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Vibronic energies and spectra of molecular dimers
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We consider three distinct methods of calculating the vibronic levels and absorption spectra of
molecular dimers coupled by dipole-dipole interactions. The first method is direct diagonalization of
the vibronic Hamiltonian in a basis of monomer eigenstates. The second method is to use creation
and annihilation operators leading in harmonic approximation to the Jaynes—Cummings
Hamiltonian. The adiabatic approximation to this problem provides insight into spectral behavior in
the weak and strong coupling limits. The third method, which serves as a check on the accuracy of
the previous methods, is a numerically exact solution of the time-dependent Schrédinger equation.
Using these methods, dimer spectra are calculated for three separate dye molecules and show good
agreement with measured spectra2@5 American Institute of Physics
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I. INTRODUCTION with a quantizedharmonig radiation field. In the following
The simole molecular dimer i lassi for th we will analyze this similarity in more detail, particularly as
€ simple molecua €ris a classic case fol eregards the use of an adiabatic approximation in understand-
study of the coupling between electronic and vibrational. . . ) :
L e ) . ing changes in the dimer spectrum HS\ is varied.
excitation:> This vibronic coupling has been analyzed ex- AR . :
. . L . . We find it illustrative to employ three independent strat-
tensively in an approximation in which only the electronic

ground state and a single electronic excited state are coupleecg'(;lS forbsolutlon. The_ f|rs_t rEetho(?) trff.ats thi_vrlwb:on:jc i
to a single mode of internal vibrational excitation, which is problem Dy an expansion in basis iunctions which feads to

considered to be harmonic in both ground and excited eledh® diagonalization of an algebraic problem whose input are

tronic states. In this very simplest approximation the tWO_Franck—Condon(FC) factors between ground and excited

state vibronic coupling time-independent Schradinger equaStates: The second meth@@ uses operator techniques and

tion has been shown to separate into two decoupledf deally suited to the harmonic case of the JC model and
equations. One has an analytic solution, being a displacetfadily allows an adiabatic approximation to be made. The
harmonic oscillator. The other equation was solved numerithird method(3) is completely different in using the time-
cally by Fulton and Goutermarin 1964, in perhaps the first dependent rather than time-independent Schrodinger equa-
application of a computer to this problem. This work alsotion. Exploiting modern developments in the numerical time
made use of a natural measure for coupling strength whicRropagation of quantum states, the absorption spectrum can
had been recognized earlier by Simpson and Petér'snn be constructed from the Iong-time limit. This method has the
connection with vibronic coupling in the more complicated advantage that arbitrary Born—-Oppenheini@0) potential
polymer problem. This measure is the ratio of the electronidunctions involve no increase in computer time.
(dipole-dipole coupling strength(which we call J) to an Although exact solutions obtained with all three methods
energy (which we callA) characteristic of the shift of the of course yield the same results, hitherto they have been used
equilibrium position on excitation and of the harmonic fre- largely in different fields. Method1) is the one most used
guencyw. Up to factors of the order of unity, depending on for the calculation of eigenenergies, meth@) mostly for
precise definitionA appears as the width of the vibrational time-dependent molecular problems. Meth@l has found
absorption spectrum from ground to excited electronic statewide use in quantum optics and solid state physics. Differ-
Strong coupling then is characterized [0yA|>1 and weak ences between the methods appear when approximations are
coupling by|J/A|<1. made and each gives insight into different aspects of exact
It has, perhaps, not been adequately recognized that thslutions. For example, in methdfl) one can include only a
above problem of a two-level system interacting with alimited number of vibrational levels in upper and lower
single oscillator mode is similar to aspects of the “spin-bosorstates, then gradually increase this number to see how the
Hamiltonian” problem of solid-state physfcand more par-  spectrum develops. Methd@) lends itself to the adiabatic
ticularly is identicalto the Jaynes—Cumming3C) modef of  approximation, which gives direct insight into coupling of
quantum optics. In this latter case a two-level atom interactgjectronic levels through the nuclear motion. Meth)
only gives fully resolved eigenenergies when time propaga-
¥Electronic mail: briggs@physik.uni-freiburg.de tion is many times greater than vibrational periods. Stopping
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the time propagation at intermgdiate times is equivalen_t t_o <§gg|<¢g|ﬁn|¢ﬁ>|gﬁe>, (5)

spectroscopy under low resolution, or can be used to mimic o o

line-broadening effects. However, unlike methay method ~ Where u, is the electronic dipole operator of monomer

(3) implicitly includes all vibrational levels, including the Which we will assume to be independent of nuclear coordi-

continuum, in both ground and excited electronic states"@tes, so that Ed5) can be written as

Hence we will compare and_ contrast all three methods below. <§gg|<¢g|ﬁn|¢§>|§ﬁe> = () fA, (6)
The plan of the paper is as follows. In Sec. Il we treat R .

the problem in first quantization. In Sec. Ill, using an opera-With the abbreviatior(z,) =(¢{| | #7) and where

tor representation, the harmonic case is considered in some f'32<§,?'f |§§e> (7)

detail. Particular emphasis is given to the adiabatic approxi- 9

mation. In Sec. IV the time-dependent approach is app"edjenotes the FC factor for a transition from the vibrational

