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Ultrafast exciton transfers in DNA and its nonlinear optical spectroscopy
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We have calculated the nonlinear response function of a DNA duplex helix including the
contributions from the exciton population and coherence transfers by developing an appropriate
exciton theory as well as by utilizing a projector operator technique. As a representative example of
DNA double helices, the B-form (dA),(-(dT),, is considered in detail. The Green functions of the
exciton population and coherence transfer processes were obtained by developing the DNA exciton
Hamiltonian. This enables us to study the dynamic properties of the solvent relaxation and exciton
transfers. The spectral density describing the DNA base-solvent interactions was obtained by
adjusting the solvent reorganization energy to reproduce the absorption and steady-state
fluorescence spectra. The time-dependent fluorescence shift of the model DNA system is found to
be ultrafast and it is largely determined by the exciton population transfer processes. It is further
shown that the nonlinear optical spectroscopic techniques such as photon echo peak shift and
two-dimensional photon echo can provide important information on the exciton dynamics of the
DNA double helix. We have found that the exciton-exciton coherence transfer plays critical roles in
the peculiar energy transfer and ultrafast memory loss of the initially created excitonic state in the

DNA duplex helix. © 2008 American Institute of Physics. [DOL: 10.1063/1.2894843]

I. INTRODUCTION

Distributions of photolesions caused by sunlight depend
on the sequence of DNA around the hot spots, indicating a
cooperativity between nucleoside excited states. An example
that a DNA defect, which is 16 base pairs separated from the
photoexcitable rhodium intercalator, can be healed is a good
evidence on such a strong correlation between DNA base
excited states." There have been some speculations about the
nature of excited states of DNA duplex, i.e., whether they are
localized on each monomer base or delocalized over many
bases. Addressing this issue on the nature of photoexcited
states is invaluable for understanding excitation migrations
along the chain of DNA bases and for elucidating the mecha-
nism of photoinitiated lesion processes.

The absorption spectra of monomeric purines and pyri-
midines bases were extensively studied.™ Also, the elec-
tronic coupling strengths3 and their dynamical changes due
to conformational fluctuations of a B-DNA have been studied
recently.“"6 Particularly, the time-resolved fluorescence spec-
troscopy was used to study ultrafast relaxation processes of
monomeric excited states and to estimate the decay time
constants.”® However, while excited states of a single base
show ultrafast transitions, excited states of a DNA duplex
helix composed of strongly coupled bases are rather stable
and their lifetime is longer than those of a single base.”

Theoretically, Bittner developed a lattice Fermion model
to describe an electron/hole separation as well as their mi-
grations along the DNA helix.'"™"" The electron/hole cou-

YE]ectronic mail: kim @kuchem.kyoto-u.ac.jp.
P Electronic mail: mcho@korea.ac kr.

0021-9606/2008/128(13)/135102/16/$23.00

128, 135102-1

plings are caused by short-ranged Coulomb and exchange
interactions. Not only the excited-state energy transfer pro-
cesses but also the photoinitiated charge transfer processes
were theoretically studied, which led to a conclusion that the
excitation in a DNA duplex helix is delocalized over only a
few bases. Essentially, the diagonal disorder considered in
Ref. 11 is the main reason for such a relative localization of
the excited state. In practice, it was assumed that the elec-
tronic coupling can be dealt with a point dipole—point dipole
interaction, and its Hamiltonian was not diagonalized to ul-
timately obtain the exciton Hamiltonian.’ Furthermore, even
though the off-diagonal disorder representing the structural
fluctuations of the DNA bases in solution was taken into
consideration, any couplings induced by phonon bath modes
have not been included in the theoretical description of the
DNA excited states. The latter is quite important because it is
responsible for the time-dependent fluorescence shift and for
properly describing decoherence processes, as will be shown
in this paper.

Recently, it was found that the absorption spectra of du-
plex helices where the excited states are delocalized over
bases only exhibit a slight shift with respect to the spectra of
noninteracting single bases.*!? The participation ratios of the
B-DNA excited states, which are the measures of the num-
bers of bases involved in a given photoexcited state, were
calculated and the results indicated that the excited states are
delocalized over several bases.*®!? Markovitsi er al. for the
first time carried out the subpicosecond time-resolved fluo-
rescence spectroscopy of (dA)o(dT)s." The absorption and
ultrafast fluorescence spectral changes of other types of DNA
helices such as poly(dA)poly(dT) and (dAdT),o(dAdT),q
were also investigated.m’15 In Ref. 16, it was indicated that
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the subpicosecond decaying pattern of fluorescence aniso-
tropy implies ultrafast excitation transfer taking place within
the DNA helix. It was concluded that, since the excitation
transfer rates are not proportional to the square of the electric
couplings between bases, the transfer processes cannot be
explained by the Forster theory. This is an important piece of
information and indicates that the exciton representation can
be an appropriate picture for the excited state of DNA double
helix and that the excitation transfer processes should be de-
scribed as exciton migrations on an excited-state manifold
constructed by delocalized exciton states.

Furthermore, there are some other evidences on the de-
localization of excited states. As discussed in Ref. 17, the
delocalization length of DNA excited states is much larger
than expected even at a few picoseconds after an excitation.
Owing to the short base-base distances and the relatively
rigid stacking structure of DNA helical duplexes, the excited
states of bases in (dA),(dT), are likely to be delocalized in
comparison with those of a single-stranded sequence (dA),.
Note that the (dA), single strand is structurally highly flex-
ible so that the interbase distance might have a broad distri-
bution, which corresponds to relatively weak interbase elec-
tronic couplings. As a matter of fact, it was found that the
time-dependent transient absorption spectral changes of the
single strand (dA)g is fairly different from those of the
(dA)(dT)y, duplex.” This experimental result is another
strong evidence for exciton formation in a DNA duplex. The
delocalization of excited energy created by sunlights gener-
ates dispersion of the ultraviolet energy which may lead to a
photolesion and, as a result, DNA can avoid being damaged.
There are also the quantum chemical and molecular dynam-
ics simulations on the vibrational exciton dynamics of a va-
riety of DNA duplex helices, which predicted the linear and
two-dimensional (2D) vibrational spectra of polymorphic
DNA helices.'®

In the present study, we underscore the ultrafast exciton
dynamics in a DNA duplex, which could be of importance
for further understanding of the mechanism of UV light-
induced chemical reactions sometimes resulting in DNA mu-
tations. Nevertheless, it has been experimentally difficult to
carry out ultrafast nonlinear optical spectroscopic studies of
DNA because they require femtosecond pulses with wave-
lengths shorter than 300 nm. However, owing to the rapid
development of ultrafast laser technology, it will be possible
to experimentally investigate the ultrafast exciton transfer
processes in DNA helices. Therefore, in the present paper,
we will present a theory on exciton dynamics and migration
within a DNA duplex helix and show that the nonlinear op-
tical spectroscopic techniques such as photon echo peak
shift'”*°(PEPS) and 2D electronic spectroscopy'®?' could
provide critical information on the dynamics of photoexcited
states such as ultrafast exciton transfers in a DNA duplex.

This paper is organized as follows. In Sec. II, we discuss
the DNA excitation Hamiltonian in the base representation
and recast it to the corresponding exciton representation. The
theory of nonlinear optical spectroscopy and response func-
tion formalism will be discussed in Sec. III. In Sec. IV, the
theoretical description on how to calculate the exciton popu-
lation and coherence transfers will be presented in detail. The
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FIG. 1. A part of a two chain dimer which constitutes a DNA duplex helix.
The base numbers appear on each base. The jth base couplings between
connected bases are shown as the normal and dual arrows for interchain and
intrachain couplings, respectively. We only consider the nearest, next near-
est, and diagonal couplings.

important material parameters for constructing the excitation
Hamiltonian matrix of B-form DNA, e.g., (dA)(-(dT),o, will
be presented and discussed in Sec. V. The numerically cal-
culated results of time-dependent fluorescence shift and vari-
ous photon echo spectroscopic features will be provided in
Secs. VI and VII, respectively. Our main results will be sum-
marized in Sec. VIII.

