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We consider theoretically the kinetics of two-quantum sensitized excitation (TSE), that is, the
excitation of chromophore acceptors by nonradiative energy transfer from the higher singlet and
triplet levels of an impurity donor chromophore. We consider the intensities of exciting radiation
that saturate the first singlet level of the donor. It is shown that, as the radiation intensity
increases, quenching of the lower triplet level and a corresponding decrease of the phospho-
rescence intensity (relative to that of the fluorescence) take place. For the realistic values of
parameters that characterize the donors and acceptors, the singlet channel of TSE dominates over
the singlet-triplet channel under the conditions that the excitation pulses are sufficiently short
and the first excited singlet is saturated. The cause of the decrease of phosphorescence and of the
suppression of the singlet-triplet channel of TSE, which take place as the excitation radiation

intensity increases, is the depletion of the triplet subsystem of levels that occurs as a result of
TSE.

(Translated from Russian by V.A.Markel)



room temperature of the liquid solution the lowest excited

level is ' *, then in the solid solution it is 'B,. Such an -

inversion obviously is not due’to’ configuration relaxation,

which is excluded in solid solution, but to a greater long-

! wavelength shift of the intense transition as to the refractive

index of the solvent increases when the temperature de-

creases.

1 Qur measured value of absorption at 4 = 694 nm from the excited sing-
Jet state and calculated high population of the §" state [Fig. 1(b)] for

the DPB solution in eyclohexane is in good agreement with the value of
the cross section o' measured in Ref. 5.
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triplet subsystem of levels asa result of TSE.

INTRODUCTION
i i

Nonradiative energy transfer from highly excited levels
of organic chromophore molecules to the surrounding ac-
ceptors is a universal phenomenon encountered in many sys-
tems and eliciting considerable interest.

Energy transfer from high-lying singlet levels of an im-
purity chromophore, excited by stepwise absorption of two
radiation quanta, to impurity acceptors in solution,' to a
crystalline matrix,? to a solvent,™* and to macromolecules®
has been observed. In Ref. 5, a nonlinear photochemical
! modification of macromolecules was discovered. The stud-
ies of Refs. 1-5 were carried out with the aid of laser sources
in the presence of appreciable saturation of the first singlet
level of the chromophore.

Such processes of excitation of acceptors by transfer of
two-quantum excitation energy from the donors will be re-
ferred to as two-quantum sensitized excitation (TSE).
These processes are induced by stepwise excitation of the
donors in singlet levels (in the singlet channel). A theory of
singlet TSE is given in Ref. 6.

Two-quantum sensitized excitation makes it possible to
localize photoexcitation in an area of the order of a nano-
meter around an impurity chromophore.” Two-quantum
X sensitized excitation underlies the method of photomedifi-
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i A theoretical description is given of the kinetics of two-quantum sensitized excitation (TSE), i.e.,
] excitation of acceptors by nonradiative energy transfer from higher singlet and triplet levels of an
impurity donor chromophore. Exciting radiation intensities saturating the first singlet of the
donor are examined. ft isshown that as the radiation intensity increases, there take place an

i emptying of the lower triplet level of the donor.and a corresponding decrease in phosphorescence
3 in comparison with fluorescence. At realistic values of the parameters characterizing the donor

g and acceptors, the singlet channel of TSE predominat
durations of the exciting pulse are not too long, and als
first excited singlet. The cause of the decrease in phosphorescence and depression of the singlet—
triplet channel of TSE as the exciting radiation intensity increases is the abandonment of the

es over the singlet—triplet channel when the
oin the presence of high saturation of the

cation of macromolecules, proposed in Ref. 7; it is selective
with respect to both their type®® and location in the primar
stfucture of the macromolecule.'® In Ref. 10 addressed TSE
wis carried out, as a result of which damage was induced it
the macromolecule within a radius of several angstrom
from a given location in its primary structure.

Previously, ordinary (not laser) sources were used 10
observe the process of TSE in a singlet-triplet channel (&
the survey of Ref. 11), a process based on the following 5
quence of events. After a quantum is absorbed, the chrom®
phore goes into the first excited singlet state S, and this ¥
followed by internal conversion to a lower triplet level T
from which absorption of a second quantum takes plact
which promotes the chromophore to a higher triplet stat¢
T,. The excitation is then transferred to the acceptor by ’
resonance exchange mechanism, and the donor returns ¢
the ground electronic state. )

Two-quantum sensitized excitation in the sin glet—tiF
let channel has been studied for different donor-accep!”
pairs and under different conditions'?'¢ (see also Ref. 1
Chemical photomodification of acceptors as a result of T3
has been observed.'>"” The same mechanism can be used ©
account for the two-quantum photoreactions taking plact
via the lower triplet level."** i

The theory of singlet-triplet TSE was dcveloped”
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only for the case of lo.w ra'diatiun intensities, whcq the S,
jevel is not sa:urate_d, le., lts’pcipulation is proportional to
(he radiation intex_lslty. The singlet channel was not signifi-
cant and not considered.

