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Transfer Dynamics and Solvent-Solute Reaction Geometries: Coumarin 337 in
Dimethylaniline®
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We present time-resolved infrared and visible spectroscopic data that reveal the relative orientations of donor
and acceptor molecules in thirC= 4 ps intermolecular electron transfer between dimethylaniline solvent
and coumarin 337 solute. Although consideration of the dipolar attraction suggests the two species are most
likely to be aligned with their molecular long axes parallel, the electron transfer occurs between species with
their long axes perpendicular.

Introduction a direct probe of the first solvent shell because of the rapid
decay with distance of the electron-tunneling probability. We

:VIUC? regentlr(tasedarch has ;c;cusgd on thi cogplllng be%t.weenreport spectroscopic measurements of the relative orientation
solvent and solute degrees of freedom in chemical reactions. '\ donor-acceptor pair in an ET reaction.

The solvent through polarization or collisions influences the
charge rearrangements that accompany solution reactions. The&xperimental Section
solute-solvent interactions are typically treated under linear
response, which implies that the associated motions are har-
monic. In an effort to obtain molecular information on the
nature of the solutesolvent environment, theoty'! and
experimentdf-23 observations of solvation and electron transfer
(ET) dynamics have been avidly pursued. Efforts are focusing
on the role of nonequilibrium configurations of the solvent and
the solute in electron transfer. Of particular interest are the
dynamics along these configurational coordinates and the
transition from solvent controlled to vibrationally controlled ET.
Recent theoretical and experimental results indicate that first-
shell solvent molecules provide the majority of stabilization Results

energy in con(_jensed phase react®n& Intermolecular charge _ The molecules of interest, coumarin 337 (C337) and di-
transfer reactions between a solute and a solvent may providenethylaniline (DMA), are shown in Chart 1.

. When C337 is dissolved in solvents of similar polarity as
. Tgh's Vc‘j’oéthF‘?S been supported by 3M Company, the Petroleum Researchihat of DMA, optical excitation into the lowest excited singlet
unda, an .

* Author to whom correspondence should be addressed. electronic state ( results in strong fluorescence. On the other
€ Abstract published ilddvance ACS Abstractd\pril 1, 1997. hand, when solution of C337 in DMA is similarly optically

High-purity solvents and solutes were purchased from Aldrich
and were used without further purification. Samples were
prepared at 1¢® M for static fluorescence and 1® M for
absorption spectroscopy.

The pump-probe spectrometer has been described in detalil
elsewheré® It is tunable from 50 000 to 1000 cth The
sample is placed in a spinning sample cell that provides a fresh
sample volume for every laser shot. The 400 nm excitation
energy was 300 nJ/pulse, with a pump spot diameter of 200
um and a path length of 200m.
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Figure 2. Broad absorbance that rapidly decays is seen above 1750
cm L. The width of the band is larger than would be expected for a
vibrational transition. We assign the absorption tqua-SS; transition.

1 The disappearance of the absorption is due to vibrational relaxation.
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Figure 1. Mid-infrared response to optical excitation of C337 in
dichloromethane (dashed line) and benzonitrile (solid line). No electron
transfer occurs in these solvents. The solid line with error bars provides
a difference spectrum (static absorbance minus absorbance perturbed
by the pump pulse, measuredaes psdelay between pump and probe
pulses.) The rotating sample isx2 1072 M; the pump energy is 0.3
mJ in a 200um diameter spot. Below the difference spectrum is a
static absorbance spectrum with characteristic vibrational absorbances
as indicated (not to scale).
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excited, the quantum yield of fluorescence drops dramatically, +9 ps In Dichioromethane
e.g.,®r (CHalo) ~ 2500( (DMA). We assign the fluorescence- , , , ) ,
quenching process to electron transfer from DMA to C337. 2100 2150 2200 2250 2300
Dimethylaniline is a well-known electron donor. It is energeti- Wavenumber
cally favorable to transfer an electron from DMA’s HOMO  Figure 3. Infrared difference spectra in the region of the nitrile group
(highest occupied molecular orbital) to the photoexcited C337. absorbance of C337 in solution. The solid line is C337 in dichlo-

