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ABSTRACT: The impact of exciton-vibrational (EV) coupling involving low-energy (“slow”)
intermolecular vibrations and higher-energy (“fast”) intramolecular vibrations on the absorption
and emission spectra of H- and J-dimers is studied theoretically for a pair of chromophores with
excitonic coupling dominated by transition dipole—dipole coupling, Jc. Exact quantum-mechanical
solutions based on a Frenkel—Holstein—Peierls Hamiltonian reveal a fascinating interplay between
the two coupling sources in determining the spectral line widths, Stoke shifts and radiative decay
rates. It is shown that the ratio rules derived from the vibronic progression of the fast mode in
molecular dimers remain valid under the influence of slow-mode EV coupling under most
conditions. However, a highly unusual aggregate behavior occurs when the product of local and
nonlocal couplings, Igignl, exceeds 2Aw ||, where 7iw, is the energy of the slow mode. In this
regime and when g and gy, are in-phase, an H-dimer (J > 0) becomes strongly emissive and can
even be super-radiant, while a J-dimer (Jo < 0) with out-of-phase g and gy values becomes
subradiant. Such behaviors are in marked contrast to the predictions of Kasha theory and
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demonstrate the richness of the photophysical behavior resulting from EV coupling involving inter- and intramolecular vibrations.

1. INTRODUCTION

The coupling between Frenkel excitons and molecular
vibrations, either intramolecular or intermolecular, is an
enduring theme in the study of electronic excitations in
organic molecular aggregates, crystals, and polymers," ™" as
such coupling strongly impacts energy trans-
port' THOSTILIITEL2931 56 \well as basic photophysical proper-
ties such as absorption and photoluminescence.'™>%'***73°
Self-trapping of Frenkel excitons due to coupling between
excitons and intermolecular vibrations (or lattice phonons) has
been a subject of considerable interest since the pioneering
works of Toyozawa,1 Rashba,”® and Sumi*® and has been
implicated as the primary mechanism for the broad, red-shifted
emission in some J-aggregate-forming dyes.””*’ Strongly
related to self-trapped excitons are excimers, where the latter
are usually distinguished from the former by the involvement
of charge-transfer (CT) states.”® " For both self-trapped
excitons and excimers, photoluminescence is characterized by a
red-shifted, featureless emission with a low quantum yield.
We have long been interested in the impact of local exciton-
vibrational (EV) coupling involving intramolecular vibrations
on the exciton absorption and photoluminescence (PL) line
shapes in 7-conjugated J- and H-molecular aggregates, where
the vinyl-stretching mode with the energy of approximately
1400 cm™' manifests as pronounced vibronic progressions.
Such progressions derive from the shift of the excited state (S;)

© XXXX American Chemical Society

WACS Publications

potential energy surface (PES) relative to the ground-state PES
(Sp). The shift is the source of local EV coupling in aggregates
and is readily accounted for with a Frenkel—Holstein
Hamiltonian. A set of ratio rules® >° based on the
aggregation-induced changes in the relative intensities of the
first two vibronic peaks in the absorption and emission spectra
was developed from which the exciton bandwidth and
coherence length could be simply determined for both J- and
H-aggregates. We have recently expanded our analysis to
include local and nonlocal coupling to intermolecular
vibrations** utilizing a Holstein—Peierls Hamiltonian,%”*>*
Generally, nonlocal coupling refers to the (first-order) change
in the electronic coupling as the intermolecular mode evolves
along the excited-state potential surface. In ref 44 and in many
other works, nonlocal coupling pertains to the electron- and
hole-transfer integrals.'>**~*’ Such nonlocal coupling modu-
lates Frenkel-CT mixing and therefore impacts excimer
emission. Applications of the theory presented in ref 44 to
covalently bound perylene diimide dimers successfully
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accounted for the unusual temperature dependence of the PL
line shapes observed by Giaimo et al.*’