Il. DNA EXCITON HAMILTONIAN

Electronic states of a DNA duplex helix can be modeled
as a strongly coupled multichromophore system consisting of
2N two-level bases, where N is the number of base pairs. Let

us define the creation and annihilation operators ]\;Ii and M,,
that, respectively, creates and annihilates the excitation of
(n/2)th base of a chain for even n and that of (n+1)/2th
base of the other chain for odd n (see Fig. 1). We shall
assume that each base interacts with neighboring bases only.
The coupling constants can thus be classified as the intras-
trand and interstrand couplings denoted as Jin?ffa and Ji;‘;er,
respectively. Then, the DNA excitation Hamiltonian can be
written as

[m—n|=2

T _ Yagy intra x T Ay
H—EerMnMn+ E ‘Imn MmMn
n m,n
[m=n|=1 |m—n|=3,m+n=1+4k
inter 'y 'y inter T 2’y
+ > Tt M, + > JIeArt M,

m,n m,n,k=1

+ 2 ¢ OMIM, + Hy({g)), (1)

where 1 <n, m<2N. The first term in Eq. (1) describes the
base excitation energy and the next three terms represent
electric couplings between base excitations. The fifth term
describes the base-bath interaction and the last term is the
phonon bath Hamiltonian given as
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P omeld
th({qj‘}) = 2 (_L + ) . (2)

The coupling coefficient qf:li is assumed to be linearly pro-
portional to bath coordinates {g;},

a6 = E 032, - 3)

Here, z;,, is the coupling strength of the jth phonon to the

excitation operator M jnll;[ .- If m=nin Eq. (3), qizzn modulates
the excited-state energy of the mth nucleoside. Otherwise,
qmn induces fluctuation of the coupling constant between the
mth and nth nucleosides.

Although the DNA excitation Hamiltonian is useful in
describing electronic properties of DNA duplex helices in the
site representation, the above coupling constants are often
large enough to make the excited states spatially delocalized
over many nucleosides. Therefore, it is useful to recast the
Hamiltonian [Eq. (1)] into the exciton representation by di-
agonalizing the first four terms.'”** We note that, if the cou-
pling constants are small compared to the base-bath interac-
tion, the DNA excitation Hamiltonian [Eq. (1)] is acceptable
and the excitation transfer rate from one base to another base
can be calculated by the Forster theory and the rate becomes
proportional to the square of J™* or J™" > However, as
mentioned in Sec. I, the recent experimental results report
that excited states in DNA duplexes are spatially delocalized
and that the transfer rate function does not directly depend
on the square of electric couplings. Consequently, the exciton
representation would be a more appropriate description for
electronically excited states of DNA duplex helices.

In order to quantitatively describe conventional linear
spectroscopy such as absorption and fluorescence, one needs
information on the one-exciton states. Similarly, the nonlin-
ear optical spectroscopy such as photon echo includes tran-
sitions from a one-exciton state to a two-exciton state too.
Hereafter, the ground state,
state, and |zz) the two-exciton state (see Fig. 2). Then, the
DNA excitation Hamiltonian [Eq. (1)] can be rearranged as

IA{eZI:I()'FIA{l, (4)

where the nonperturbative part is

HO:EGMELEM"'E ji +EqiﬁLB; n

Hy({g,}), (5)

and the perturbative part is given as
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FIG. 2. Exciton level structure of the Hamiltonian [Eq. (5)]. |0) is the
ground state, while | ) means one of the one-exciton levels consisting of N
states. |iz) denotes one of the N(2N—1) two-exciton states. €, and €; are
eigenenergies for the one- and two-exciton states, respectively. The exciton
eigenenergies €, are numerically obtained by diagonalizing the first, second,
third, and fourth terms of the DNA excitation Hamiltonian [Eq. (1)].

nFv nFEV
Hi=2 ¢OBB,+ 2 ¢Oriy;, (6)
v 787

with 1 <u,v<2N and 1</, 7<N(2N-1). We call H, the
DNA exciton Hamiltonian in order to distinguish it from the
DNA excitation Hamiltonian [Eq. (1)]. I§L and éu are the
exciton creation and annihilation operators for the one-
exciton state |u), and the corresponding operators for the
two-exciton state |iz) are expressed as YT and Y > Tespec-
tively. €, and € are the eigenenergies of | /.L> and | ,u) respec-
tively. Due to the exciton-phonon couplings, the one- and
two-exciton state energies undergo ﬂuctuations in time, and
they are expressed by qif and q__, respectlvely The off-
diagonal exciton-phonon couphngs, ‘1;) and q can induce
exciton transfers between different exciton populatlon or co-
herent states. The detailed discussion and the explicit forms
for q(c) and qi_f; are given in Ref. 22.

lll. NONLINEAR RESPONSE FUNCTION AND
SPECTROSCOPY

Although the steady-state absorption and fluorescence
spectra of DNA duplex helices can provide fundamental
properties of their electronically excited states, the informa-
tion extracted from such linear spectra is generally limited
and highly averaged. In this regard, a number of nonlinear
optical spectroscopic techniques with high time and fre-
quency resolutions have been developed and applied to vari-
ous molecular complexes. In this section, we will provide a
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FIG. 3. A schematic description of the nonlinear spectroscopy. In the third-
order nonlinear spectroscopy, three external pulse fields are operated to a
sample. We set the time when the third pulse interacts with the sample zero,
which makes the time when the probe signal is observed z.

brief outline of the nonlinear response function formalism in
the nonlinear optical spectroscopy. The schematic configura-
tion of optical laser pulses is drawn in Fig. 3, where the
delay times 7 and T are experimentally controlled and the
spectral interferometry detection of the dispersed signal is
performed to obtain coherence evolution during time ¢ of a
system.

In the third-order nonlinear spectroscopy, three external
pulses are usually operated to interrogate an optical sample
and the external Maxwell electric field is written as

E(r,0)=E 80 (1=t =T - ){errion 4 g-kir+iond
+ Ey8T— (1= 1 = T){e a2 4 7hariont)
+ B3 8T (1g— D){e™s 0 4 ghameionty o (7)

when each pulse envelopment is assumed to be a Dirac delta
function. #;, means a detection time. The jth pulse amplitude,
wave vector, and frequency are denoted as E;, kj, and wj,
respectively. We will set the time when the third pulse inter-
acts with the sample zero, i.e., t;=t.

In order to obtain the third-order polarization in terms of
the nonlinear response function, one can start with the quan-
tum Liouville equation and use the time-ordered perturbation
theory.24 The third-order polarization which is linearly pro-
portional to the signal field is then found to be

P(3)(r,t,T, T) =f dt:;f dtzf dth(3)(t3,t2,t1)
0 0 0

XE(r,t —)E(r —t3— ) E(r —t3— 1, — 1;).
(8)

Although the above expression is general for all kinds of
nonlinear optical polarization, we will focus on photon echo
of which signal field’s wave vector is k,=-k;+k,+ks;. Sub-
stituting the external electric field [Eq. (7)] into Eq. (8) and
performing the triple integrations, the observable third-order
photon echo polarization is simply obtained as

PO(r,1,T,7) = Pfs)(t, T, 7)e/CKitkatky) rrilo—o-oy)t = (q)
where the third-order polarization component satisfying the
phase-matching condition is given as
P, T,7) = ROt T, B By Eyem e ionlieDviont - (1)
As this expression shows, the signal field is essentially pro-

portional to the nonlinear response function R)(3,t,,1,).
Therefore, the remaining task is to theoretically calculate this
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nonlinear response function for DNA duplex helices.