Figure 1 shows an infrared difference spectrum of C377 in romethane, in which e_Iectron tr_ansfe_r does not occur. The dashed line

benzonitrile at 5 ps delay time after excitation at 400 nm (solid ::orresponds to C337 in DMA, in which electron transfer doe_s occur.
. : . . = n both spectra a bleach feature of the ground state C337 is seen at

bold line). The absorption maximum for C337 in benzonitrile 2230 cnt?. There is an absorption feature visible around 2150%cm
is found at 449 nm. In benzonitrile electron transfer cannot in DMA at a 9 psdelay that is not visible in dichloromethane. This
occur. The lower portion of the figure shows the solvent- feature is assigned to the nitrile of the C337 anion.
subtracted static infrared absorption difference spectrum of ) o ] ) )
C337. Directly above these ground state absorbances may be Figure 3 shows the nitrile absorption region of the difference
seen the corresponding bleach signatureA@D) that result spectrum in two d!ﬁgrent solvgnts: In both cases a bleach of
under electronic excitation. The amplitude of the bleach the ground state nitrile absorption is observed near 2230.cm

indicates that about 2% of the ground electronic state population ::r:nl?l\/lérﬁ?slL;ggtnu?er;sevr;/’c)rggsztr(/oer:jgir??j?gr:ﬁ)?gﬁqeelt?\;geeggﬁiiio
has been excited. Positive valuesA¥dD indicate vibrational ) :

absorbances of the, Soumarin/solvent system. Figure 1 also This region lacks other fundamental or strong overtone absorp-

. . tions, and we assign the 2150 cthband to the nitrile group of
shows the same difference spectrum collected for C337 it CH the C337 anion. The sharp 2150 chiband does not rise

Cl, (dashed line). Very similar spectral features are observed

) e 'instantaneously, but only in several picoseconds, and we
showing that the majority of the response comes from C337 ;5o ciate the appearance of the C337 anion with the band'’s rise.
vibrations. Figure 4 shows the 400 nm pump/500 nm probe of the C337
A broad feature is seen at early time from 1700-€ho more in dichloromethane and dimethylaniline. A clear and persistent
than 2000 cm?, see Figure 2. We assign this feature to an S  gain feature is observed in dichloromethane, whereas the gain
— S transition that disappears rapid¥. rapidly disappears in dimethylaniline. The disappearance of
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T T T T T The use of parallel and perpendicular relative polarized pump
5t | and probe beams permits anisotropy to be measured:
8 r=(,—1a/,+2p
qE)' oF &% . The anisotropy can be related to the ensemble-averaged angle
O o between the pumped and probed transition dipole directions
: o) 0o 4s
g Q 0 o _ §
C 4 Eqof 1§ | r=(3cosO—1)5
= [
8 §-20 ! The anisotropies taken at early (0.2 ps) and late (10 and 30 ps)
5 g_so ! times indicate that the gain spectrum results from the same
2 .10 K *\, . . i transition as the optically pumped transition< 0.4 + 0.05),
2 <.40 e T T T and the new absorption exhibits a transition moment nearly
f’,: 0 5 10 perpendicular to the pumped transitions —0.2+ 0.05. We
(-040:005 DelayTime. ps have also performed visible pump IR probe experiments on the
=151 e ' ] S—S; transition moment versus the carbonyl=€ 0.3) and
N . , . . nitrile absorbances . These data indicate that the electronic
0 10 20 30 40 transition moment direction of C337 is long axis polarized,
Delay Time, ps consistent with calculatior®8. The transition moment direction
Figure 4. Response of the C337/DMA solution at 500 nm after 400 of the dlmethylan!lmoe radical patlon absorption I|e§ p'araIIeI to
nm excitation. The data are taken at a frequency where the C337the DMA long axis¥ The anisotropy of = —0.2 indicates

fluoresces and the DMA radical cation absorbs. In the observed transientthat the electron donor and acceptor molecules are aligned with
absorbance the initial gain (stimulated emission) is replaced by a new their long axes roughly perpendicular. This measure of the

absorbance. Also indicated are the anisotropies collected at 0.2 and 3Ge|ative orientation of the donor and acceptor in an intermo-

ps. The early time anisotropy (0.4) corresponds to pumped and prObedIecuIar electron transfer complex is novel.