In the current work, we explore the impact of EV coupling to
a low-frequency (“slow”) intermolecular vibration on the
absorption and photoluminescence (PL) line shapes of
molecular dimers as a first step in eventually tackling larger
aggregates in the context of self-trapping. We utilize a
Frenkel-Holstein—Peierls Hamiltonian to simultaneously
treat both local and nonlocal coupling and evaluate the
spectral line shapes and radiative decay rates in J- and H-
dimers. Here, nonlocal coupling is mainly derived from the
change in Coulombic coupling induced by the slow-mode
evolution, allowin% a direct comparison of our results with the
Kasha theory’' ™ of molecular J- and H-aggregates. We
further include local coupling to the aforementioned high-
frequency (“fast”) vinyl-stretching mode in order to evaluate
the robustness of the vibronic ratio rules”>~*" in the presence
of slow-mode coupling. The spectral simulations are based on
exact quantum-mechanical treatment of the Hamiltonian; we
do not invoke any adiabatic approximations. Overall, we find
that the ratio rules derived earlier when only the fast mode is
present remain valid when slow-mode local and nonlocal
couplings are activated. We also show how the constructive
and destructive interference between the local and nonlocal
couplings involving the slow mode impact the absorption and
PL spectral line shapes and shifts. In the most extreme cases,
such interference can lead to highly unusual superemissive H-
aggregates and subradiant J-aggregates.

2. METHODS

In what follows, we consider molecular aggregates composed
of two identical chromophores related via a symmetry
operation. Each chromophore hosts an electronic ground
state (Sp) and an electronic excited state (S;). The dimer
undergoes “fast” intramolecular and “slow” intermolecular
vibrations, as depicted in Figure 1. The fast mode with energy

“fast™ “fast™

“slow™
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Figure 1. Molecular dimer depicting “fast” intramolecular and “slow”
intermolecular vibrations.

hwe ~ 1400 cm™' accounts for the pronounced vibronic
progressions observed in the absorption and PL spectra of
many 7-conjugated molecules and is derived from vinyl- (or
aromatic-quinoidal) stretching motion. Here, and in all that
follows, energy is expressed in units of wave numbers (cm™).
In order to simplify the notation, we further set 7 = 1 so that
@y represents the fast-mode energy (in units of wave numbers).
In the simplest approach, local EV coupling for the fast mode is
described using shifted harmonic Sy and S, potential energy
surfaces (PESs) of identical curvature, as depicted in Figure 2a.
The fast-mode nuclear coordinate is denoted as g; and
describes single-bond shortening and double-bond lengthening
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Figure 2. (a) Single-chromophore ground-state PES (S,) and excited-
state PES (S,) as a function of the fast, intramolecular coordinate g;.
(b) Ground-state PES (lg;g,)) and excited-state PES (for either le,g,)
or Igye,)) as a function of the slow-mode coordinate g, The excited
PES incorporate local coupling described using A,, which is equal to
—g./2w; (see text).

in the course of the oscillation. The displacement of the S; PES
is quantified by the Huang—Rhys (HR) factor, A7, which is
typically between 0.5 and 1.5 for most organic chromophores.
The monomer transition energy, Ey;, is associated with the 0—
0 transition in Figure 2a.

Within each dimer, a slow, symmetry-preserving intermo-
lecular vibration is also included. The mode frequency is
typically in the terahertz range, with the mode energy in the
range, @, = 10—100 cm™'. The intermolecular coordinate is
denoted as g, and can represent, for example, the deviation of
the distance between the two molecular mass centers relative
to the ground-state minimum (defined as g, = 0). The PES for
the ground electronic state, lg;,g,), where both chromophores
are in the state S, is taken to be harmonic in the slow-mode
coordinate g, as depicted in Figure 2b. The figure also shows
the excited-state PES which represents both le;g,) and Ige,)
and is taken to have the same curvature as the ground state
well. The shift and relaxation due to local EV coupling are
described with the HR factor A2, which is further discussed
below. The excitation energy in the dimer is Ey; + D, where D
is the gas-to-crystal red shift due to nonresonant coupling
between an excited- and ground-state chromophore.™

Finally, as in the Kasha model,>* ™ resonant energy transfer
between the states le;g,) and lIge,) occurs via transition
dipole—dipole coupling, /o, Changes in ] due to motion along
the slow-mode coordinate, g—known as nonlocal coupling—
is also accounted for. Overall, we are interested in how the
absorption and emission spectra in H-aggregates (Jo > 0) and
J-aggregates (Jc < 0) are impacted by local and nonlocal EV
coupling to the slow-vibrational mode in the presence of local
coupling to the fast mode.