The nonlinear response function is indispensable to cal-
culate the nonlinear spectroscopic observables. Using the
time-evolution propagator in the Liouville space, one can
obtain the third-order response function as

RO(t3,10,1)) = i TH[dG(t3)d* G(t,)d* G(t,)d  pool,  (11)

where the equilibrium density matrix operator in the ground
state is

exp[- BH ph({q j})] ©
Z

poo{q;}) =10) , (12)

with B=1/kgTy and the normalization constant Z; kz and Ty
are the Boltzmann constant and the temperature,
respectively.24 The Liouville path propagator is defined as
é(t)Eexp[—iit]. Here, I:)A(:[I:IL,,}A(] and d* is the electric
dipole hyperoperator, d*X=dX-Xd. The dipole operator in
the exciton representation can be written in terms of the cre-
ation and annihilation operators of one- and two-exciton
states as

d=2d,B,+B)+>d, (YiB,+BlYp), (13)
m Mosfh

where d,=%,,d, ¢,(m) and

N-1 N

Y i(m,n){p,(n)d,, + ¢, (m)d,}. (14)

m=1 n=m+1

dyp=

Here, ¢,(m) and W (m,n) represent the one- and two-
exciton wave functions, respectively.

In order to calculate the third-order response function
given in Eq. (11), we have to consider time evolutions of the
diagonal and off-diagonal components of density operator
such as  po({gh). pofah), poaad). pug}), and
pua({g;}), which can be efficiently treated by the projection
operator method. Now, the projection operator that extracts
the diagonal component of p=p({g,}) is defined as

Pup = Puug) Trig s lppul = Ppuw- (15)

where the equilibrium density matrix of the uth exciton state
is

exp[- BH,,({q})]
z

RE , (16)
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and H,,({g;}) is the nuclear Hamiltonian of the uth exciton
state. These definitions can also be seen in Refs. 23 and 25.
Owing to the nonperturbative diagonal exciton-phonon cou-
plings in Eq. (5), H,,,({q;}) — €, differs from the simple pho-
non bath H;,({g;}) in Eq. (12). This means that phonon bath
with which a particular exciton interacts is not degenerate.
Thus, each exciton-state energy fluctuates in time differently
and the time evolution of the projected density matrix is
determined by different heat baths from one another. This is
one of the essential differences between the Redfield theory
and the present exciton transfer theory.23 From the definition
of the projection operator [Eq. (15)], the ground-state popu-
lation component is Pyp= py Tr{g/_}[poo]. The total projection
operator is therefore given as P=Py+X P, while the
complementary operator leads to Q=1-P.

Substitution of the expanded form of the Liouville space
time-evolution operator, G(t,)=Gpp(ts)+Gpq(t2)+Gap(ty)
+éQQ(tz), into Eq. (11) leads to

ROt3,15,1,) = * Ti{dGq(t5)d” Gpp(tz)d* Gaq(t)d™ poo
+ 1 Ti{dGaq(t3)d* Gpa(t)d™* Gag(t))d™ pool
+ i Tr{dGoq(t;)d” Gapltr)d” Gaqg(t))d™ pu)

+ 2 T{dGaq(t3)d* Gaa(t)d™ Gaalt))d™ pogl.
(17)

where Gag(t)=AG(1)B. It should be noted that, during 7,
and 73, the density matrix is always in one of the electronic
coherent states between the ground and excitonic states such
as Pous Pogs P and P,z These states belong not to the
P-projected space but to the Q-projected space since the
former includes only diagonal population states. Therefore,
the time evolutions of the system during #; and #; are deter-
mined by only Gaq(?).

The entire Liouville operator L is now divided into the
perturbation and nonperturbation parts, i:l:0+£1. As shown
in Refs. 19, 25, and 26, to the lowest order of I:l, we have

R(t3,1,1))
= i* T{dGqq(t3)d* Gpp(tz)d* Gaq(t)d™ pool

+ 1 Ti{dGaq(t3)d* Gaqa(t2)d” Gaa(t)d™ pool.

(18)
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This truncation does not mean the simple secular approxima-
tion in the Redfield theory, as will be discussed in Sec. VIII.
The first term in Eq. (18) leads to the contribution including
the exciton population transfer (EPT), Rpprlts,fr,t;). As
shown in Ref. 19, the second term in Eq. (18) includes both
the zeroth-order term R(t3,1,,7;) and the contribution
Rgper(ts,1,,t,) from the exciton-exciton coherence transfer
(EECT). The contributions including the EPT and EECT,
Repr(t3,t5,1;) and Rgper(ts,fs,t,), will be discussed in the
next section.

The zeroth-order solution R)(z5,,,1,) includes none of
the exciton transfers, and its explicit form for photon echo
response function was given in Egs. (D1)—(D4) of Ref. 25 as

R(O)(t37t2’t1) = Rl(t37t27tl) + Rll(t39t27t1) + RIII(IS’IZ’tl) ’
(19)

with

. 2 2 . .
RI(I3,I2,II) =- 12 d,u,dy exp[— ZEM(I3 + tz) + lEV(tz + tl)
mv

— 0.0+ 1115+ 1+ 11,1y (20)

Ry(ts.t,1)) = =i 2, dod’ expl— i€, b3 + i€ 1)
%

_fi/}z(o’tl’tfi+t2+t1’t2+tl)]’ (21)

and

RIII(t3,t2,t1) =i E d/.l.,ﬂdv,ﬁd/.l.dv

sV L

Xexplie,(t; + 1, +1)) — i€, — i€zt
— P 1ty + 1ty + 1+ 1,0)]. (22)
uv i
Here, the auxiliary functions in Egs. (20)—(22) are defined by
f<,},);(7'4, T3, T, Ty) = exp[gvv,vv(T4 —-73) = gvv,,u,u(7-4 -7)
+ o (T2 = T + 8o (T3 — )

- gvv,,u,,u(T3 - Tl) + g,u,,u,,;/,;/,(TZ - T])]

(23)

and

2
]((M,lﬁ(hﬂ'a’ T, 7)) = eXP[gw,w(7'4 - 73) = gvv,ﬁﬁ(T4 - 73)+ gvv,ﬁﬁ(Tél -7) - 8VV,ML(7'4 -n)+ gVV,,u,u(T4 -7) - gvv,ﬁﬁ(TS - 7)

+ gVV,IU,IU,(T3 - TZ) - gVV,;L;L(T3 - Tl) + gﬁ,ﬁ,,ﬁﬁ(T3 - T2) - gﬂﬂ,,u,u,(TS - TZ) + gﬁﬁ,/.l,/.l,(T3 - Tl) - gﬁ,ﬁ,,,u,,u,(TZ - 7'1)

+ g,u,u,,u,,u,(TZ - Tl)]'

(24)
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The exciton line-broadening function g, ., (f) can be writ-
ten in terms of a spectral density describing the spectral dis-
tribution of exciton-phonon interactions,

t T'
Zayary (1) = f dr’ f d7{g N )q's) (0], (25)
0 0
“ dol - cos wt Bhw
=f_ ;T a)2 coth Ca‘y,a’y’(w)

* dwsin ot — wt
+if ——2Ca%a,7/(a}), (26)

w 27T W

where the exciton spectral density is defined as
Cayary(®) =3 f dr explior[q)(n.q% (0. (27)

The exciton homogeneous parameter is obtained from

dgay,a’y’(T) :|
dr '

K — lim Im[

T—®

(28)

ayaly =

IV. POPULATION AND COHERENCE TRANSFERS OF
EXCITONS

In this section, we will present a brief discussion on how
to take into account the contributions of EPT and EECT to
the nonlinear response function, that is, how to calculate
Repr(f3,15,1;) and Rgger(ts,f,t,). The EPT process and its
effect on the nonlinear optical signals of the light-harvesting
complexes were already discussed.'**** The corresponding
EPT response function, the first term of Eq. (18), in the
doorway-window picture is given as

2 Ti{dGqq(t3)d* P ,G(1,)P ,d* Gaa(t))d ™ poo] =

v

— i Ti{dGaq(13)d* G . ,(12) 4 Gaa(ty)d* ool

v

(29)

=- ZE WMM(IS)GMM,VV(tz)DVV(tl) + 12 WMM(IS)D,u,Iu(tl) s
mv M

(30)

= Repr(t3.12,1)) = Rppr(t3,0,11). (31)