The object of the present work was to develop a theory
of TSE for the case of igw saturation of the intermediate
singlet level 5y, a saturation characteristic of exciting laser
radiation. Both the singlet and singlet—triplet TSE channels
aresignificant and considered. It is shown, in particular, that
the relative yield of TSE in the singlet-triplet channel de-
creases as the radiation intensity increases.

The theory presented below makes it possible to deter-
mine which of the TSE channels (singlet or singlet—triplet)
makes the chief contribution to the excitation (modifica-
tion) of acceptors under specified irradiation conditions.
The answer to this problem is important, since TSE leads to
different states of the acceptor (singlet or triplet) depending
on which channel is effective. Although these states are close
in energy, the acceptors present in them differ in Teactivities,
lifetimes, excitation migration rates, etc.

FORMULATION OF THE PROBLEM AND FUNDAMENTAL
EQUATIONS

Figure 1 shows combining levels of the donor [coupled
by radiative (wavy arrows) and nonradiative transitions
(straight arrows) ]. Also shown are symbols for the con-
stants determining the rates of the transitions: 0 ;—Cross
section of the §; —.S; transition (for i <j, o is the stimulat-
cd-emission cross section); o are the analagous cross sec»
tions for transitions between triplet levels; the superscript T
always denotes a quantity pertaining to the triplet levels;
r,.I'; are partial rates of relaxation of the populations of
clectronic levels with §; -5, and T, - T, transitions, respec-
tively; the total rates of relaxation are I'i'=3, l"ﬁ,I‘JT

=3, I'J; T,,.T'}, are the rates of relaxation for vibrational

sublevels in the S; and T electronic states; W is the rate of
the nonradiative transition from S, to T, (rate of internal
conversion).

We shall assume that the donors are sufficiently distant
from one another and shall neglect the excitation exchange
between them (TSE in the singlet channel with allowance
made for the summation of excitation of different donors
was discussed in Ref. 21). Excitation transfer to the accep-
tors will be taken into account by renormalizing the relaxa-
tion constants I'y, and '3, (see below).

Following Ref. 6, we separate out the significant small
parameters. The latter include the rates of change in the pop-

HIG. 1. Energy level diagram of the chromophore.
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ulation of lower excited electronic levels S, and T, as com-
pared to the analogous rates for the higher levels S,and T,,
and to the rates I';,,I'}, of relaxation with respect to the vi-
brational sublevels of all the states

Ty, I‘g. L I‘."-'.?T:- P{' 5, W, %%- (D
where [ is the intensity of the exciting radiation. It follows
from Eq. (1) that the transitions take place from the vibra-
tional equilibrium states S; and T}, i.e., practically from
their ground vibrational sublevels, The populations of the
higher levels S, and T, are small, although the first excited
levels of S|, and T, may be saturated. As a consequence of
Eq. (1), transitions to higher states can be neglected, and the
discussion can be confined to the scheme of levels and transi-
tions presented in Fig, 1.

We shall also allow for the fact that the polarization
relaxation rates on transitions to electronically excited states
of organic chromophores (at temperatures above the nitro-
gen temperature) substantially exceed the rates of other re-
laxation processes. Therefore, to describe TSE, we shall use
below the balance kinetic equations for the populations

n; (i=0,1,2) and ] (i = 1,2) of the S, and T, levels: -

The indicatéd relationships between relaxation con-
stants for organic dyes are based on a large number of experi-
mental data (see, for example, a discussion of this question
in Ref. 6 and the references cited there). At ordinary values
of the parameters, the values of intensity J saturating the .S,
level and satisfying Eq. (1) lie in the ran ge from fractions to
hundreds of megawatts per square centimeter.

On the basis of the balance of the processes shown in
Fig. 1, we write the system of kinetic equations

o= —ayIng + I',n,'-}-_l‘;ﬂf.ﬂ- Teans +TTn7, (2)
M=—(Ty 43/ 4 W)n, + 330l ny =4 Tyama, ol (3)
Al = — (07 4551 nl + Wny + TpnT, (4)
Ay=—Tyns 4 5y tmy, (3

AT =TIl 4 T I, (6)

It was assumed in the derivation of Egs. (2)~(6) that
the higher states S, and T, are populated only in the cascade
processes S, —§, -5, and S, —S, — T, - T,. Direct popu-
lation (bypassing the cascade) of S, is excluded if the radi-
ation has a sufficiently long wavelength: its frequency is be-
low the frequency of the 0-0 transition S, —.5,; direct
population of T, is forbidden by the selection rules.