All of the above processes can be represented by a Frenkel—
Holstein—Peierls Hamiltonian, expressed as

vib vib
Hpyp = Hp + Hy™ + H; (1)

The first term is the Frenkel Hamiltonian, Hp, which
accounts for the nonresonant spectral shift (D) and resonant
Coulomb coupling (J) between the two chromophores

Hp = (Ey + D) ). In)(nl + JL{11)(2l + 12)(11}
n=1,2 ()

Here, the state In) indicates that the n th chromophore (n = 1,
2) hosts a local excitation (S,), while the other chromophore
remains unexcited (S,). For example, In = 1) = leyg,).

https://doi.org/10.1021/acs.jctc.4c00299
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig2&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Generally, D and ] depend on g, i.e. D(g,) and J:(g;). The
values in eq 2 correspond to the ground-state geometry, g, = 0,
ie, D = D(0) and J¢ = Jc (0). While D is usually a negative
quantity inducing a gas-to-crystal red-shift, Jc is positive
(negative) for H-aggregates (J-aggregates). Diagonalizing Hp
results in the two delocalized Frenkel exciton (FE) eigenstates

k) = 27V2{11)+e*12)} k=07 (3)

with wave vector k and with energies
Ex(k) =Ey + D+ Je cos(k) (4)

The k wave vector notation is useful in comparing the dimer
in this work to larger z-stacks with one molecule per unit cell
treated in previous works, where translational symmetry leads
to a good quantum number, k, which ranges over the Brillouin
zone. The phases of the local states, I1) and 12), are chosen
such that their S; = S; molecular transition dipole moments
are parallel and aligned. As such, the k = O state carries all of
the oscillator strength. Furthermore, the symmetry-preserving
slow mode maintains the alignment.

The impact of the slow intermolecular mode is contained in

H™, with
H™ = of'f+ g4 Y, In)nl + g 4 {11)(2l + 2)(11}

©)
The first term represents the mode energy (taking 7 = 1).
B(P) is the creation (annihilation) operator for a slow-mode
vibrational quantum in the ground-state potential well. (Note
that we have neglected the offset of (1/2)w, found in the
harmonic oscillator Hamiltonian since the common offset
cancels out in all transition energies and has no impact on the
absorption or emission spectra.) The second and third terms in
eq S represent local (Holstein) and nonlocal (Peierls) vibronic
coupling, respectively, with g, being the dimensionless operator
representing the slow-mode coordinate. For example, if x; is
the distance between mass centers (relative to the equilibrium
distance in the ground state), then, the dimensionless
coordinate g is

TMea,
xS
h (6)
where m is the reduced mass of each chromophore, and w; is

the mode energy in units of wave numbers. The operator form
of g, is then

R mew, ﬂT +p
4 = X =
s\ 2 (7)

The form of §; is consistent with our previous work.**
The second term in eq S represents local coupling and arises
from the first-order change in the nonresonant shift with g, i.e.

& = [dD(q,)/dg,], —o- Note that g; has units of energy. Local

q, =

coupling is diagonal in the In){nl space and can be exactly
accounted for (in the absence of nonlocal coupling) by
“completing the square” in the 11)(1) and [2)(2l subspaces.
The result is an excited-state PES which remains harmonic, but
is shifted by A, = —g /2w, relative to the ground state, as
depicted in Figure 2b for the case, g > 0. For a slow-mode
stretching mode, g is positive, since the red-shifted D becomes
less negative as the interchromophore distance increases.
(However, other modes, for example, torsional modes, may
yield negative values of g.)

The nonlocal coupling term in eq 5 is quantified by g and
accounts for the first-order change in the Coulomb coupling
with g, ie. gn = [dJc(q,)/dgslys - oo gni depends on the
ground-state dimer geometry which differs for H- and J-
aggregates. The former adopts a side-by-side configuration,
while the latter adopts a head-to-tail configuration. If g
corresponds to an intermolecular stretch along a line
connecting the mass centers, then for H-aggregates (Jo > 0),
the Coulomb coupling decreases with increasing g, so that gy
< 0, while for J-aggregates (Jo < 0) the Coulomb coupling
becomes less negative with increasing g, so that gy, > 0.
Assuming a point-dipole approximation for J, where ] scales
as 1/(xy + x,)°, we obtain

b

: 3Jc
= X wmo = ———+ N/ mmcw,
dx, ™ X (8)

gNL dqs
where x, is the equilibrium intermolecular separation.
Assuming perylene (C,0H;,) chromophores with a reduced
mass of approximately m = 126 g/mol, along with x, = 0.4 nm
and @, = 100 cm™, gives gy = —0.055] . For an H-aggregate
with J¢ = 1000 cm™, gy, is then & —S5 cm™. gy, increases
further as the mass, m, and mode frequency, w,, are reduced.
For example, maintaining Jc = 1000 cm™" and reducing both m
and o, by a factor of 4 give Igy;| ~ 200 cm™'. However, if the
exciton coupling is generalized to also include Jor (due to
Frenkel-CT mixing »39) the values of lgnz! can be much
greater due to the strong sensitivity of the electron- and hole-
transfer integrals to intermolecular separation.®®

