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Light Absorption in Strongly Irradiated Long Range Polar Electron Transfer Systems
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Light absorption of long range electron transfer (ET) complexes immersed in polar solvents is
analyzed. At sufficiently high laser intensities absorption or emission of multiple photon quanta occurs.
In addition, the equilibrium population of the two donor and acceptor electronic states is strongly
perturbed from its field-off value. The combination of these two effects results in dramatic variations in
the frequency dependence of the absorption cross section as a function of laser intensity. Certain bands
in the absorption spectrum can be eliminated simply by changing the laser intensity. For commonly
utilized mixed-valence transition metal ET complexes and polar solvents an applied electric field
strength of=107 V/cm should be sufficient to induce noticeable changes in the weak-field spectrum.
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PACS numbers: 33.80.—b, 42.65.-k

Mixed-valence transition metal complexes are charac- We are interested here in light absorption when a
terized by a large separation between donor and acceptstrong electric field is directed along the electron tun-
sites, and strong coupling to a polar medium [1]. The elecneling coordinate. A useful schematic of this process is
tron transfer (ET) and optical absorption properties of suclshown in Fig. 1. The parabolas indicated by 1 and 2
systems are strongly influenced by these two features [2]represent the nuclear coordinate potential energy surfaces

When a strong time-dependent field is applied along amssociated with donor and acceptor electronic states, re-
electron transfer path, the probability to find the electrorspectively. In the weak-field limit the absorption process
in the initial electronic state is dependent on the intensitynas been analyzed by Hush [2], who found a single
and frequency of the field. For an isolated ET system (ndGaussian-like absorption band centered at the transition
interaction with solvent) the electron can even be trappeénergy between donor and acceptor at the donor state

in the initially occupied site [3]. When this system equilibrium position (i.e./iomax = E- + €). This band

is coupled to the solvent by strong electron-polar batfrcan be considered as a Franck-Condon vibronic absorp-
modes interactions, the tunneling rate exhibits a resonand®n spectrum with effective optical transition dipole mo-

structure [4a,5] as a function of the intensity parameter ment w1, given by [2]
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where u is the dipole moment difference between thewhere A is the electron tunneling matrix element [see
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initial and final electronic states, aiy andw are the am- Eq. (4) below]. The magnitude & decreases rapidly as

plitude and frequency of the applied monochromatic elec-
tric field E(r) = Eocodwt). Strong-field effects mani-
fest themselves whem > 1. Because of the large sep-
aration, R, between donor and electron sites in the ET
complex, the permanent dipole moment difference be-
tween donor and acceptor electronic states can be very
large. This reduces the value of the electric field strengths
needed to achieve > 1. According to estimations made

in Refs. [5,6], forug = 70 D (R = 15 A) the values of

E, are about 18-10" V/cm, which is less than the field
strengths expected to induce dielectric breakdown in the
solvent. Moreover, the value of the breakdown field can
be increased by utilizing a pulsed field [6]. In addition to
the rate constants for forward and backward reactions, the
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equilibrium distribution between the donor and acceptor,
- . - FIG. 1.
electronic states is also strongly dependent on the intern oo iat

Schematic depiction of the potential energy surfaces
ed with electronic states 1 and 2 (donor and acceptor

sity and frequency of the field [5], with the same critical states, respectively) along the reaction coordinatés the bias
field conditions. (the reaction heat), an#, is the reorganization energy.
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the intersite distance grows. For typical mixed valencemaster equation shows that the electronic population dy-
systems/iA =~ 50 cm™ !, while for typical polar solvents namics evolves to good approximation in an exponential
Fiwmax = 10000 cm™ !, ThusA/wmax = 1072 or smaller.  fashion [5]:

This leads to the well-known fact that “mixed valence

absorption bands are weak.” mi(0) = 1S + 05V ex — (T, + Ta)e],
In this Letter, we analyze the strong-field absorption (eq) (eq) (5)
properties of such a system. It is thus useful to treat m(t) =ny — ny  exd—(I'y + I)r],
the electric field strength in a nonperturbative manner. ith
Accordingly, we compute the average absorbed powely,"I
ie., [7] B . A ngeq) I
d_E = lf dl‘/<ﬁ> (3) NI
dt T Jo ot’ T—o0 ’ (eq) F] (6)
where A (1) is the time dependent Hamilton operator for o= r,+10,°

the electron-solvent-applied electric field system. Specifi-
cally, we employ the field-driven spin-boson HamiltonianWhere I't and I'; are the forward and backward rate
utilized in recent work on electron transfer dynamics [4_constants which are in general strongly field dependent. In