In the system (2)-(6), the processes of excitation
transfer from higher levels S, and 75, in TSE are taken into
account by means of the relaxation constants I'y, and I'Z,
(the indicated excitation transfers are accompanied in the
donor by the transitions S, —S, and T, —S,). This ap-
proach is based on Ref. 6, which showed that inclusion of
energy transfer from higher levels to the acceptors, energy
migration through the acceptor medium, and possible return
to the donor leads to a renormalization of the relaxation
constants of the kinetic equations: The renormalized (resul-
tant) rate of excitation transfer is added to the rate of the
transition from the donor state to Sj.

In the absence of excitation transfer from higher levels,
the relaxation rates I'y, and I'f, are low. Thus the branching
ratios '
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are approximately equal to the efficiencies of excitation
transfer from the S, and T, levels (87 is identical to the
parameter S from Refs. 11 and 14).

Conditions (1) make it possible to eliminate the fast
relaxation variables n, (¢) and nJ (¢) and obtain a closed re-
duced system of equations for n, (1), n, (¢), and nj (r) (see
the analogous procedure in Ref. 6). Considering the kinetics
in terms of times t>T;',(I']) ~', we neglect the time de-
rivatives in the left-hand sides of Egs. (5) and (6) and find

- :

=m0, o] () =T (0. (8)

Substituting Eq. (8) into Egs. (2)—(4), we obtain the
desired reduced system

iy = —zdng =+ (I 4 332a0) r 4 (0] 4 3754 ) a7, (9)
— (Ty 4 320 + W) 5y + oyl ny, (10)
=—(r] 4+ 370 nT + Wn,. (11)
:: The sum of the populations
| noFn 4 nl =1 (12)

is, of course, the integral of the system (9)-(11).

KINETICS OF TSE

For simplicity we shall consider a rectangular light
pulse I(t) starting at time { = G Weassume the layer to be
optically thin.

The steady-state solution-of the system (9)-(11)
(which is obtained with large times) is

a T"{Eml “3)
YT Wal +4f (utand + W)
s Woyol
. W—fqu 3 1 (atew/ +Wy'. o (14)
where _
f1=T; + Fal, ,1—.{‘1-}-[3@»1 = (13)

As is evident from Eqs. (13) and (14), in the presence
_ of TSE in the singlet-triplet channel (i.e., when 8 T £0), the
ratio ny/n,.= W /yT decreases monotonically to zero as I
increases. The steady-state population n? initially increases
with I, then reaches a maximum, and finally decreases
o 1/I (nonlinear quenching of the T'; level ) as [ increases.
This behavior with changing intensity is explained as fol-
lows. The chromophores in the T, state are excitedto T, ata
rate proportional to J, whence they go rapidly [in a time of
the order of (I'7) ~'] into S, with probability 5 . Thus the
rate of abandonment of T, is proportional to I; however, the
rate of arrival in 7| is limited (no higher than W), which
leads to nonlinear quenching of T',.

Consequently, the ratio of phosphorescence intensity to
fluorescence intensity is proportional to n{/n,, and hence,
as I increases, it decreases as B /y]. Donor phosphores-
cence quenching due to TSE was observed in the experiment
of Ref. 12.

Let us consider the excitation dynamics of the chromo-
phore. Solving the linear system (9)—(11) with initial condi-
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tions 1, (0) = 1, we obtain

i i - Mt at .
nx{i}-—n [1+? ii-!-«.J‘f_;_e_ _-t(i-l:?._,l’-_rl)e ] ae.
= PLAL I Y
n] (t)=n1[1+_—*]‘ an

where A , are the nonzero eigenvalues of the system (9)-
(11),

i il
T {1+ Wl (i — "-’T+ ered + W) ‘

(18)

e
— AWl Y.

The eigenvalues A . can be both real and complex. In
the latter case, the solutions A , and A , are formally vibra-
tional; this is explained by the presence of a closed cycie in
which excitation of the chromophore levels takes place:
Sy, =S, - T, =T, —S,. However, the oscillation period is al-
ways greater than or of the order of the time of establishment
of the steady state. In addition, one maximum of the function
n,(r) (i.e., one vibration) gives a biexponential solution
(16) for purely real A , . Therefore, the shape of the n, (7)
and nT(¢) curves does not change appreciably in going from
real 4 . to complex ones (see below).