Finally, the last term in eq 1 represents the vibrational
energy of the aforementioned fast intramolecular vibration
with mode energy w; (=1400 cm™") along with its associated
local vibronic coupling

2
H™ = wp ) b, — Ao ), (b + b, = Ap)ln)(nl o)
n=1 n 9

with b} (b,) the creation (annihilation) operator for a fast-
mode vibrational quantum in the ground-state potential well of
molecule n. Including only a single intramolecular mode with
energy approximately 1400 cm™" is usually all that is required
to obtain excellent fits to the vibronic progressions appearing
in the absorption and PL spectra of single chromophores; see,
for example, ref 44.

2.1. Slow-Mode Coupling Only. Without the presence of
the fast mode, the eigenstates and energies of Hamiltonian, Hg
+ H'™ can be obtained exactly. After representing the
Hamiltonian, Hr + H,"™® in the exciton basis, k), it takes the
form

Hy + H™® = 0 "5IG)(Gl + {Ex(0) + wf, f,

CGute)
4w,

S

}Ik=0><k = ol

+ {EF(::) +off - (gNLL};gL)}m:nxk =zl

(10)
where we have introduced the electronic ground state IG) =

lgig>) in which both chromophores are in their ground (S,)
electronic states. The first term in eq 10 accounts for the

S
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Figure 3. (a) J-dimer and (b) H-dimer harmonic PESs for the ground and excited states before (dotted) and after (solid) the activation of slow-
mode local and nonlocal coupling. The k = 0 (k = 7) wells are indicated in red (blue). Blue arrows indicate absorption while red wavy lines indicate
emission. Purple double arrow indicates the interwell separation. The diagrams assume Igy; | > lg;| to emphasize the opposing directional shifts of
the k = 0 and k = 7 wells due to nonlocal coupling. In the opposite limit Ig | > Igy| (not shown), the two wells undergo unidirectional shifts.

energy of the slow-mode vibrational excitations which occur in
the (unshifted) ground-state harmonic well depicted in Figure
2b. In the excited-state subspace (second and third terms in eq
10), the associated slow-mode creation operators correspond-
ing to the k = 0 and k = 7 harmonic wells are given by the
shifted operators

ﬁo’t = ﬁT + (gL + gNL)/zws (lla)
and
ﬂj ="+ (g, — gy) /20, (11b)

with the corresponding destruction operators obtained via
Hermitian conjugation.

According to eqs 10 and 11, the excited-state PES’s take the
form of shifted and relaxed harmonic wells, where the well
positions depend on the interference between the local and
nonlocal coupling. Although local coupling induces uniformly
shifted wells by —g; /2w, for both k = 0 and k = 7 excitons,
nonlocal coupling induces oppositely shifted wells; —gy /20,
for the k = 0 well and +gy; /2w, for the k = 7 well. The excited
eigenstates within the kth well are given by |k;¥,), where 7 = 0,
1, 2, - is the number of slow-mode vibrational quanta. The
associated energies are

E ; =Ey+ D+ J.cosk — (g, + e’lkgL)2/4a)S +
(12)

Finally, eigenstates in the electronic ground-state potential
with v; quanta of slow-mode vibrations are denoted as IG;v,)
(v, = 0,1,2, ..) with energies, Eg, = v, (The ground
electronic energy is taken to be zero.)

The excited-state potential energy wells before (dotted) and
after (solid) the activation of local and nonlocal couplings are
depicted in Figure 3a,b for J-aggregates (Jo < 0, gy > 0) and
H-aggregates (Jc > 0, gy1, < 0). The figure shows that the k = 0
and k = & wells shift by —(g; + gni)/2w, and —(g — gu1)/ 20,
respectively, with the corresponding relaxation energies (g +
gnu) /4w, and (g — gui)?/4®,. The figure portrays the case
where the nonlocal coupling is dominant (lgy. | > Ig) so that

the k = 0 and k = 7 harmonic wells mainly shift in opposite
directions, with both potentials undergoing a relaxation energy
approximately equal to gi; /4@, The barrier-free relaxation
seen here for dimers is the origin of self-trapping in larger
aggregates.”” Opposing well shifts induced by nonlocal
coupling have been shown before, for the case of charge
carriers by Coropceanu et al."” and for Frenkel-CT exciton
mixing by Bialas and Spano.** Figure 3 shows that when the
dominant nonlocal coupling is associated with an intermo-
lecular stretching mode, the bright state (k = 0) contracts
along ¢, in a J-dimer but expands along g, in an H-dimer. The
opposite shift is realized by the k = 7 well.