In Sec. V we compare our results to measured dimer Spectféatea of the ground electronic state to the vibrational state

and find good agreement. We conclude with a short Summarﬁ of the electronic excited state. With this notation the cross

and a discussion of our findings. section for absorption out of the vibronic ground state
|pEny is given by
ou(E) = 2 |fG75(E - (€ - €)), )
Il. THE DIMER PROBLEM IN FIRST QUANTIZATION B

Our model problem is that of two identical monomers atWhere constant factors are omitted dbdfiw is the energy
of the photon.

fixed orientation and separation, interacting via transition
dipole-dipole force. Only a single excited electronic state is
taken into account. The electronic motion is coupled to in-
tramolecular vibrationgnot necessarily harmonidn both
ground and excited states. The approximation will be made The Hamilton operator of the dimer is

that the electronic dipole-dipole coupling matrix element is _

independent of vibratri)onal cF())ordinatSS. ’ H=Hy(ri,p1) + Ha(rz,po) +J(ry,ro), 9)

B. The dimer: Basic formulas

whereH,, H, are the monomer Hamiltonians defined in Eq.
(1) andJ(rq,r,) is the electronic dipole-dipole coupling ma-
trix element. Since the two monomers are identical, the
dimer Hamilton operatof9) remains unchanged under an

Denoting the electronic and nuclear coordinates ofexchange of the monomer indices. As we will see, this sym-
monomem (n=1,2) with r,, andp,,, respectively, the mono- metry allows a considerable simplification of the dimer prob-
mer Hamiltonian is given by lem.

H, = Hﬁ'(rn,pn) F T p,) + V) 1) The vibronic ground state of the dimer is

00y — [ 49 g
where H®' is the electronic part of the Hamiltonian which W’QO) |¢1§(1)9>|¢2§(2)9> (10
depends parametrically on the nuclear coordingigsand  with energyES’= e+ €.
Th'¢ and V;“ are the monomer kinetic and potential energy, = Remembering the exchange symmetry of the Hamil-

respectively. The time independent Schrddinger equation fatonian (9) and denoting byP;, the operator that exchanges

A. The monomer

the electronic part is the monomer indices we define vibronic dimer states
HE(r o) A (F 1 pr) = W M(rn, 2 1
) (Fn) = Vo () i T ) N L A AR A R BCE!
\J

and has eigenfunctiong (r,,,p,) and eigenenergied (p,)
that depend also parametrically @p. Here the indexM
refers to a particular electronic state. We are only considering = #(|W§’B> + Py mi#)) (12
one electronic excited state, so we will use=g for the V2

electronic ground state and =e for the electronic excited
state. In BO approximation we write the eigenfunctions of
the monomer Hamiltoniafil) as

A (Fupr) (). (3) 9= EB (B{ 1) + b2 yP)). (13)

where &),(p) =(pn| €&\ is a solution of

and expand an arbitrary excited dimer sta# with quan-
tum number as

Then projecting the eigenvalue equation
n el — a|ex
(WY + TR+ VU9 &) = el &) (4) HIg' = E o) "

with eigenenergye, and where the index refers to a vi-
brational level in the electronic stabé.

The intensity of a dipole transition from the vibronic
state|$lén) to the vibronic statdeféhy is proportional to (ed+ebf+3> fz,fgrbffr'ﬁ' = E.,b, (15)
the squared magnitude of the transition dipole moment, o' B

with H given by Eq.(9) onto state3§¢§ﬁ| leads to a system of
two uncoupledequations for the expansion coefficiebtjf:
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X 2
. - . 2u°(1 + cosy)
A 7 % (o) £ () 2= {0 (20)
A1 K2
33 and for light polarized in th§ direction
| 9 G+ G =1 1)
y Y-y 2l = 2u%(1 - cosy).

FIG. 1. Sketch of the orientation of the transition dipoles in the coordinateThis means that for light polarized in thedirection, only
system used. (+) levels and for light polarized in th direction, only(—)
levels absorb. For unpolarized light the relative weight of
(e + ég)bf“_ﬁ-JE f‘;/fg/blﬂf_’ﬁ/ = El_bla_ﬂ_ (16) absorption intc_) theg+) levels compared to a_bso_rption into
the (—) levels is dependent on the angleand is given by

a/BI
H he ei be classified i (1 +cosy (22)
ence, the eigenstates can be classified-bgymmetry, i.e., (1-cosy)’
lply = > bbby, (17) In the case of parallel transition dipole momeitts=0°)
R only (+) levels and in the case of antiparallel alignmént

=180°) only (—) levels absorb.
Then, in principle, once the vibrational eigenenergies and

states are known for an arbitrary form of the BO potentials,C. The vibrationless case

the systemg15) and (16) can be solved numerically. Solu- o ) , .

tions to the Eqs(15) or (16) will be called(+) or (—) states, It_ is illustrative to present upper state eigenenergies as a
respectively. It is easy to see that solutions of he Eq.  function of the coupling strengtd. The way in which this
(15) for a givenJ are solutions of thé—) equation for 3. If elge_nspectrum changes with increasing cc_)mplexny of the vi-
we are looking at energy levels and absorption into thesgrational monomer spectrum will now be illustrated.

levels as functions o, then it is enough to do the calcula- The simplest case is that of no vibrations at all, i.e., a

tions for the(+) symmetry. This= symmetry is valid only single vertical transition energy. Takimjzo, the solutions
for identical monomers. of the Egs.(15) and(16) are