The last term corresponds to the doorway-window term,
iZ,W,,(t:)D,,(t;) at t,=0, which has to be added to the
EPT contribution since there is no EPT contribution at 7,
=0. Here, the doorway and window functions that describe
the time evolution of the system’s electronic coherence dur-

ing t; and 73 were found to be

D, (t)) = Tt{d* Gaq(t))d* poo] (32)

and

J. Chem. Phys. 128, 135102 (2008)

W,,u(t3) = Ti{dGaq(t3)d™ b ). (33)

respectively. Their explicit expressions for photon echo spec-
troscopy were obtained as

va(tl) = d?/ exp[— iEth - gvv,vv(tl)] (34)

and
W,u,,u,(t?)) = d,i eXp[l.E#t:; - g##’##(%) - ZiK,U«,U«t3]

HpLs prp

-3, pexplilez- )i, (13)
M

*

() +28" (1) - 2i(K, 5= Kyt

B gﬂﬂ,ﬂ# UL fLfL
(35)

The Green function describing ETP from a population state
vv to another population state pu is defined as

A

G uum(t) =P, G(1)P,,. (36)

bt vv

This is a conditional probability of finding the population
state pu at time 7, when the initial population state at ,=0

was vv. The traced G (1) is defined as follows;

vy

G ) = TH{P ,G(1))P . (37)

,u,u,vv(

The time-evolution equation for G, ,,(t) was derived and
discussed in Ref. 25, and it is rewritten here for the sake of
completeness,

G

_Ea;le - E f dT{K/_L,u,aa(t - T)Gaa,w(T)
a Y0

- Kaa,/.z,/.z,(t - T)Gp,p,,vv(’r)}‘ (38)

The EPT rate kernel function is

K;L;L,aa(t) =- Tr[PMi‘léQQ(t)i‘Iﬁaa]

_pL L

=Ky aalD) + Ky gl = 1). (39)
According to the theory of Zhang et al., the explicit form of
K,Lm,w(t) is

KL (0) = expl= i€, — €)1 = 0 uD) = 81 0)
+ 8o (D) + &y vilt) = 20( Ky, 1y = Ky )]
X A& () = [0pn() = (1)
+ 20k )l €0 ul0) = &y (8) + 2iK,5,5, 1}

(40)

Here, the exciton line-broadening function g,y ,r,/(t) was
given in Eq. (26). The explicit form of the exciton spectral
density defined in Eq. (27) is related to the spectral density
of base-phonon interactions as

Conprr (@)= 2 B m)$> (W) (Kb, (DCpy sl ),

m,n,k,l

(41)

where the base-phonon spectral density is defined as
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1(~ -
Cmn,kl(w) = Ef dt exp[iwt]cmn,kl(t)7 (42)

with 5mnyk1(t)=<[qf:i (1) ,q,(i)(O)]). The statistical average (- -)
is performed over exp[-BH,;,({¢;})]/Z. It is assumed that the
collective phonon variables acting on different bases are sta-
tistically uncorrelated and have the same spectral density,
that is,

Cmn,kl(w) = 5mn5k/5mkc(w)- (43)

In the present work, we use the spectral density of over-
damped Brownian oscillator,

C(w) = 2k 52—, (44)

w T+ 1

with the relaxation time 73 of an exponentially decaying
noise correlation function.”” The homogeneous parameter «
determines the absolute magnitude of base-phonon coupling
strength and is identical to the solvent reorganization energy
when a single base molecule undergoes an excitation in a
DNA helix. In order to calculate the nonlinear response func-
tion with and without the exciton transfers in the exciton
representation, it is also necessary to evaluate the exciton

J. Chem. Phys. 128, 135102 (2008)

homogeneous parameter defined in Eq. (28) which is related
to K as

Kot = 2 Gum)@(m) (k)& (k. (45)
m,n,k,l

Equation (38) with the rate kernel function Egs. (39) and
(40) describes EPT between different exciton population
states. However, as discussed in Ref. 19, there is another
possible exciton transfer, EECT, which includes off-diagonal
components of the density matrix, i.e., exciton coherence.
The EECT processes had been supposed to be much faster
than the EPT processes so that they have not been considered
in detail. In fact, only recently, some experimental evidences
of coherence transfer in electronic and vibrational multichro-
mophore systems have been reported.m’28 For instance, the
advancement of ultrafast laser technology has allowed to ob-
serve time-resolved coherence transfer processes of the light-
harvesting protein complex. It has been revealed that the
coherence transfers play an important role in describing 2D
spectroscopy of coupled multichromophore systems, in
general.

As briefly mentioned in the previous section, the second
term in Eq. (18) includes the EECT contribution to the non-
linear response function. It can be rearranged as

P Ti[dGaq(t)d” Gaa(t)d* Gag(t)d™ po) = 2 TildGaq(ts)d™ Q,,G(1,)Q . d* Gag(t)d™ poo), (46)
MV’M,V,

=—i 2 TdGaq(t3)d*G 4y (t)d* Gaalt))d pools (47)
,uV,,u,’V’

2R(0)(t3’t2’tl) —i E

r.r
pvp' v

W,u,V(t3)G;LV,,u’V’(t2)DM’ V’(tl) + lE W,U,V(t3)D,uV(tl) B
uv

(48)
=RO(t3,1,1,) + Rgcr(ts, 1. 11) = Reger(t3,0,11) (49)
|
The second term of Eq. (48) in the doorway-window picture W, (t;) = T cAléQQ(@) ;Zxﬁlw]’ (51)

describes the EECT process and 1is denoted as
Rggerlts,tp,1;). The third term, —Rgger(23,0,1,), is required
because there should be no EECT contribution at t2=0.29
Such term is also needed in the case of EPT, that is, the
second term in Eq. (31). Note that EECT processes during t,
and 73 can be ignored since there is no such system-bath
interactions inducing transitions between the ground and a
one-exciton state or between one- and two-exciton states.'”
In Eq. (48), the doorway and window functions are

Dy (1) = Tl (' v') d* Gaa(t)d™ pool] (50)

and

respectively. As will be shown later, (u'v')" in the doorway
function is needed to produce p,,,s in the EECT Green func-
tion G, ,,/(t;). Their explicit expressions for photon echo
are given in Ref. 19 as

D,u'V’(tl) = d,u’dv’ exp[_ ie,u,’tl - g,u,’,u,',,u,’,u’(tl)] (52)
and
W,uv(t3) = d,udy CXp[iEMI3 - g/.L/.L,,u,,u,(_ t3)]

- 2_ duﬁdvﬁ exp[l(eﬁ - 6;;)[3 - guu,##(ta‘)

7
* x
—gﬁﬁﬁﬁ(t3) + g uu(t3) +gﬁﬁ’w(l3)]- (53)

The EECT Green function is defined as
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G (1) = Q. G(1)Qpr (54)
which is again regarded as a conditional probability of find-
ing the coherent state wv at time ¢, when the initial coher-
ence was u'v' at t,=0. We further introduce the traced

EECT Green function as

,uV,u v/ (ZZ) - TI'[ MV)TG;LV,;L’V’(t2)fA)M’V’]- (55)

Here, (uv)" is necessary to generate P in the window func-
tion of Eq. (51). In our previous paper, we have derived the
time-evolution equation for G, luryr(tz).lg In the present pa-
per, we start again with Eq. (39) of Ref. 19,

aQ;Lve_iLZQM’ V’P(O)
ot

= E

dTQMVLIPL nge_’“Q Lp(0), (56)

and rederive the time-evolution equation for G, ,L/V'(fz)-%
Tracing Eq. (56) over bath modes and assuming that the
system and bath are initially uncorrelated p,,/, =Q,,/p(0)

=ﬁ#,V,({qj})Tr{qj}[erVr(O)], we obtain

d Tr[(MV)TQMVe_iLtQM’V’ﬁ;L’ v’]
ot

t ~
dTTI‘[(,LLV)+QMVL1 PLlege_iLTQM,V/ﬁﬂ/,,/].