Figure 3 reveals an interesting interference between local
and nonlocal couplings. For the k = 0 well, which dictates
absorption, the overall shift and relaxation depend on the sum
gnr + & so that destructive interference occurs when gy and
g have opposite signs. The destructive interference is
complete when gy = —gi, and the k = 0 well undergoes no
shift and therefore no relaxation at all. This is demonstrated in
Figure 4a for the k = 0 well in a J-aggregate. Conversely,
constructive interference occurs when the two coupling
constants have the same sign, as demonstrated in Figure 4b.
In this case, the shift and relaxation energy of the k = 0 well are
greatly enhanced. Unlike the k = 0 well, the shift of the k = #
well is governed by the difference, g; — gn;. As we will see in
the following section, the interferences in both wells
profoundly affect the absorption and PL line shapes.

Because the k = 0 and k = 7 wells respond to gy + g and
&nr — gu respectively, the energy difference between the two
wells changes whenever g; and gy are both nonzero. For J- and
H-dimers, the vertical (or energetic) separation between wells
is defined as

B L
AJ = Ek=7l',0 - Ek:O,O = 2|]C| + T (133)

Eni8L

Ay = Emoo = Bpeo =2 — — —
H k=0,0 7,0 C , (13b)

where eq 12 was used to resolve the energies, E; . The
interwell separation is indicated by the purple arrows in Figure

D https://doi.org/10.1021/acs.jctc.4c00299
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Figure 4. Harmonic PESs for the ground and excited states in a J-
dimer before (dotted) and after (solid) activation of slow-mode
coupling when (a) g and gy destructively interfere and (b) when
they constructively interfere.

3. When the product gy g is zero, the interwell separation in
both H- and J-dimers is simply the exciton bandwidth, 2IJcl.
However, in a J-dimer, A; decreases (increases) if gy;g is
negative (positive). When

&8, < — 2l lo,, (subradiant J-dimer) (14a)

A, falls below zero, resulting in an energetic reordering of the
two wells. In this exotic regime, the dimer will absorb as a J-
aggregate but will emit like an H-aggregate, i.e., a subradiant J-
aggregate. Conversely, for an H-dimer, Ay decreases
(increases) if gy g1 is positive (negative). Energetic reordering
of the two wells (Ay < 0) occurs when

818, > Y., (super-emissive H-dimers) (14b)

leading to an H-aggregate with respect to absorption but a J-
aggregate with respect to PL, i.e,, a superemissive H-aggregate.

The simplest case to appreciate such unorthodox J- and H-
dimers is when lgy| = Ig;|, as demonstrated in Figure Sa,b. For
the J-dimer with gy = —gp, the k = 0 well does not shift or
relax, but the k = 7 well relaxes by (gn, — g1.)*/40, = g/ 0,
Hence, Ajbecomes negative when g/ o > 2l]¢l. Interestingly,
the aggregate absorption peak is still red-shifted relative to the
monomer, as indicated by the blue arrow in Figure 5a, but the
emission, which originates from the lowest-energy excited state
(Kasha’s rule””), is now forbidden, at least at T = 0 K.
Thermally activated emission is of course possible (see the
following section). Conversely, for the H-dimer in Figure Sb,
with gy = g1, the k = 7 well does not shift or relax, but the k =
7 well relaxes by (g — g)*/4w, = gk /o, Hence, Ay
becomes negative when gy /@, > 2Jc. The aggregate
absorption peak is still blue-shifted relative to the monomer,
as indicated by the blue arrow in Figure Sb, but the emission is
now superradiantly enhanced.