As is evident from Egs. (16)—(18), as the saturation
increases, there is not only quenching of the T, level, but also
a reduction of the time required to reach the steady-state
solutions (13) and (14). In the asymptotics of large 7 it
follows from Eq. (18) that

= — (9304 fam) I,

i.e.,bothtimess, =1/4A_ andr_ — 1/A _ , which de-
termine the kinetics (16) and (18), decrease as 1/1.

The number of events of TSE of acceptors in the singlet
channel (i.e., events of excitation transfer from the S, level)
during the time 7 of action of the exciting pulse is '

!

E Similarly the-number of TSE events in the singlet-trip-
let channel is =

(19)

= —3 unf

T

na (1) dt =foul | my (1) at.
2

N=T, (20)

87 =13, | al (0 ds=p"eTt EHGED 21
0 0

We shall illustrate the qualitative characteristics of the
solutions obtained by means of the curves shown in Figs- 2
and 3, which were calculated for realistic values of the p2-
rameters. Namely, the efficiency of transfer from S; !
B~0.1 (Refs. 13, 14, and 16); according to the estimates of
Ref. 6, the efficiency of transfer from T,, £ 7, is of the sam¢
order. The quantum yield of the transition to the triplets
(internal conversion) ® = W /([', + W) is assumed to b¢
high (® > 0.3), in order to emphasize the role of the singlet~
triplet TSE channel.

Figure 2 shows the n, (¢) and n] (¢) curves in the case of
real eigenvalues for different saturations of the S, level (sat
uration parameter y = oo/ /T, ) in the presence of singl!
and singlet—triplet TSE (excitation transfer efficiencie®
B=0.1, 87 =0.1). It is evident that for short times [co™
pared to the lifetime of the first singlet 7, = _V
(T, + W ) ]n,>n!, and n] increases with saturation. Dif
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FIG. 2. The populations n, (1),n{ (1) as functions of time after the pulse
is turned on. Case of real eigenvalues. Parameter values: a/o,, = 1.8
—01W/T, =05 o},/o,=1, II/T, =001, BT=01 x=1
(dashed line), x = 7 (continuous line). The superscript Tindicates the
population of the triplet level T,.

ferent curves are observed for long times. At low saturations,
as i increase, nrbegins to exceed n,. However, as saturation
increases, n] decreases and becomes smaller than n,. This
characteristic reflects the previously noted [see the discus-
sion following Eq. (14) ] nonlinear quenching of the T, lev-
el, caused by TSE in the singlet—triplet channel.

The n, (1} and nj(2) curves in the case of complex
eigenvalues are shown in Fig. 3. This case can be realized

. [see Eq. (18)] if the probability of energy transfer from the -

higher triplet B " is sufficiently high. As is evident from Fig.
3, in this case the population of the singlet n,, after reaching
its maximum value, decreases much more slowly with time
(cf. Fig. 2). This figure, like Fig. 2, clearly shows a reduction
of the time taken by the populations to reach steady-state
values as [ increases, as was mentioned earlier [see the dis-
cussion of Egs. (19)].

Finally, we shall consider the relative efficiency of the
singlet and triplet—singlet TSE channels. Figure 4 shows

graphs of the ratios of TSE based on the indicated mecha-

nisms, calculated according to Eqgs. (20) and (21) as func-
tions of pulse duration for different values of x. It is obvious
that when the durations of the exciting pulse 7 are not too
long compared to the lifetime of the first singlet (< 7, ), the
singlet channel is more efficient. This fact is understandable,
since under the indicated conditions the triplet level T, has
not sufficient time to be populated. The singlet-triplet chan-
nel also loses to the singlet one at low saturations (x> 10),
and does so for all pulse durations. The latter, less obvious
-characteristic is due to nonlinear quenching of the T, triplet
level, which was discussed earlier.