--3
X¢
(57)

Owing to this tracing over bath degrees of freedom, Eq. (57)
is now independent of any bath modes and only includes
system coherence information. Equation (57) with the defi-
nitions (54) and (55) leads to

G 1,y (1) !
Purv 7 S| ark

o 2 )y wrxeOye v (7). (58)
with the rate kernel function
K e == Tr{(u)' QL PL ] (59)

Here, on the right-hand side of Eq. (58), we divided the
integrand into the rate kernel function and the EECT Green
function. This derivation of Eq. (58) from Eq. (57) corre-
sponds to the derivation of Eq. (A21) in Ref. 25 from Eq.
(10) in Ref. 23 The physical validity of this approximation
will be tested by checking whether the resultant kernel func-
tion for EECT is actually proportional to kT or not [see Eq.
(63)]. We also mention that, once we have obtained Eq. (56),
the final form of the time-evolution equation for EECT must
have a form of Eq. (58), which is the non-Markov time-
evolution equation with the time-independent kernel func-
tion. Due to the conservation of the total exciton number, we
finally have the following time-evolution equation of

GMV!MrVr(t):

J. Chem. Phys. 128, 135102 (2008)

oG

,U,V,/.L’V’(t) _ 2
Xé

1
dT{KMVngGstM'V’(T)

Xf,,uv v’ v’ (T)} (60)

This equation is identical with Eq. (43) of Ref. 19. The ex-
plicit kernel function in Eq. (59) is calculated as

KMV,)(§= V§<q,u,yq(6)> + 5V)(<q§1;q(6)>
+ 8,4 (¢) (C)> ( (c) (C)> 61)
1l 9ér ) = O deuun
with

(q¥)q\) = E pelm) 7 (m) b, (m) & (m)(g 5 alen), (62)

=2 belm) B, (m) b, (m) b, (M) n0) ~ KT
(63)

Finally, we can calculate the three distinctively different con-
tributions,  ie., RO(t3,15,1)), Rgpr(ts,t2,1;), and
Rgger(ts,ty,1;), which constitute the total nonlinear response
function R®)(z5,1,,1,) in Eq. (18).

V. IMPORTANT MATERIAL PARAMETERS FOR
NUMERICAL CALCULATIONS OF B-DNA (dA);4-(dT)1o

Among various model DNA double helices, we shall fo-
cus on the B-form DNA consisting of ten deoxyadenosine-
thymidine base pairs, i.e., (dA),o-(dT),o. Ten base pairs can
be a minimal size DNA duplex system since one reel of a
DNA duplex helix consists of about ten nucleoside pairs.

In (dA),o-(dT),, the intrastrand coupling constants be-
tween two dA and between two dT are J"™=170 and
217 cm™!, respectively. The interstrand coupling constant be-
tween pairing dA and dT bases is comparatively large and it
was estimated as J'''=248 cm! (see Tables V and VI of
Ref. 3). The electronic coupling constant between dA in the
nth base pair and dT in the n=* Ith base pair is J™
=80 cm™!

Since a DNA duplex helix in solution is relatively flex-
ible with some plasticity, the coupling constants may be dis-
tributed around the above average values, as shown in Refs.
6 and 11. Thus, for the numerical calculation, we will intro-
duce the following off-diagonal disorders:

(Jmn - jmn)z
‘73nn

f(‘]mn) =exp [ - (64)

where the standard deviation is a quarter of the average
value, J,,=0.25 \5'27,””.6 Note that the off-diagonal disorder

J,,, was deduced from the numerical simulations of the DNA
helices in solution.®

In addition, the diagonal disorder of base excitation en-
ergy should be taken into consideration, and its distribution
is again specified by the Gaussian distribution
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A1

FIG. 4. Top view of the typical B-DNA structure. The subscripts express the
order of ten nucleoside pairs. Each nucleoside pair twists just at 36°. The
specific intra- and interstrand coupling constants are shown in Fig. 1.

Q -0 )?
10, = exp| - Ln =) | (65)

N2
m

with the characteristic excitation frequency of dA, Qm

=38 800 cm™!, and that of dT, Qm=37 500 cm™!. From the
experimentally measured absorption spectra, the full widths

at half maximum (FWHMs), o=21log 20, of dA and dT
are estimated to be 4000 and 5200 cm™', respectively.3’12 The
corresponding transition dipole moments have the absolute
values d4=3.7 and d7=3.68 D, respectively. Their transition
dipole directions were experimentally determined (see Ref.
3) and are adopted in the present numerical calculation. As
shown in Fig. 5 of Ref. 3, the electronic couplings, J,* and
Jiner strongly depend on the twist angle between two neigh-
boring base pairs; the electronic couplings reach maximum
values when the twist angle is 0°. As shown in Fig. 4, the
coupling constants adopted in this paper correspond to those
at the twist angle of 36°, which is the average twist angle for
a typical B-form DNA. The above excitation energy of dA
corresponds to the Sy— S, transition energy, and the lowest
transition, Sy— S|, is not included. This is because the tran-
sition dipole moment associated with the Sy — S, transition is
much larger than that of the S;— S transition and, as shown
in Fig. 2 of Ref. 3, §,— S, transition of dA essentially deter-
mines the linear absorption spectrum of dA>¢

As shown in Eq. (44), the spectral density representing
the base-bath interaction is specified by two parameters, that
is, the relaxation time of noise correlation 75 and the solvent
reorganization energy . We assume that 73=50 fs and «
=5320 cm™', and the temperature for the present numerical
calculations is set to be Tp=295 K. As will be shown in the
next section, we have confirmed that the experimentally
measured linear absorption and steady-state fluorescence
spectra are quantitatively well reproduced with the important
material parameters mentioned in this section.

VI. TIME-DEPENDENT FLUORESCENCE
SPECTROSCOPY (TDFS)

One of the most direct ways to probe the excited-state
relaxation processes is to measure time-dependent changes

J. Chem. Phys. 128, 135102 (2008)

of fluorescence spectra by employing a femtosecond laser
pulse excitation and subsequent time resolution of fluores-
cence spectra. For example, the time-dependent fluorescence
Stokes shift measurement has been proved to be extremely
useful to study ultrafast solvation dynamics of a chro-
mophore in a condensed phase. Unlike simple dye mol-
ecules, which are modeled as a two-level system, DNA du-
plex helix is a coupled multichromophore system, so that not
only the chromophore-bath interaction-induced fluorescence
Stokes shift but also the exciton relaxation should contribute
to the TDFS.

The TDFS oy(w,1,), where w is an emission frequency
and 1, is the delay time between the excitation pulse and
fluorescence, can be written as

0

O'f(w, tz) = REJ dt@iwt3i{Rl(t3,t2, O) + REPT(t3’t2’O)
0

— Repr(13,0,0) + Reger(t3,12,0)
= Rgger(t3,0,0)5. (66)

The first term given in Eq. (20) describes the time-dependent
solvation dynamics when there is neither EPT nor EECT
processes. The expression for this term is not given in the
doorway-window picture, and the correlation between the
initially created and time-evolved coherence state during f,
and the second electronic coherence state evolution during 75,
i.e., spectral diffusion, is correctly taken into consideration.
When EPT and EECT processes are negligibly slow in com-
parison with the solvation dynamics, the first term becomes
dominant in determining TDFS like a simple two-level chro-
mophore system. However, as will be shown below, the time
scales of EPT and EECT processes are comparable to that of
the solvation dynamics, so that the other terms in Eq. (66)
are to be included to quantitatively describe the TDFS. The
second term given in Eq. (31) describes the contributions
from EPT to the TDFS and its explicit expression is given as

REPT(t3’t2’0) == lz |d,u|2|dV|2G,U.,U.,VV(t2)
v

Xexpli€,ts = 8 up(t3) = 20Ky uut3],
(67)

from Eq. (30) with the doorway and window functions [Egs.
(34) and (35)]. The EPT from uu to vv during f, is fully
described by the EPT Green function, G, ,,(t,), whose time
evolution is determined by the quantum master equation [Eq.
(38)]. Similarly, the fourth term in Eq. (66) describes the
EECT contributions which is defined in Eq. (49). It should be
noted that the third and the fifth terms in Eq. (66) are re-
quired because there is neither EPT nor EECT at #,=0, so
that the initial TDFS, o(w,0), should be identical to the first
term in Eq. (66) only. Those terms are identical to the last
terms in Egs. (31) and (49), respectively. Additionally, we
found that the last two terms of Eq. (66) vanish in the case of
t,=0 for any ¢,. This indicates that the TDFS is not affected
by the EECT processes, so that the TDFS measurement is
determined only by solvation dynamics and the EPT contri-
bution. We finally note that TDFS does not include contribu-
tions from the ground-state bleaching and excited-state ab-
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sorption. In our numerical calculation of the TDFS, we
excluded Ry(t3,1,,1;) and Ryy(ts,1,,1;) in Eq. (19) and also
the corresponding two-exciton contributions in the window
functions of EPT and EECT shown in Egs. (35) and (53),
respectively. Note that Ry(t3,2,,1;) and Ryy(#3,1,,1;) describe
the Liouville paths including the ground-state bleaching and
excited-state absorption effects, respectively.25