With knowledge of the dimer eigenenergies and eigen- E, = egiJ, (23
functions we are also able to calculate the absorption cross ) ) ) ) )
section for an incoming plane wave, whose electric part idlence in the vibrationless case the two dimer levels are split

. I I ’ s linearly asJ increases.
given bye=ge codk T — wt) (¢ denotes the amplitudé&, the y

polarization vectork the wave vector, an the frequency, D. The case of n vibrational levels in the upper state
In first-order perturbation theory, the cross section for ab-

sorption out of the vibronic ground statg)’) with energy Initially we restrict the ground electronic state to its
Ego is given in dipole approximation by zero-point vibration and allow fon vibrational levels in the
upper state. The dimer spectra are shown in Fig®—2(c),
ol(w) E E € <¢|V|I71 + ﬁzwg(Mza(ElV_ E(g)o_ how). where qnly t_he(+) series of_ Ieve_ls is plotted. &lncreases
=t | each vibrational level splits linearly proportional to the

square of its FC factor. The outermost levels split linearly
(19 ! . L .

with J in the strong-coupling limit whilst all other levels
converge to intermediate values independentl.ofn Fig.
2(c), where we have eight vibrational levels with Poisson
distributed FC factors, one recognizes that the outermost
> bofg negative energy level is continued “diabatically” through a
@ sequence of ever-narrower avoided crossings to connect with

(19 the outermost positive-energy level. This means that] as
becomes large the whole vibrational band on each monomer

This expression consists of an *“absorption strength’acts essentially as a single level whereas at schahch
|Eab,‘§_,°f(‘;‘|2 that is not explicitly dependent on the orientationsvibrational level interacts only with its degenerate partner on
of the monomer transition dipoles. However, it is dependenthe other monomer.
on the coupling strength and therefore implicitly depends The above behavior is confirmed by an examination of
on the dimer geometry. To examine the remaining factor irnthe absorption strength. For many vibrational levels in the
Eq. (19), which does depend explicitly on the orientation of upper electronic state the correlation between the distribution
the transition dipole moments, we will use a coordinate sysef oscillator strength and the avoided crossings in energy
tem with thex-y-plane spanned by the two dipole transition levels becomes evident. The case for three upper vibrational
momentsu, and u, at an angley as shown in Fig. 1. For levels is shown in the right part of Fig(&@. For increasing
light polarized in thex direction we obtain for the geometry- negativeJ, oscillator strength disappears out of the upper
dependent part of Eq19) two levels and is transferred t6,,, exactly as in the two

If we use the expansion equati¢h?7) we find

~ . . 1 - . N
€ (Wil + B U = S1E - (o) £ i) i
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above the corresponding level in the ground electronic state.
If ~w denotes the energy difference between successive en-
ergy eigenstates of these potentials then the energies in the
electronic excited states are given 8=n%» and those of

the electronic ground state ae=nfw—AE. The FC factors

can be evaluated analytically and the monomer cross section
for absorption out of the vibrational ground state of the elec-
tronic ground state is proportional to a Poisson distributfon,

on(E) o X, :—T "a5(E - nfiw), (24)

n

© 75 N . with a=wAp?/(2#). To compare with calculations of the fol-
5 lowing section we choosa=1. In the following we consider
751 eight vibrational levels in the excited stdthis is sufficient
J o for convergence of the resulfsand vary the number of lev-
75 -5 28 25 5 75 0,4 . .
25 ’ els in the electronic ground state.
5 9 Since we have chosen the BO potentials in the ground
o 25 b T and excited electronic states to be the same, for vanishing

_ _ _ _ _ _ interactionJ there occurs a degeneracy of the energy levels.
FIG. 2. Dimer eigenenergie@eft figures and absorption strengttright This degeneracy, which is Split for ﬁ”iﬂ9|a can be under-

figureg for n vibration levels in the monomer upper electronic stage. . _ . .
Three levels(b) four levels, andc) eight levels. sFood Ey examining Eq.15) for J=0. All eigenenergies are
given by