6,8,9] particular, when only classical (low frequency) oscillator
. . . modes associated with the solvent dynamics are taken into
A = — > hAG, — o) €d, + EZ(PIE + wlq?) account, these constants take the form [5]
k
1 R 1 R B ﬁAZ T 1/2 = 5
+ 5 o, % grqr + 5 noE(t)o, . 4 = 4 \E kgT m;x Jm(a)
Here € is the bias (the reaction heat) between two (E, = € — mho)?
equilibrium positions,&, ., are Pauli spin matrices, and X exp — AE kT ()

wy and g, are, respectively, the frequency and coupling

constant of theth bath oscillator described by coordinate [+, — choices on the right-hand side go with subscripts
gx and momentunp,. The electric state associated with 1, 2, respectively, on the left-hand side.] The structure of
the |+) eigenstate ofs, (with eigenvalue+1) shall be  this expression for the rate constants allows the following
designated as the donor electronic state (or state 1). Theterpretation of relaxation dynamics in a strang laser
other electronic base state is then the acceptor state (feld. The rate constant is a sum of many contributions
state 2). each of which is proportional to the nonadiabatic transi-

An approximate generalized master equation, derivegon rate for a system in which the bias between donor and
in Ref. [4] and by different methods in Refs. [8,9], is acceptor sites has been shifted myphoton quanta. The
thought to give an accurate description of dynamics undegrobability of making a transition through theth such
H(t) in many cases. This kinetic equation (see, for examschannel” is also proportional td2 (a), whereJ,, is the
ple, Eq. (12) of Ref. [5]) is obtained by extension of the mth order Bessel function. One can vary the contribution
well-known noninteracting blip approximation (NIBA) as- of each channel dramatically by changing the laser inten-
sociated with the standard spin-boson Hamiltonian [10,11$ity, i.e., the parametex[see Eq. (1)] [4a,5].
to include a time-dependent driving field [the last term in  The rate constant formula (7) combined with the
Eqg. (4)]. In the absence of a driving field, the nonadia-interpretation given in the previous paragraph suggests
batic electron transfer reactions exhibit overdamped, exthat the contribution of thenth channel to the ET rate
ponential relaxation to an asymptotic equilibrium state.at laser frequencyw is associated with multiphoton
It is well established that the NIBA describes such evo-absorption or emission ah photon quanta of magnitude
lution adequately [10,12,13]. Recent work by Grifonizw. Indeed, by analyzing the full NIBA master equation,
et al. [9a] indicates that for systems where the NIBA isit is possible to evaluate Eq. (3) and thus derive the
accurate with no driving field, it should be at least as accufollowing formula for the absorption or emission rate from
rate when a high-frequency driving field is applied. Thisthe donor and acceptor electronic states [14,15]:
is precisely the case of interest here, since as already men-
tioned above, the ratio ok /w is typically 1072 or less. dE(a, w) (eq) 0U (eq) U2
Therefore it is reasonable to adopt the NIBA generalized ar M T T Ty (8)
master equation as the starting point for our analysis.

In field-driven nonadabatic electron transfer systemsiHere ng) are the equilibrium populations of electronic
where the electronic tunneling matrix element is small, thestates 1 and 2 (donor and acceptor), which are themselves
environment is strongly coupled to the ET complex, andield dependent. These values prescribe the size of the
high laser frequencies (set by the solvent reorganizatiofreservoir” of populations in the donor and acceptor
energy) are appropriate, analysis of the NIBA generalizedtates after steady state has been obtained. The quantities
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aU,,/dt are the rates of energy absorption per molecule e E = oV
in states 1 and 2, respectively, and are given by /M\\ ;Zz c=leV
aU ﬁAZ 1/2 = l v‘l\\\m=1/w a=3.8
12 _ < T > Z mhiwJ>(a) -
at 4 \E, kgT o 2| AN
) = /l‘ \ I a=3.0
X[eX%_(Erie—mﬁw)> E‘ i
A4E, kgT £ ! ‘\\ a=2.4
<
* e+ 2 z ™
B ex;{—(Er € + mho) >:| £ AN e
4ErkBT g 4 AP =~
(9) a AN // \\\ a=1.0
The structure of Eq. (9) is simple. The = 0 contri- N
bution, which corresponds to thermal electron transfer / \\\ 2=0.2
without optical absorption, is absent. The surviving terms 0 10000 20,000
correspond to absorption and emissiomophotons (the hoem')

first and se_c.ond terms, respectively, i.n the summ_and)FlG 2. The absorption spectrum at different intensitigfer
The p_robablllty of anr_n-.photon absorption or emission the activationless reactiai, = €. The spectrum is calculated
eventis exactly as anticipated from the ET rate constantyt constan@.  The vertical dotted lines indicate the expected
formula (7). peak positions of the 1-, 2-, 3-, and 4-photon absorption bands.
We define the absorption cross section as the ratio of
the average absorbed power to the average incident power ) ) )
[8]. The average absorbed power is given in Egs. (8) anffhe first zero ofJ;), the main band disappears again,
(9). The average incident power is proportional to thePecause the probability of 1-photon absorption is zero

