr ~ (B = Ecy) x Cg & (M8, = CTP) + (M,(S, < CT)) = +/(1.2Df + (0.3 DY

_ = 1.25 D. This is less than the experimental value of 1.5 D. If
(Es, = Ee) X Mcry /Mo (7) the CT—%, transition borrowsx-polarized oscillator strength
_ _ from the $<S; transition, the total transition dipole
For eq 7, one requires the vertical energy gap betweenithe S moment may be related to the Mulliken and borrowed transition

and CT states at the CT state’s equilibrium geometry. Thus, a2 >
the energy denominator in the perturbation expression is moments aS\/[Mx(SO CT) + M,(§=S))]" + M (SCT)" =

. i 1.5 D. Presuming the-polarized components of the direct
calculated as the difference between the average emlssmn:L "
energiesia(D*) — 7a(CT) = 3000 cn1?, instead of the free Sy<>CT transition moment and that borrowed from thg>Ss

: - : transition have the same sign, the borrowed transition dipole
energy difference between the two staf€$his establishes an BIPN . .
upper limit on|V]s.~ct = 3000 cn1? x 0.09= 270 cnrY, which moment amounts to MiSy<>S;3) = 0.27 D. The transition dipole

- 0 )
is substantiat® The preceding analysis is premised on a specific moment .Of the ba’?d at 26.0 nm 1810 D. FoIIqmng, the

value ofQ, = 0.04. The relation betweel|s--cr and any value p_erturk_)atlon a_naIyS|s d_escrl_bed above,_the coefficient of ghe S
of Q, can be demonstrated by substitution oM = \/6 o diabatic state in the adiabatic CT state is 0.27 D/10 D or 0.027.

: . . The electronic coupling amounts | s,-ct = 0.027Es, — Ecr)
Mcr into eq 7, which yieldgV|s-cr ~ 1360 cnt* x /Q = 440 cnr147 This symmetry-allowed $>CT coupling is

Thus, if Qy is greater than 0.006, the;SCT symmetry  comparable to the GMH estimate of the symmetry-allowed
forbidden coupling across the 3-bond bridge is greater than 100509(:1— interaction.

cm~L. The upper limit offV|s,-ct ~ 270 cn? (for Q, = 0.04)

is substantially larger than the value of 32 ¢nderived from
the GMH analysis of ZINDO transition moments and energies.
Analysis of photoinduced charge separation rate constants in a The charge transfer state dfexhibits a weak @ = 0.02)
7-bond bridge analogue &fyielded 3 cnt? for |V|s,-cT. Based broad emission centered near 560 nm in nondipolar solvents.
on a diminution of the coupling per bond equal to 0.6(#), Analysis of the emission polarization anisotropy produced by
one obtains a value of 23 crhfor |V|s,—cr across the 3-bond  Sy—S; excitation of the dimethoxyanthracene donor indicates
bridge in1. This estimate and the GMH result predict tigat that the emission’s transition dipole moment lies within the
is between 10* and 103, in good agreement with the best-fit approximate symmetry planez plane) of the molecule. A
analysis of the anisotropy data. perturbation analysis of the polarization data finds no measurable

V. Conclusion
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coupling (<100 cnt?l) between the CT and;Sstates. Some  experimental results. This material is available free of charge
coupling is necessary for the nonradiative-&T transfer to via the Internet at http://pubs.acs.org.
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