vibrational level case. For positiv@ the strength inEg. €g+eg:(a+/g)ﬁw_AE_ (25)
decreases monotonically and thatdg, increases monotoni-
cally to 100%. However, the levet,, first experiences an Herea can take the valuea=0, ... v,—1 andB=0, ...y,
increase in absorption strength and then a decreaskimas -1, wherev, and vy are the number of vibrational levels in
creases. The maximum occurs near to the position of théhe electronic excited state and the electronic ground state,
avoided crossing witle,,, indicating a transfer of oscillator respectively.
strength to the next higher level at this point. This pattern is  In Fig. 3@ the case of two vibrational levels in the
repeated in Fig. (b) and Zc) for four and eight upper vibra- electronic ground state is shown. Rbr 0 all states but the
tional levels, respectively. At each avoided crossing mordowest and highest are twofold degenerate. If we compare the
and more of the oscillator strength is transferred “upwards'behaviour of the lowest energy level in Fig@Bwith the
to appear ultimately 100% i&,,. By contrast, for negative corresponding level in Fig.(2), we see that for strong nega-
J, Eg+ monotonically acquires all the oscillator strength andtive coupling both have positive gradient but for strong posi-
all other levels have diminishing strength g increases. tive coupling in the case with just one vibrational level in the
Again one sees that fod| much greater than the vibrational electronic ground state the gradient is zero, whereas in the
bandwidth, the strong coupling limit oscillator strength ap-case of two levels it has a negative gradient. For both posi-
pears in a single “diabatic” level corresponding to the vibra-tive and negative coupling there are diabatic levels that are
tionless upper electronic dimer level. This behavior is remi-continued through sequences of avoided crossings. In Fig.
niscent of a cooperative interaction between the levels of th&(c) all levels but the lowest have zero gradient in the case of
vibrational band, leading to transfer of all the oscillator strong negative coupling. However in FigaBalso the sec-
strength into a single level, which splits away from the restond lowest level pair, which are degenerate J&i0, has a
of the band as the coupling strength increases. negative gradient. These levels are also continued diabati-
cally into the positive] region, so that for large positivé
three levels split off linearly from the band of remaining
constant-energy levels. In the region between weak and
Until now we have restricted ourselves to only one vi-strong coupling there appear again avoided crossings. To
brational level in the electronic ground state. In the followingsum up, in the case of two vibrational levels in the ground
we will increase the number of levels in the electronicelectronic state we find three diabatic levels with positive
ground state and examine how the energy spectrum changegadient and one with negative gradient.
To establish a connection with the harmonic case which will ~ When three levels in the ground electronic state are con-
be considered in much detail in the following section, wesidered[Fig. 3(b)] there results a similar change in the en-
make the assumption that the potential energy surfaces fargy spectrum as in going from one to two states. Now there
vibrational motion in the monomer electronic ground and inare levels that are threefold degenerate Jei0. Then we
the excited electronic state are harmonic and the potentidind six, (i.e., 1+2+3 diabatic levels with positive gradient
wells are identical but their minima separated by an amounand threg(1+2) diabatic levels with negative gradient.
Ap. Again we will take the zero of energy to be the zero- The last case we consider is that of six levels in the
point vibration in the upper electronic state, an amofBt  electronic ground state. Now the energy spectf&ig. 3(c)]

E. The general case
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10l @ Considering that the monomer vibrational progression is
due to the harmonic vibration of normal coordinatgsand
p» of monomers 1 and 2, respectively, and that the frequency

“ — w is the same in ground and excited electronic states, we

o have for the BO potentials for monomerin ground and

excited states
s V3= 30k, (26)
75 -5 -28 2.5 5 7.5
| (b) Vi = %wzpﬁ - w’ppApn+ En, (27)
——— where Ap, is the shift in the potential minimum between

i 8 %%ﬁ ground and excited states and

0 e En - %wZ(Apn)Z + AEn, (28)

-5 with AE,, being the shift in energy between the two potential

minima. Thus the shifted upper state potential is equivalent
to an unshifted potential with a linear term added. We define
the vibronic coupling

~ wB/ZApn

=—= (29)
V2h

On

For identical monomerg;=g,=g andE1=E2=E. Recogniz-
ing that the two-level molecular system is isomorphic to the
spin-% system we introduce the Pauli spin operators:

0y = | )| + |77, (30)

FIG. 3. Dimer energy levels in the harmonic model with eight vibrational
levels in the electronic excited state af@ two, (b) three, and(c) six _‘ X |_| >< | (31)
vibrational levels in the ground state. The unit of energfds Oz = [T\ T = | T2\ T2 -

. ) ) ) Here |m)=|¢D)|49) and|m)=[¢H|¢3). If ¢, andc, are bo-
looks very complicated, with a lot of avoided crossings. Inson operators for harmonic vibrations on monomers 1 and 2,
the case of strong coupling there are still levels with zerarespectively, we introduce the symmetrized boson operators,
gradient asymptotically. In the next section, using method
(2), we will explain this spectrum in the case of an infinite ¢, =—=(c,—Cy), (32)
number of levels in both the ground and excited electronic V2
states in more detail and we will expose the origin of the

i i i - 1
c|rQSS|ngs begveen energy eigenvalues as a function of cou 6= =(C,+Cy), (33)
pling strengthl. V2
IIl. THE JAYNES—CUMMINGS HAMILTONIAN then the excited state Hamiltonian of the dinty can be

o written in the form
A. Derivation

In Sec. Il we have traced the development of the dimer H.= {JUX— ﬁ—g cl+c)o,+ ﬁwc;rcr} + {E—ﬁwCle
spectrum as the number of vibrational levels in the excited V2

and ground electronic states increases. In this section an ap- hg\ 4 B

proximation is used that allowa! vibrational levels of both B 3 (Cs*¢9 | =Hyc* Hos (34
excited and ground electronic states to be considered. How-

ever, to make the problem tractable the vibrational motion isSeveral remarks are in order here. One notes that the depen-
assumed harmonic in both ground and excited electronidence onc, andcg has separated. In first quantization these
states. Then, as we will see below, the vibronic coupling issymmetry-adapted operators correspondpte p;—p,, the

not mediated directly by the FC factors as in Sec. Il but by aelative coordinate of internal vibration of two monomers
term linear in the normal coordinate, arising from the shift inand ps=p;+p,, the center-of-mass coordinate. Such a sepa-
equilibrium nuclear coordinate between ground and excitedation was already made in Refs. 1 and 2. The second term
states. As the vibrations are harmonic such an approximatioHggin the Hamiltonian, involving in-phase oscillation of the
lends itself naturally to an expression in operator form. Thiswo monomers, is simple to diagonalize as a displaced har-
also emphasizes the similarity of phonons and photons sina@onic oscillator. The first pa# ;¢ is nontrivial involving the

the resulting problem is identical to the celebrated Jaynesexcitation transfer. The identity ¢ ;- with the JC model of
Cummings model of quantum opti&%n which a two-level quantum optics occurs since the coupling of the electromag-
atom interacts with the quantized photon field. netic (EM) field to the atom in dipole approximation is also
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linear and the EM field is purely harmonic, as in E(&6)
and (27).