Poynting vector, whose cycle-averaged magnitude for &ven though the equilibrium populatioﬁeq) is not zero

monochromatic radiation field isE3 /8. Thus, at this intensity.
87 dE(a, ®) In Fig. 3, the absorption spectrum for the s()grr;metric
Kabs = c—E(2) dr (10) complex (e = 0) is presented. In this case; =

We wish to study the dependence of the absorption crogss? = 0.5 for all frequencies; hence the absorption
section on laser frequency. In general, this cross sectiogpectrum is not affected by field dependence of the
also depends on electric field strength, so that the variatiopopulation distribution. At low laser intensities there is 1-
of the latter quantity with laser frequency must also bephoton absorption only. At = 1 a shoulder from the 2-
specified. Thus, we illustrate expression (10) for twophoton absorption band arises. Wheg- 2.4, the second
different scanning procedures. peak is larger than the 1-photon band peak. At a higher
First we keep the dimensionless intensity parameteintensity,a = 3 (not shown), three bands contribute to the
a constant as the laser frequency is changed (whicBpectrum. The 1-photon absorption band is completely
requires that the field strength be changed proportionsuppressed at = 3.8 [J;(3.8) = 0].
ately). The resultant frequency spectrum is shown in Experimentally it may be more convenient to measure
Fig. 2 at differenta for the barrierless reaction with the spectrum at constant laser intensity (i.e., constght
e =E, =1eV and kgT =200 cm ! (room temper-
ature). (All spectra in this and subsequent figures are N
normalized to have unit area.) When the intensity is low, N1 E=1eV
i.e., a = 0.2, there is only one absorption peak, due to '\::j £=0
1-photon absorption from the initial state. This band i
agrees in shape and integrated intensity with the \ a=338

-
>
well-known prediction of Hush [2] (c.f. also the g ()
discussion in Ref. [14]). At moderate intensities, g / \, ac2d
a =10, a second band appears, corresponding to =
2-photon absorption from the initial state. At higher laser § /
intensities, the amplitude of the main absorption peak = yd a=1.0
becomes lower while the amplitudes of the 2-photon and
3-photon absorption bands become higher. aAt 2.4, / a=0.2
the first zero of/y, the main absorption band disappears 0 5000 10000 15000

completely, because the equilibrium populati@ﬁeq) fi(cm)

in the initial electronic state vanishes, even though the g 3 The absorption spectrum at different intensitiefor
intrinsic probability of a 1-photon absorption from a the symmetric reactioe = 0. The spectrum is calculated at
molecule prepared in this state is nonzero. dA& 3.8  constanta.
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rather than at constamt In Fig. 4 the absorption spec- equilibrium populations enables suppression and enhance-
trum is shown at different values of the laser intensity.ment of various bands in the absorption spectrum simply
We chooseE, in order to make the parametarhave by tuning the laser intensity.

the indicated value at the center of the 1-photon absorp- The calculated absorption spectrum has been obtained
tion band (hwmax = E, + € = 2 eV). The parameters assuming that all reactive systems are aligned along the
are the same as in Fig. &, = €). At low intensity field direction. However, even for nonoriented samples,
(a = 0.2) the 1-photon band dominates. The 2-photonthe effect described above should be qualitatively observ-
subharmonic is weak but detectable. At higher intensiable. For a barrierless reaction, detection of a band at half
ties, the 2-photon absorption band is strong enough to bihe frequency of the main (weak-field) absorption band
easily discerned. In addition, some fine structure arises/ould demonstrate the existence of the effect.

in the low frequency part of the spectrum, which might We thank Gilbert Walker for fruitful discussions,
be misinterpreted if ascribed to resolved transitions beand acknowledge the financial support of NSF Grant
tween specific vibrational levels. When= 2.4 (a zero No. CHE-9101432.
of Jy), there is no population in the initial state. Con-

sequently, there is no absorption at the 1-photon reso-

nance frequency, while an unusual band appears at a

higher frequency. This is due to complicated interplay

between two factorsn'™® and aU, /a7 in Eq. (8). At

a = 3.8, absorption at the weak-field 1-photon absorption  +cyrrent address: Department of Chemistry, University of
resonance frequency is suppressed again, this time due to  Ppittsburgh, Pittsburgh, PA 15260.

vanishing of the absorption coefficiett/; /9:. The peak
structure is again complicated for the reasons just noted.
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