FIG. 3. The populations n, (1), n{ (1) as functions of the time elapsed
#fter the pulse was turned on in the case of complex eigenvalues. Param-
eler values: g3, /0 =1, B=0.1,W/T, =3, ol,/0,,=1, rim,
=001, 87=0.9;x = 1 (dashed line), » =8 (cominuous line). The
‘eperscript Tindicates the population of the triplet level T,.
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FIG. 4. Ratio N 7 /N as a function of pulse duration 7 on the double log
scale. Curves 1—4 were plotted for x = 0.1, 1, 12, 100. Parameter values:

0y /0yp =1, B=01, W/T, =05 ol /o,=1 TI/T,=001,
BT=0.1.
DISCUSSION

We shall briefly discuss certain applications of the theo-
ry developed here. In our view, TSE processes are of greatest
interest from the standpoint of selective induction of photo-
transformations of acceptors, particularly macromole-
cules.”*'® Of particular importance in this connection is the

answer to the question at the beginning of the article: Which -

of the TSE channels, the singlet or sin glet—triplet one, makes
the determining contribution to the observed modification
of the acceptors? In addition to the above, dependences of
the transfer probability as a function of the distance R
between the donor and acceptor are distinguished in these
channels. For the singlet-triplet channel, this dependence is
exponential (resonance exchange mechanism of energy
transfer). For the singlet channel, the resonance induction
mechanism is additionally included, and the dependence on
R becomes an exponential and power superposition, i.e., it
generally decreases more slowly with R, and this may lead to
a certain delocalization of damage in directed modification
of macromolecules with the aid of TSE.

In the absence of saturation in the case of long pulses
(or continuous irradiation), the ratio of TSE yields in the
channels discussed is calculated according to Egs. (13),
(14), (20), and (21)

¥ !E=:1PT

N T T

(22)

Since it is reasonable to expect that ~B7,0,, ~07;,
the ratio (22) is small in the parameter I'7/W. Usually
I7<10°sec™', W2 10° sec™': hence, N/NT< 10~ >. The
indicated conditions are characteristic of the experiments of
Refs. 12-21. It is clear from the above estimates that in these
studies, the main contribution to the excitation and modifi-
cation was from the singlettriplet channel in accordance
with the data and interpretations given there.

A different situation takes place when laser sources
with a significant optical saturation are used: As an ex ample,
we shall analyze the relative role of two TSE channels in
experiments on selective modification of DNA.*!® Specifi-
cally, we shall consider acridine orange dye as the donor of
two-quantum excitation, a nitrogen laser being used as the
source [pulse time 7=8 nsec, I=150 MW/cm?

= 2.5 10? photons/(cm? sec)]. The parameters of this
dye are as follows: 0,,=51X10"18 ¢m?,
oz =5.7X107"" cm?, 7, = 5 nsec (see Ref. 8 and the ref-
erences cited there); ® = 0.02.?* The-energy transferred to

the acceptor is ~6 eV, which is appreciably higher than the _

energy of its lower excited levels ( ~4 eV). This means that
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" dataof Ref. 1 1, one should expect BT~0.1; according to the

the transfer proceeds with the liberation of vibrational ener-
gy (it is exothermic), and according to the experimental

estimates, B is of the same order.’ Weshall therefore assume

that, as before in the calculations, g=0.1, pT=0.1
Calculation with the indicated parameters, in accor-

dance with Egs. (17)=(21), gives the following results. The
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Nauk SSSR 152, 349 (1963).

11y A. Markel and M. 1. Shtokman, Preprint No. 354 First Automation
and Electronics Siberian Branch Acad. Sci. of SSR, Novosibirsk, 1987)-

" 2|, E. Lessing, D. Richardt, and A. J. von Jena, Mol. Struct. 84, 281

(1982).

d of vacuum fluctuations

e

We have studied the causal and statistical relationships of two contributions to the light-field
\ strength at a light-source output: the physical field issuing from the source cavity through the

. coupling mirror, and the wideband field of vacuum fluctuations which interferes with this
| physical field and is reflected from the mirror. We have found a procedure for averaging the

' experimentally observed quantities if they are expressed in terms of Heisenberg field operatorsat
‘ the light-source output. The results can be used in problems involving transformation oflight-

I field quantum statistics for propagation through parametrically active nonlinear media, when '
|

|

parametric-scattering-type wideband radiation stimulated by vacuum fluctuations can arise.

field that emerges to the outside through a mirror, enters
into certain interactions in the outer space, and finally
reaches a detector. In many physical cases, observation Wil
reveal in the light only the frequencies, spectral widths, et
characteristic of the source (with allowance made for subs®’
quent interactions in the outer space). These cases can be
described if one relates the light field strength in the sourc
and outside it (behind the mirror) by multiplying by the
transmittance 7, as is done in classical electrodynamics-

Let us consider a light wave issuing from a light source
: (specifically, a cavity source) through a mirror with ampli-
| tude transmission 7,]7] < 1. The strength £ {which quan-
{ tum-mechanically is understood to be an operator) of the
light field in the traveling wave issuing from the source hasa

dual physical nature.
On the one hand, we have, excited in the source, a light

\ GENERAL STATEMENT
|
i
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