The JC Hamiltonian has been the subject of much §tudy
in quantum optics and in problems of solid-state physics
where a spin%— system is coupled linearly to a bosonic field.
Its applicability to the dimer problem can be questioned
since the harmonic oscillator, with an infinite number of vi-
brational levels is not a good approximation to the monomer
vibrational degree of freedom which is better described by a
finite number of anharmonic levels. Nevertheless, if we re- [
strict discussion to relatively low levels of vibrational exci- ) .
tation, where the approximation is reasonable, this ubiqui- ! 7
tous HamiltoniarH ¢ is useful to study in the dimer context, _ S _
since it readily lends itself to solution in an adiabatic ap'JFchthqﬁt%Tizinjgg?ljEZESSL?ka(e@c\éVSSliT;;?S%Qnﬂ%vﬁ?ﬁlglzussg;lt;e

prOXimation’ as discussed in det?” below. o _ levels with positive eigenvalue of the operafy, are plotted.
With the centre-of-mass motion solved tr|V|aIIy we will

concentrate omd;; and drop the subscript,” i

|x.) from the purely electronic statdsr,). The vibrational

Hie= hwcic - Tg(cu Qo+ Jo. (35) states|y.) are eigenstates of the symmetrized Hamiltonian,
V
fig
t _ t._ Yt
First we note that if there are no vibrations, there remains the Hic=fwc'c- &(C +¢)+JP, (42)
electronic Hamiltonian
H® = Joy, = I(| )y + o) (m)). (36) 1€
The eigenstates are of the foffief. Eq. (12)] H3dx.) = EXxw)- (43
1
|W¢>:T§(|Wl>i|772>) (37)
V

with eigenenergies B. Solution of the JC problem

E, = +J. (38) The Eq.(43) can be readily solved numerically by ex-
- panding the dimer vibrational states belonging to the relative
This is identical W|th Eq.(23) when we take the monomer coordinatep, in the harmonic eigenfunctiong(p,) of the
excitation energyse to define the zero of energy. oscillator, i.e.,
The eigenstate§37) are eigenstates of the operaiey
with eigenvalues 1 and therefore in the vibrationless case
o, is identical to the exchange operat®y, which ex- IXe) = Ea 1€")
changes the monomer indicesee Eq(12)]. This fundamen-

tal symmetry of the symmetric dimer is preserved when Vi-jeading to a matrix diagonalization for the eigenenergi¥s
brations are considered. Then however, the exchanggnd coefficients:. Physically the dimensioN for the oscil-

(44)

operator involves also the parity of vibrations, i.e., lator problem is infinite. Practically we have limited to
PL,= P, = dmce, (39) ~100 which ensures gooq convergence of th(_a Iower_elgen-
values. We take the coupling paramegeais positive, as in a
whereP is the parity operator physical molecule, although mathematically the eigenvalues
are invariant under a change of sign @f The numerical
pr =Plp1=p2) == pr =(p2=p1). (40 g gn @

results are presented in Fig. 4 below.

ThereforeP functions also as the exchange operator in the  However, first it is instructive to consider an adiabatic

space of vibrations, hence the for@®9). In Ref. 8 this op- approximation, in which the nuclear kinetic energy operator

erator is given in the equivalent form e[>k|zr(c+0+gx+%)]_ is neglected in zeroth order. This can be best derived by
It is not difficult to show that the operatét;, of Eq.(39)  reverting to the coordinate picture for the vibration, i.e., we

commutes withH;c and has eigenvalues +1. Hence theput

whole spectrum separates into two branches and the eigen-

functions may be expanded as c= 1 (wq +ip), (45)
w
1
) = = (X 7m0 £ Plxa)|m2). (41)
V2 1
T - = .
Note that here, in contrast to E@L1) and as is more appro- - \;’%(wq 'P) (48)

priate in the harmonic case where the vibrational states have
definite parity, we have separated the dimer vibrational state® give the JC Hamiltonian
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AL AT C. The absorption spectrum
\ As in Sec. Il we will calculate the photoabsorption spec-
trum for absorption out of the ground harmonic vibrational
W level of the monomer ground electronic state. As we have
seen there, for a shifted harmonic oscillator in the excited
9 electronic state, the FC factors follow a Poisson distribution
and therefore the monomer “stick” spectrum is a sequence of
FIG. 5. The adi_aba?ic potengials of tzhe .JC2 Hamiltonian defined in(&8). equidistant peaks whose heights also follow a Poisson distri-
The parametex is given by /(24 +AG"/ (20). bution, i.e., the monomer absorption cross section is given by

energy

Q
s

1, 2 - N — 1 g2 n g2 th
Hic=3(p" + 0°0%) — 3hew — Vhwggo, + Joy. (47) om(E) = X T\ 2 L2 E—nﬁw+7 .
n
With neglect of%pz, for fixed g one can diagonaliskl;c to (51)

give the two adiabatic potentials . . o
Note, that due to our slightly different definition of the zero