transition moment vectors, which are approximately parallel. The 30 .
ps anisotropy €+0.2) corresponds to nearly perpendicular relative C337 and DMA have 10 and 1.6 D ground state dipole

orientation of the transition moment vectors. The inset shows 400 nm Moments, respectivef. Thus, to satisfy the attractive forces,
pump/500 nm probe for C337 in GHI, and DMA, showing the the species could preferentially align. However, the electron
different signals under non-ET and ET, respectively. transfer rate constant depends on favorable overlap of the
HOMO's of C337 and DMA, which is not necessarily optimized
by the attractive and repulsive intermolecular interactions. C337
and DMA are of significantly different sizes, and local charge
distributions that do not reflect the overall coumarin dipole
moment and van der Waals forces may determine solvent
packing. Simulations of these orientational preferences and how
the donor-acceptor orbital overlap is affected are being pursued.
The ground electronic state absorption spectra do not show
evidence of preformed ET complexes, for example CT bands.
The thermodynamic parameters for the ET reaction have been
estimated as follows. We assume that hexane does not provide
any important solvent nuclear orientational polarization contri-
bution to the fluorescence Stokes shift. Since it is not known
what the Stokes shift for C337 would be in DMA if no electron
Neutral Ground transfer occurred, we have estimated its value by a linear
State regression analysis of the Stokes shift of C337 in 15 solvents
O , of different polarities? Polarities of the solvents have been
Clasgﬁr;f::onal C]aés;gféiﬁggem determined by the reaction field functionality and by thgi¢30)
Figure 5. Schematic free energy surfaces. The right-hand side of the values:2273:32 The use of these two polarity indices and the
figure illustrates the origin of the fluorescence spectrum of C337 in '€gression analysis of the fluorescence Stokes shifts predicts
diiodomethane. The initially prepared, neutral excited state experiencesthe solvent nuclear contribution to the Stokes shift would be
complete relaxation of the solvent polarization, and strong fluorescence 322 cnt?! (reaction field index) or 295 cmt (E1(30) index).
is observed. When the diiodomethane solvent is replaced by dimethyl- The intramolecular contribution to the Stokes shift is 1541 or
aniline, a new reaction can occur. This is illustrated by_ arrows Iea_ding 1513 cnrt by these indices. The observed Stokes shift for the
to charge separated product state on the left-hand side of the figure..o.5| c337/DMA solution is 1675 cm, which suggests that ca.
This reaction occurs while solvation is occurring. After ref 14a. L . .
50% of the solvent polarization has developed, if vibrational
L ) relaxation has occurred inyS However, this information is
gain is due to loss of SC337 via electron transfer. The ET  jhadequate for estimating the Stokes shift because it may be
rate is nonexponential, with an average electron transfer time caysed by the electron transfer itself, if there are favorable
of 4+ 0.5 ps. Figure 4 also shows the transient absorption of y;pronic channels for ET that access particularly nonequilibrium
C337 in DMA at longer times. The gain does not simply solvation structures of ;943234 |rreversible electrochemical
disappear but is accompanied by the simultaneous appearancgneasurements show that the reduction potential of C337 in
of a new absorbance. The dimethylaniline cation radical shows DMA is —2.1 eV versus the SCE electrotfe The oxidation
its absorption maximum at 480 nm, and we assign this transition potential of DMA is ca. 0.7 eV.Eqg is 2.725 eV, on the basis
to that species, consistent with the observed ratio of extinction of the static electronic spectra. From Nagasawa étale
coefficients3© take the value oEyx — Eps= —0.2 eV. Thus the driving force
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for the electron transfeAG® = —Eqgp + Egy(SON'F) —Eefdye’")
— Eps, is ca.—6600 cntl. It is unlikely that the classical

reorganization energy for electron transfer can be comparable,

given the weak polarity of DMA and the rigidity of C337. We
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