Using Eq. (66) and the material parameters for
(dA),0-(dT),, given in Sec. V, we carried out the numerical
calculations of the TDFS and the graphical results are plotted
in Fig. 5. The present results were obtained by taking an
average over 1000 realizations of the diagonal and off-
diagonal disorders. Figure 5(a) includes both solvation dy-
namics and EPT, but Fig. 5(b) does not include the latter. The
time-dependent changes of the TDFS are extremely fast with
or without the EPT. The lowest figure in Fig. 5 depicts the
time-dependent fluorescence Stokes shift. Although the
Stokes shifts are almost completed within 200 fs, these ul-
trafast fluorescence Stokes shifts largely depend on the relax-
ation time 73 that was assumed to be 50 fs in the present
paper. While 75 is now an undetermined parameter, our re-
sults indicate a possibility to determine the characteristic
time scale 75 in the B-form DNA system by means of the
TDFS measurement. In this regard, it will be highly interest-
ing to carry out a TDFS experiment on a DNA duplex helix
system in the future. Nevertheless, it is clear that, once the
EPT contribution is included, the magnitude of the fluores-
cence Stokes shift becomes larger than that without the EPT
process.

In Figs. 5(a) and 5(b), the spectrum at #,=0 fs (the dot-
ted line) should be identical to the absorption spectrum and
its lineshape is actually in good agreement with the experi-
mental results.*'* For example, the maximum frequency and
FWHM of the dotted line are 258 and 35.5 nm, while those
of the experimental results are 258 and 39 nm, respectively.
The steady-state fluorescence spectrum corresponds to the
converged TDFS at 150 fs (the solid line) in Fig. 5(a) and it
quantitatively agrees with the experimentally measured spec-
trum in Ref. 14. Due to the distributions of the excitonic
states and their dipole strengths, the steady-state fluorescence
spectrum is asymmetric. If the present system were a simple
two-level system, the steady-state fluorescence spectrum
would be a mirror image of the absorption spectrum. How-
ever, since the B-DNA we study is a coupled multichro-
mophore system consisting of the 20 excitonic states with
varying dipole strengths and transition frequencies, the
present results are deviated from the simple mirror profile.
From the above comparisons, the present material param-
eters adopted to construct the B-DNA excitation Hamiltonian
seem reasonable and useful to reproduce the experimentally
reported linear absorption and steady-state fluorescence spec-
tra of the B-DNA duplex helix system.

VIl. PHOTON ECHO SPECTROSCOPY

Although the time-resolved fluorescence spectroscopy is
a valuable means to study dynamical properties of excited
states, it requires an upconversion technique with a time-
gating pulse if the time scale of the dynamics is subpicosec-

J. Chem. Phys. 128, 135102 (2008)
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FIG. 5. (Color online) Time-dependent fluorescence spectra of
(dA)(-(dT),o with (a) and without (b) the EPT contribution. The dotted
lines correspond to the absorption spectrum and is in accord with the ex-
perimental result, Fig. 12 of Ref. 6. The converged spectra shown as the
solid lines should be the steady-state fluorescence spectrum of (dA) o-(dT)
which is actually in harmony with the experimental result, Fig. 4 of Ref. 4.
The direct experimental observable, the peak frequency vs time, is shown in
the lowest figure (c). The different decaying curves, the solid and dotted
lines, directly illustrate the different time scales of the solvent relaxation
only and the additional EPT contribution, respectively.

ond. Recently, the photon echo spectroscopy utilizing mul-
tiple femtosecond pulses has been widely used to study such
femtosecond dynamics of not only electronically excited
states but also ground-state bleaching and excited-state ab-
sorption processes of coupled multichromophore systems. In
this section, the numerically calculated photon echo signals
of the B-form DNA model system will be presented and
discussed in detail. The photon echo signals calculated in this
paper were obtained by averaging over 1000 realizations of
the diagonal and off-diagonal disorders, which is sufficient to
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converge the present ultrafast signals. The rotational average
of the fourth-rank tensorial nonlinear response function of
randomly oriented DNA molecules in solution was also per-
formed and only the [ZZZZ] tensor component will be dis-
cussed here; the [ZZZZ] component corresponds to the case
when three incident electric fields and its echo signal field
have polarization directions along the Z axis in a space-fixed
frame and their propagation directions are perpendicular to
the Z axis. Hereafter, the photon echo signals are normalized
to make the maximum value unity. We will discuss the fol-
lowing three different cases to examine the effects of EPT
and EECT on the photon echo signals separately:

(A) total photon echo signal with both EPT and EECT con-
tributions,

(B) photon echo signal without EECT, and

(C) photon echo signal without both EPT and EECT.

Therefore, any differences among the photon echo sig-
nals for these three cases should be attributed to one or both
of the EPT and EECT processes; we can discuss roles of EPT
and EECT in the excited energy dynamics of DNA duplex
through the changes appearing in the calculated photon echo
spectra.

A. 2D Time-resolved photon echo (TRPE) and PEPS

As shown in Sec. III, in the impulsive limit, the time-
resolved heterodyne-detected photon echo signal is linearly
proportional to the associated nonlinear response function.
For a fixed second delay time 1,, the signal is a 2D function
with respect to #; and f3. In particular, the absolute magni-
tudes of the photon echo signals I,(;,t,,13)=|R®(t5,1,,1,)]
are plotted in Fig. 6 for £,=0-57.5 fs from top to bottom.

The figures in the left column are the absolute magnitude
spectra for case (A). The initial echo signal is diagonally
elongated, indicating the coherence between the excitation
and emission states in time domain. This demonstrates the
slow modulations of bath modes in the B-form DNA duplex
system. However, as #, increases, the elongation is sup-
pressed due to the memory loss and the diagonally elongated
main peak becomes uniform like a peak in the case of fast
modulation of bath modes. Its time scale is shorter than that
of the light-harvesting complex II (LH2) antenna system
partly because the relaxation time 75 is now assumed to be
shorter than that of LH2; 7 should be experimentally deter-
mined in the near future.”” On the other hand, the second
peak appears as t, increases. We found that this peak is at-
tributable to the coexistence (interference) of the contribu-
tions from the ground population state and excited-state ab-
sorption to the nonlinear response function. The former
effect is included in Ryl(t3,%,,1;), while the latter effect ap-
pears in Ryy(t3,15,1;), Repr(ts, 1y, 1)), and Rgger(ts,tr.1). In-
deed, once we neglect one of these two contributions, the
second peak disappears and there is only one main peak. The
coherence between the contributions including the ground
population state and excited-state absorption decays slower
than the others, which leads to the apparent second peak
against the main peak as #, increases.

Comparing the 2D TRPE signals for the three cases (A)—

J. Chem. Phys. 128, 135102 (2008)

(C), we found that the EPT and EECT affect the photon echo
signals. First, the main peaks without the EECT process have
the stronger coherence compared to that of case (A). The
main peaks in cases (B) and (C) are still elongated and ex-
hibit some coherence behavior even at #,=57.5 fs. It can be
concluded that, owing to EECT, the ultrafast decoherence
has been achieved in (dA)(-(dT);,. In addition, the second
peak becomes smaller due to the EPT contribution; the sec-
ond peak in case (B) is smaller than that in case (C). The
EPT mixes the two Liouville paths of the ground population
state and excited-state absorption and reduces the coexist-
ence effect. Note that the EECT process makes the main
peak decay much faster, which results in the comparatively
larger second peak in case (A) than that in case (B). Addi-
tionally, being compared to the main and second peaks in
case (A), those in cases (B) and (C) are more shifted from
the diagonal axis; the main and second peaks interfere with
each other, which leads to the simultaneous shift. As well as
in case (A), once we neglect one of the contributions from
the ground-state bleaching and excited-state absorption, the
second peaks in cases (B) and (C) disappear and we have
only one diagonal peak in the each case. Therefore, the more
shifted peaks in cases (B) and (C) can be explained by con-
cluding that EECT can reduce the coexistence effect.