V,q4(Q) = %w2q2 - %ﬁw + V(% + hwg?g?) (48) of energy the whole spectrum is shifted by an enérg¥/
' compared to the calculations in Sec. Il.
and correspondingly two sets of eigenenergies for each par- The dimer energy spectrum, as explained in the previous

ity, given by the solutions of section[see Eq.(34)], is a sum of the JC spectrum and the
) harmonic levels of the shifted oscillator. Since the initial
(5P + Vi a(@D) X (@) = Exxig (@) - (49)  state is unique, the absorption strength in each line is then

given by a product of the square of the FC factor for absorp-
For#.g?/ @=J the lower potential/y(q) shows a double-well  tjon to the JC level multiplied by the Poisson distribution for
structure and is much broader than the upper pote¥iti@)  apsorption to the shifted oscillator levels.|#) denotes the
as shown in Fig. 5. ground state of the harmonic oscillator belonging to phe

The eigenenergies calculated in the adiabatic picture argoordinate andy() is a solution of Eq(43) then the dimer
shown in Fig. 4a) and for comparison the exact results aregpectrum is h

juxtaposed in Fig. ). One notes the avoided crossings be- 5 \n )
tween successive levels in the exact solution. However, com- ) o 23 (™2 1(9 9

. . . op(E) |< |X¢>| | 5| X 2
pared to the case of a limited number of vibrational levels, as mn n'\2 2w
considered in Sec. I, in the case of an infinite number of o2
harmonic levels the asymptotic behavior for lathes quite X 5(5 -Ef - nho+ _g) (52)
different. In this case asymptoticallyach vibrational level @

shifts linearly with 4. Thus, two parallel equidistant sets of_ giving the absorption strength into tméh vibrational level

levels are formed. Indeed one can show analytically that, iy it ‘on the mth JC eigenvalue. Note that the shift of the
the limit of largeJ, for fixed n the energy levels are simply  4imer harmonic oscillator, describing the center-of-mass mo-

given by tion is a factory2 larger than that of the monomer excited
state potential.

For intermediate coupling the spectrum is very compli-

As seen from Eq(34) the dimer eigenenergies are a sumcated corresponding to absorption into several JC levels.
of those of the JC Hamiltonian and those of the shifted osHowever for strong coupling, one JC level splits off and the
cillator HamiltonianHgs Hence, on each JC eigenenergy isspectrum is again Poissonid&q. (52) with only one JC
built an infinite series of oscillator levels and each avoideceigenvalue contributing This behavior was demonstrated
crossing of the JC energies generates a whole series &fng ag3’3'11and indeed, in the harmonic approximation the
avoided crossings in the full spectrum, giving the compli-energy and absorption spectra calculated in the JC formula-
cated picture shown in Fig. 6. One should note that in Fig. Gion are identical with those of the diagonalization method of
just a small part of thé,E parameter space compared to Fig. Sec. Il. However, as we will now show, the adiabatic JC
3(c) is shown. approximation affords a simple explanation of the apparently
complicated spectral behavior.

From Fig. 4 one sees that the adiabatic levels provide the
connection through the avoided crossings of the exact JC
eigenvalues. Asymptotically for largkthe avoided crossings
become extremely narrow and the spectrum consists of two
sets of levels increasing or decreasing in energy linearly with
J. Hence the adiabatic energies are exact in the lailgeit.
From Fig. 5 one can see that the splitting between the two
adiabatic potentials increases linearly withso that the lev-
FIG. 6. The full dimer eigenvalues for positive exchange eigenvalue as £IS With increasing energy asincreases are associated with
function of J with g=w. the upper potential and those with decreasing energy with the

E) = nfiw+ (- D"J. (50)

. E [fu]
[

Downloaded 15 Apr 2005 to 132.230.1.172. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



134103-8 Eisfeld et al. J. Chem. Phys. 122, 134103 (2005)

1=10

=50

absorption {arb. units]
>
i
8

FIG. 7. Schematic representation of absorption from the dimer ground state

to states of the adiabatic potentials.
E [o]

lower potential. The two sets of levels show real crossingéf'(ssé)_me dimer spectrum for various damping timesalculated from
for smallJ, i.e., levels of the lower potential are degenerate

with those of upper potential. When nonadiabatic couplings "

are taken into account, as in the exact results of Fib),4 o(w) ~ J dtej(EgO+ﬁw)t/sz(t), (53)
their crossings are avoided. In this way the adiabatic ap- —o

proximation yields a simple interpretation of the behavior of
the exact eigenenergies as a function)of

_ Hence one can associate_ the adiabatip curves yvith an c(t)=é-<¢8°ﬁlue(t)liz¢3°>-é. (54)
imaginary continuous connection of the avoided crossings of

Fig. 2(c), giving a state increasing linearly with In this Here m=m,+pm, is the electronic dipole operator of the
figure, it was also shown that this state carries successiveljimer andUg(t) denotes the propagatas(t)=e e/ con-
more of the oscillator strength akincreases. By explicit taining the excited state Hamiltoniat, of the system. We
calculation we have shown that, as in Figc)2the oscillator now calculate the correlation function starting from the
strength for absorption is also transferred successively at thground ~ state  nuclear wave function §8°(p1,p2)
avoided crossings of Fig.(B) and that the lowest linearly =§(1)g(p1)§gg(p2). Then, introducing complete sets of elec-
increasing adiabatic curve has oscillator strength which foltronic states, the time-correlation functi¢d4) becomes

where the time-correlation functiaz(t) is given as

lows the locus of the maxima of curves similar to those of 2
Fig. 2c). Indeed the adiabatic picture illustrates nicely the  ¢(t)= > 3;.<,;n><wn|<§30|ue(t)|§gc5|Wm><,;m>.g;, (55)
origin of this transfer of oscillator strength. As sketched in nm=1

Fig. 7 it is plausible that the dominant absorption from theWhich upon Fourier transformation from time to frequenc
ground state of the dimer is to the ground state of the upper P 9 Y

adiabatic potential welV, since they have maximum over- domain(53), yields the spectrum. The calculation of the cor-

lap. The latter state can be identified with the lowest adia-re'atlon function requires the time propagation of the initial

. . . wave function on the coupled BO potentials of the electroni-
batic state whose energy increases linearly withThe . . L
) . : cally excited states. In our numerical application the wave
avoided crossings in the exact results are caused by states fo . : :
unctions are represented on a grid, sampling the two coor-

the lower adiabatic potential become degenerate, and therginates,ol o,. The time propagation is performed with the

fore mixing, with this state. As) increases, successively method of Feit and Fledk and the off-diagonal coupling is
higher-lying states of the lower potential pass through thei . . .
reated as is described in Ref. 16.

ground state of the upper potential and acquire its oscillator Although our numerical method is neither limited to har-

strength. In the limit of large) the ground state and upper monic potentials nor to constant couplidgwe here employ

state adiabatic potential wells become identical in sape . o
Eq.(48)], so that the zero-zero transition of Fig. 7 does carrythe same harmonic potentidigiven by Eqs.(26) and (27)]

almost 100% of the oscillator strength, giving in the full a_nd a constant cc_)upllng, as used in the prepedmg s_,ect|ons.
. . Figure 8 shows dimer spectra calculated using the time de-
spectrum a single Poisson sequence.

pendent approach. The curves were obtainedusfed=0.2,
and only the(+) band is displayed. The energy is given in
units of w and the normalization is such that the excited state
potential surface has its minimum at zero energy. The four
I\V. TIME-DEPENDENT CALCULATION OE DIMER panels in the figure represent cases of different experimental
SPECTRA resolution. In calculating the spectra via E§3), the corre-
lation function c(t) is multiplied by a Gaussian damping
In this section the absorption spectrum will be calculatedfunctiong(t)=exd -4 In(2)(t/ 7)?], where the damping time
from the long-time limit of the dimer wave functions propa- (in atomic unit3 denotes the full width at half maximum.
gated numerically in time. The absorption cross secti@  With increasing width of the damping function, see Fig. 8,
can be written a§* the structureless absorption band exhibits a vibrational fine

Downloaded 15 Apr 2005 to 132.230.1.172. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



134103-9 Vibronic energies and spectra of molecular dimers J. Chem. Phys. 122, 134103 (2005)

14
S1f @
ERR
|08
‘506
Zos
Zo2 .
.. ) o
18 19 20 21 22 23 18 20 22 24
E [10°em™Y E [10%cm™}]
3
) 32,5
5 80 ]
KR 215
£ £, \!
g 40 E
i o T
0 0 i 1t
18 20 2
E [10%cm™]
FIG. 9. Comparison of theory and experiment in the case of Dya1. FIG. 11. Same as Fig. 9 but for Dye3.

Monomer extinction coefficientb) Dimer extinction coefficient, measured
(dotg, and fitted(continuous ling The vertical lines are the undressed stick .
spectra; solid(+) symmetry and dashed-) symmetry. is the famous dye molecule pseudoisocyanibge 1) al-

ready treated successfully by Kopainsky, Hallermeier, and
Kaiser® using the theory of Merrifield and Fulton and Gou-

as obtained from the time independent calculation. In fact th&erman. Trl:]egsecond exe}mﬁlﬁ rl1$ an old megsuremlent of West
spectrum of Fig. 8 forr=800 is in perfect agreement with and Pearce€ on 3'_3'd'et yt' |acarlbocyan|nep-to uene-
the results of methodt). sulphonatdDye 2). Finally we investigate a very recent ex-