Although the 2D TRPE spectra in Fig. 6 contain indis-
pensable information, it has been found that PEPS, which is
a peak position of an integrated photon echo signal as a
function of ¢, can provide more direct information on a time
scale of excited-state solvation dynamics and other underly-
ing dynamic processes.20 The time-integrated photon echo
signal is obtained by

12(f1,12)=f |R(3)(t3,l2,f1)|2df3~ (68)
0

If there is short-time inhomogeneity of the base transition
energies, the echo signal I,(#,,1,) initially increases with ¢,
reaches a maximum value, and then decays in time #;. The
peak position denoted as tT(tz) is a function of #,. The calcu-
lated PEPS is drawn in Fig. 7.

At time 7,=0, the PEPS values are just about 3.5 fs for
all the (A)—(C) cases. However, their decaying patterns are
heavily dependent on whether the EECT process is taken
into account or not. The PEPS with EECT decays to zero
before 40 fs, while the coherence persistently survives when
the EECT is not included. This demonstrates that the deco-
herence or memory loss rate is on the order of 50 fs and is
strongly influenced by the EECT contribution. We suggest
that the EECT during 7, can induce the ultrafast memory loss
of the multiple quantum coherence created by the field-
matter interactions. The zero PEPS in case (A) is related to
the relatively large homogeneous parameter «, which deter-
mines the absolute magnitude of base-phonon coupling
strength and also the rate kernel function of EECT;" the
static inhomogeneity introduced by the diagonal and off-
diagonal disorders is almost balanced by the EECT process.
In fact, as shown in Fig. 6(a), the diagonally elongated main
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peak becomes like a triangle-shape peak in the fast modula-
tion case. We mention that, although the PEPS for case (A)
converges to zero, not all the coherence was destroyed by the
EECT process; the second peak appears in the lower figures
of Fig. 6(a) as 1, increases and I,(¢;,1,) as a function of
becomes to double peaked in case (A) as f, increases. Simi-
larly, the EPT process whose rate kernel function also de-
pends on « reduces the effect of the inhomogeneity, as can be
seen from the PEPSs of case (B) (the dotted line) and case
(C) (the dashed line) in Fig. 7. However, its reduction is
rather small and the PEPS for case (B) does not converge to
Zero.
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FIG. 6. (Color) TRPE signals [R®)(t;,1,,1,)| vs t; and 15
with #,=0, 11.5, 23, 34.5, 46, and 57.5 fs (from the
upper figure to the lower figure, respectively). The left,
middle, and right figures show cases (A), (B), and (C),
respectively.
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B. 2D photon echo spectra

We finally calculate the 2D photon echo spectra by tak-
ing the double Fourier transformation of the 2D TRPE sig-
nals,

I(Ql,f2s93)=ff exp(i{),1;)
0o Jo

X exp(— iQst3) R (13,15, 1,)dt,d5. (69)

Figure 8 depicts the absolute magnitude spectra as a function
of ), and ()5 that are conjugate Fourier frequencies of #; and
13, respectively.
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FIG. 7. (Color online) PEPSs tT(tz) estimated from the time-integrated pho-
ton echo signals [Eq. (68)] with respect to #,. The solid, dotted, and dashed
lines indicate PEPS of cases (A), (B), and (C), respectively. Their direct
comparison independently shows the effects of EPT and EECT.

At 1,=0, the 2D photon echo spectra are diagonally elon-
gated regardless of cases (A)—(C), indicating the preservation
of memory of the transition frequencies between the coher-
ence evolution periods ¢, and 3. As f, increases (from top to
bottom in Fig. 8), the 2D photon echo spectra dramatically
change. Particularly, when we include the EECT contribution
[Fig. 8(a)], the 2D spectrum at z,=57.5 fs becomes a round
shape along the diagonal. This suggests that the EECT pro-
cesses are quite efficient to mix the transition frequencies
and to induce the memory loss. Actually, the main broad
peak in Fig. 8(a) appears in the frequency range between the
two separated peaks in Figs. 8(b) and 8(c), which shows that
the EECT contribution can mix the exciton transition ener-
gies. On the other hand, as can be seen in Figs. 8(b) and 8(c),
the EPT process does not make any notable difference in the
time evolution of the 2D photon echo spectrum. The small
peak below the main peak corresponds to the contribution
producing the TDFS in Fig. 5. The frequency of the small
peak is lower than the corresponding peak of the TDEFS,
which is attributable to the additional contribution from
EECT; although EECT does not contribute to the TDFS, the
2D photon echo spectra are influenced by EECT due to non-
zero 1, (see also Sec. VI).

Furthermore, we found that the EECT causes the com-
plicated frequency dispersion of the peaks in subpicosecond
time scales. The dispersed peaks at 23 and 34.5 fs originate
from the presence of different electronic coherence states on
the one-exciton state manifold. However, such dispersed and
scattered peaks become merged into two broad peak at about
57.5 fs, which indicates that the EECT processes are com-
pleted in such a short time scale. This ultrafast dispersion
and unifying may be attributed to the appearance of the sec-
ond peak in Fig. 6(a). In fact, if one of the contributions from
the ground-state bleaching and the excited state absorption is
excluded, the frequency dispersion does not occur and only
one main peak appears (data not shown here). The observa-
tion made here might provide an important clue on the ex-
cited state energy dynamics in DNA duplex helices and have
some biological implications. In order to avoid photodamage
on natural DNA duplex, biological systems might have
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evolved in such a way to get the stable and effective energy
dissipation and intramolecular energy transfer mechanisms.
In another words, the energy diffusion in a DNA helix could
occur through a few specific excitation energy transfer chan-
nels and pathways in such an ultrafast time.

Viil. CONCLUDING REMARKS

The ultrafast exciton dynamics in the DNA duplex heli-
ces have been theoretically described and the contributions
from the EPT and EECT processes to the nonlinear response
function associated with ultrafast nonlinear optical spectros-
copy have been studied in detail. Developing the appropriate
DNA exciton Hamiltonian model, we could calculate the ex-
citon population and coherence transfer Green functions by
solving their non-Markov time-evolution equations. In order
to test the validity of the material parameters determined and
used in the present work, we directly compared the experi-
mentally measured absorption and steady-state fluorescence
spectra of the B-form double helix in water solvent with our
numerically calculated spectra of the (dA)y-(dT);, system.
Although the experimentally measured absorption and fluo-
rescence spectra of (dA),o-(dT),, are not available, they are
not strongly dependent on the number of base pairs except
for some impurity artifacts of the sample.I4 Here, the result-
ant linear spectra calculated were found to be in good agree-
ment with the corresponding experimental spectra. However,
it should be mentioned that the bath relaxation time constant
7 could not be determined in a self-consistent way because
there is no femtosecond TDFS or nonlinear optical spectros-
copy that can provide information on such nucleoside-bath
interaction dynamics. In contrast, the relaxation time of the
LH2 system was estimated through its PEPS experiment.30
Consequently, once the relaxation time for the DNA duplex
system is measured, it will become possible to calculate the
exciton dynamics in various DNA helices by our present
theory. Similarly, once PEPS of a DNA duplex is measured,
we can estimate the time after which coherences almost van-
ish and EECT essentially stops contributing to the nonlinear
spectra, as discussed in the case of the LH2 syste:m.19’26’29
Nevertheless, we have theoretically shown that the ultrafast
dynamics of DNA excitons are quite significant and can be
studied by the nonlinear optical spectroscopy such as the
PEPS and photon echo spectroscopy. We have fully calcu-
lated the nonlinear response functions including the EPT and
EECT contributions which can be directly measured in the
nonlinear optical experiments. In addition, the TDFS and
photon echo spectra of the B-DNA duplex helix,
(dA),o-(dT),, were numerically calculated. The TDFS dem-
onstrated that the EPT process induces the spectral diffusion
on the excitonic state manifold and that the time-dependent
Stokes shift is completed in subpicoseconds. The PEPS of
the B-DNA duplex helix also decays to zero in less than
50 fs, indicating an ultrafast memory loss induced by the
EECT process on the manifold of delocalized excitonic
states. The 2D TRPE and photon echo spectra were calcu-
lated with and without the EPT and EECT processes to in-
vestigate the significant spectroscopic signatures of such ex-
citon dynamics in the DNA duplex system. We found that the
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diagonally elongated 2D TRPE spectrum at #,=0 fs becomes
broader and uniform as 7, increases and that the 2D photon
echo spectrum at #,=0 fs becomes almost round along the
diagonal axis within subpicoseconds. Such dramatic spectral
shape changes are largely due to the EECT process. We thus
conclude that the exciton transfers, especially the EECT pro-
cess, induce the ultrafast decoherence, memory loss, and fre-
quency diffusion of the multiple quantum coherences created
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by the field-matter interactions. We call this rapid frequency
diffusion as hopping dephasing in order to distinguish it from
usual pure dephasing. The hopping dephasing induced by
EECT differs from the conventional pure dephasing. The lat-
ter makes the amplitude of a given coherence monotonically
decrease in time, whereas EECT can have a backward trans-
fer process since EECT involves hopping among strongly
correlated close coherences. Because of the rapid hopping
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motions among such close coherences induced by the
exciton-phonon interactions, only the hopping dephasing can
achieve such ultrafast quantum decoherence.

In the present work, we have adopted the exciton repre-
sentation to describe the electronically excited states of the
DNA duplex helix. However, the excitonic state is not nec-
essarily a fully delocalized state. One of the most important
conditions for exciton formation is the strong interbase elec-
tronic couplings in comparison with the base-phonon cou-
plings, which leads to the independent excited-state transfer
rate from the interbase couplings.23 Once this condition is
satisfied, the DNA electronic Hamiltonian matrix can be di-
agonalized to recast it as the DNA exciton Hamiltonian. The
degrees of delocalization for different excitonic states are not
uniform and determined by the relative strengths of the in-
terbase couplings as well as by the diagonal and off-diagonal
disorders. Actually, although the above condition is satisfied
in the DNA duplex helix,16 the excitonic states are delocal-
ized over not the entire constituent bases but several bases in
the DNA duplex. Nevertheless, this incomplete delocaliza-
tion ensures the perturbative treatment of the off-diagonal
exciton-phonon couplings.23 This is  because qﬁfl))
=2,,¢,(m) d)i(m)qu’)n are generally small due to such incom-
plete delocalization even when the base-phonon coupling
constants qffw)n are large, while the diagonal exciton-phonon
couplings are independent of the degrees of delocalization.
Since biomolecules usually have disorders, the excitonic
states are not completely delocalized and thus the present
exciton transfer theory that treats qifl)} as perturbation terms
can be proper to study ultrafast excited-state dynamics in
such biomolecules.

EECT is not a simple relaxation process of coherence
but an ultrafast exciton hopping transfer described by the
non-Markov time-evolution equation [Eq. (60)] where not
only forward but also backward transfer is taken into ac-
count. Such ultrafast exciton hopping transfers can be seen in
B850 LH2 antenna, as shown recently in Ref. 19, and they
can also play an important role in DNA duplex systems. In
order to derive Egs. (38) and (60) and to make a clear con-
nection of them to the Redfield theory, let us start from the
following quantum Liouville equation:

== =—iLp(?). (70)

Using the relation P+Q=1, the above equation can be di-
vided into the following two equations:

dPp(1)
ot

=—iPLPp(t) - iPLQp(r) (71)
and
%’;m =—iQLQp(1) - iIQLPp(7). (72)

Equations (38) and (60) are obtained from Egs. (71) and
(72), respectively. For example, the solution of Eq. (71),

J. Chem. Phys. 128, 135102 (2008)

t N ~
Pp(r) =- if dre =PLPLQp(7) + e PEPp(0),  (73)
0

is inserted into the second term on the right-hand side of Eq.
(72), and the second term indeed plays an important role in
essentially describing the EECT process [Eq. (60)], as ex-
plained in Ref. 19. In the case of the Redfield theory with the
secular approximation, the time evolution of coherence is
determined by the first term on the right-hand side of Eq.
(72) [see Eq. (8) and the following explanation in Ref. 31].
On the other hand, the time-evolution equations for EPT and
EECT [Egs. (38) and (60)] include the contributions from the
second terms on the right-hand sides of Egs. (71) and (72),
respectively. Actually, Novoderezhkin ef al. who studied the
B800-B850 light-harvesting antenna complex of a purple
bacterium also wrote in Ref. 32 that the modified Redfield
theory is more general than the usual Redfield theory. How-
ever, they did not use the modified Redfield theory since
there was only the time-evolution equation for EPT [Eq.
(38)] at that time. In addition, as indicated in Refs. 23 and
32, one should be very careful about the applicability of the
Redfield theory to ultrafast exciton transfers in biocomplexes
such as the LH2 antenna system. As shown in Ref. 32, even
the nonsecular Redfield theory cannot reproduce the experi-
mental spectroscopic data in subpicoseconds.

We further discuss some differences between the Red-
field theory and the present exciton transfer theory of EPT
and EECT processes. First, the bath correlation function is
time evolved with an exciton-dependent phonon Hamiltonian
in the present theory since the diagonal exciton-photon cou-
pling terms are nonperturbatively included in the present ex-
citon theory. On the other hand, as indicated in Sec. 3.1 of
Ref. 23, all excitons have the same potential energy surface
in the Redfield theory. Second, owing to the shifted potential
energy of the acceptor exciton from that of the donor exciton
by reorganization energy associated with the nonperturbative
diagonal exciton-phonon couplings, an exciton transfer be-
tween two different excitons with a large energy gap at zero-
order level can occur. In contrast, such excitation transfer
cannot be described by the Redfield theory unless a high-
frequency vibrational phonon mode is invoked to compen-
sate the large energy gap between the donor and acceptor
exciton states. Finally, the conventional Redfield theory is
based on the assumption that the density matrix does not
change significantly during times of the relaxation time of
phonon bath correlation.” This limitation in the Redfield
theory might conflict with some ultrafast exciton dynamics
found in biomolecules.*>

If a charge is injected to a DNA helix as in Ref. 34, or if
a photosensitizer and an electron donor are added to a DNA
helix, or if intensive UV light is radiated to a DNA helix for
a long time, charge transfers would be important and would
be completed with the nonlinear optical processes considered
here. However, our model system does not have any electron
donors artificially added to nor any external charges are in-
jected to the system. Consequently, such a charge transfer
process might not be an effective and relevant process in the
present model DNA system. In fact, as introduced in Sec. I,
almost all the previous works on electronically excited nor-
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mal DNA duplex helices did not discuss about such charge
transfer effects. Furthermore, since the excitation transfer
rates are not proportional to the square of the electric cou-
plings between bases, the transfer processes cannot be ex-
plained by the Forster theory nor the electron transfer theory;
their transfer rates are generally both proportional to the
square of the electronic couplings between bases.'® This in-
dicates that the exciton representation can be an appropriate
picture for the excited state of DNA double helix and that the
excitation transfer processes should be described as exciton
migrations on an excited-state manifold constructed by delo-
calized exciton states. This and our work show that the ex-
citon representation of excited states of a DNA duplex can be
an appropriate picture and that the excitation energy transfer
processes should be described as exciton migrations on the
first excited-state manifold of delocalized exciton states.
Nevertheless, charge transfers might contribute to the DNA
spectroscopy and affect the present result if they effectively
occur in a DNA helix. Also, our theory has not included
quantum effects of contour ion and solvent, which could be
important when charge transfers occur in a DNA helix.”
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