. . 20 .
Since in many experiments vibrational bands are not deP®"ment by Baraldiet al”™ on 3,3-disulfopropyl-4,5,
termined with high resolutiofisee Sec. Y, the time depen- 4 »° -dibenzo-9-ethyloxacarbocyanin®ye 3), for recent

dent approach has the advantage that such diffuse bands YRk on merocyanine dimers see Ref. 21. The correspond_mg
be obtained via a short-time propagation. In other wordsmonomer and dimer absorption speptra are shown in E|gs.
within the time-independent approach the stick spectrum ig_ll' A",O,f these spectra show gonS|de_rany proadened lines
calculated and afterwards broadened to make contact wifiu€ to finite temperature and interaction with the solvent
experiment. The wave packet calculation, on the other hand’?olecules, vyhereas the theory of the previous secpons pro-
can be stopped after a relatively short propagation time t(Y'deS_ cr)1nly Ist'Ck ipectr?. Th.ereforhej vr\]/e drESS thﬁ stick spec-
yield a low resolution spectrurd. This is advantageous in & With a 'n_ehs h"’_‘pe unction w r:c we have chosen to be
going to larger systems since it is possible to replace exadpaussian. With this broadening the monomer spectra can be

wave packet propagation techniques by approximate metﬁiﬁed qqite well by a _Poisson distribution. In the case of
ods adequate for short times. Dyel [Fig. 9a)] the fit is almost perfect. For the other two

dyes the agreement is not so good but the assumption of a
Poisson distribution seems still reasonable and is necessary
V. COMPARISON WITH EXPERIMENT to apply the harmonic theory of the previous sections.
. . . . . The fits provide the monomer parameters, (the posi-
.In this secﬂpn wg will Eomparr(]e the t?}eones W|th|ex— tion of the Igwest vibrational peaki) (the vib(f)ationapl) fre-
Eneégﬁrn;a Lc:rr:elrs Sen twef avethc ?.fen tt reeTtre]xa]ertes Ocﬁlency, andg (the vibrational coupling strengthvhich we
pectra from ine literature. the TIrst ONGse as input for our calculations. The parameters obtained in
this way are given in Table | together with the width of the
convoluted Gaussiany,.
For the calculations of the dimer absorption spectra we
used as parameter the coupling strenytind, since the ge-

structure which, in the limit of infinite times, leads &peaks

TABLE I. The parameters used to obtain the spectra of Figs. 9-11.

17 18

. [11%%_’]20 21 22 Dyel Dye2 Dye3
_8 wgp (cd) 19130 18070 19200
£,  (cn) 1390 1280 1200
£ glo 0.78 0.60 0.72
s oy (cmd) 520 500 450
";%2 e 0.46 0.65 0.77
0 17 18 19 20 21 22 Y 697 55 28
E [iem™] AEp/fi (cmid) 140 300 0
op (e 460 460 450

FIG. 10. Same as Fig. 9 but for Dye2.

Downloaded 15 Apr 2005 to 132.230.1.172. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



134103-10 Eisfeld et al. J. Chem. Phys. 122, 134103 (2005)

ometry of the dimers is not known, the angleetween the linearly with J, see Eq(50). Since realistic molecules have a
two dipole transition moments. The stick spectra are shiftedinite number of bound levels, it is expected that the precise
by an amounfAEy and then convoluted with a Gaussian line details of dimer spectra will be specific to each monomer.
shape function of widtlrp. The spectra obtained are shown The third method is different to these studies and in-
in Fig. 9—11 together with the underlying stick spectra for thevolves a direct time propagation of nuclear degrees of free-
(+) and(—) symmetry. The corresponding fit parameters camdom on coupled BO surfaces. For times long compared to
also be found in Table I. All calculated dimer spectra are invibrational periods, spectra are obtained which are in com-
good agreement with the measured ones. For Dyel and Dygflete agreement with those of the diagonalization method
we had to introduce a quite large shifEp, but no shift was provided that in the latter method a sufficient number of
needed in the case of Dye3. The values of the couplingibrational levels are used to assure convergence for a given
strengthJ indicate intermediate coupling which is the most value of J. The time-dependent method has the advantage
severe test of theory. that it can also be used to study transient processes, e.g., in
Baraldi et al”® made comprehensive theoretical investi- femtosecond chemistry.
gations on Dye3 using molecular dynamics and Monte Carlo  Dimer spectra calculated using these methods show ex-
calculations of the dimer structure and comparative analysisellent agreement with experiment as to the changes in shape
of monomer and dimer spectra. They concluded that thef the vibrational envelope with respect to that of the mono-
planes of monomers in the dimer are parallel but the axes amaer. In these calculations the monomer spectra are used as
not parallel, rather they are twisted to an angle of about 30°input in the harmonic approximation and the coupling
This value is close to the value 6=28° obtained from the strengthJ is used as a fit parameter since it is not known
fit of Fig. 11. One should note that in this figure both peaks,jndependently. Then the complete shape of the measured
at ~19 000 and~21 000 cm?, come from the(+) band. dimer spectra are predicted correctly even in the intermediate
The (—) band was just needed to fit the low energy tail coupling case. In principle the values bbbtained from the

properly. fits could be used to throw light on the dimer geometry, since
our fits indicate a specific orientation angle of transition di-
VI. CONCLUSIONS poles. Although detailed spectral shapes are in good agree-

hi h idered th _ ment with experiment, in two cases it is necessary to shift the
Ln(; 'Sf papﬁr Wel vae_ con? gz_re three quite rfer’?ra'i?/hole calculated spectrum by a constant amount to bring in
methods for the calculation of dimer spectra. The 'rStagreement with the measured spectrum. Although we did not

method is derived in first quantization and involves a direCt,qgtigate the origin of this shift further it could also give
diagonalization of the vibronic coupling problem, in which ;¢ mation on the changes in molecule-solvent interaction
the mput_ consists of energies of vibrational levels in groun ccompanying dimerization.
and excited electronic states and the FC factors between
them. This has the advantage that it is applicable to arbitrargs CKNOWLEDGMENT
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