2.2. General Case: Fast and Slow Modes. We now
include local coupling to the fast mode and consider the
complete Hamiltonian in eq 1. Additional terms beyond those
in eq 10 are obtained after expressing Hi" in the electronic
basis set spanned by IG), Ik = 0) and k = x), resulting in

Hypp = Hy + H™ + @ ), b/5]G)(GI
q=0,7

~T ~ +
+ {a)quzob —o + oby_b_,

4 %wfzf}m:o)(k = ol

+ {wfzqzoh ot wb_b_ + %a)f/lfz}lk=ﬂ)(k =7

=r"q=r

- %(b;:” + b,_) (lk=0)(k = 7l + lk=)(k = 0I}

(13)
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Figure S. Harmonic PESs for the ground and excited states in (a) subradiant J-dimer where A;<0and (b) emissive H-dimer, where Ay; < 0. When

T = 0 K emission originates from the lowest-energy excited state.
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where we have introduced the fast-mode phonon creation
operators with wave vector ¢, as

bi_o = (b +b))/V2 (162)
and
b, = (b — b)/N2 (16b)

The Hamiltonian includes the totally symmetric vibration (g
= 0) which is shifted by ﬂf/\/f.zs

~F
bmo = bj_o — 4¢/N2 (16c)

as indicated by the tilde overstrike. Most importantly, the last
term in eq 15 couples the k = 0 and k = 7 subspaces, thereby
complicating the evaluation of the eigenstates and energies.
With the form of the Hamiltonian given by eq 15, it proves
convenient to expand the excited-state wave functions in the
exciton—phonon basis set, as was done in ref*’

v =T ET Y

gmg Mgy T

X k> @ lii,_q, n,_, )Rt ) (17)

M= flg i

where the phonon number states are eigenstates of the number
operator. For the fast modes

~To~ ~ ~

bq:Obq=0|nq=O’ nq:n> = nq:O'”q:O’ nq:;r) (18a)
and

¥ _ _ _

bq:ﬂbq=n|nq=0’ nq:n> =n :ﬂlnq=0’ nq:n) (18b)

with 7,_,,

3T 3 S
ﬂk ﬂklns,k> = ns,k'"s,k)!

We emphasize that the exciton (k) and phonon (q)
wavevectors are not individually good quantum numbers
because of the last term in eq 15. Instead, the total wavevector

ng_p = 0,1,2,-, while for the slow mode

i, =0,1,2,... (18¢)

kK=k+n_,m (19)

is a good quantum number (modulo 27).>> Hence, the ith
eigenfunction with k (=0,7) in eq 17, ¥, 59Y is expanded in
basis states with like values of «, as indlcated by the prime on
the summations. For example, for the ith eigenstate with total
momentum, K = 7, only basis states with k =0 and n,_, = 1, 3,
.. as well as states with k = 7 and n,_, = 0,2,4, ... are included in
the summations. Note that slow-mode coupling is confined to
a single, symmetric vibration and therefore has no eftect on .
Finally, the electronic ground states are expressed as

llPG,nqzo,nq:,,,ns'G>=|G >® lnq:O) nq=71:>®|ns,G> (20&)
with energies
EG,nq:o,nq:,,,n5 = (nq=0 + nq=ﬂ)wf + ns,Gws (20}))

In this case, all vibrational quanta refer to unshifted
potentials (no tilde overstrike) as in the ground-state harmonic
wells in Figure 3.

To numerically evaluate the excited-state eigenvectors and
eigenvalues of the Hamiltonian in eq 15, we utilized the
exciton—phonon basis set, capping the total number of fast-
mode vibrational quanta at 5 and the number of slow-mode
vibrational quanta at 200. These values were high enough to

ensure convergence in the computed optical spectra in the
following section.

3. RESULTS: ABSORPTION AND PL

In this section, we evaluate the impact of local and nonlocal EV
coupling on the steady-state absorption and photolumines-
cence spectra of J- and H-dimers. At T = 0 K, so that only the
lowest-energy ground-state [¥0) is populated, the absorp-
tion spectrum is given by

Aw) =X W, 6,0 JAIEENEW (0 — w_y,) o

where the electronic transition dipole moment (tdm) operator
is fl = p )1 2In)(Gl+IG)(nl}, with y being the molecular tdm.
(We assume the molecular tdm’s remain aligned during the
slow-mode vibration.) The transition dipole moment is
nonzero only for the x = 0 eigenstates, as indicated in eq 21.
The homogeneous line shape function is taken to be a peak-
normalized Gaussian

W(w) = exp(—w”/205) (22)

with standard deviation, 6. One can also take a Lorentzian
line shape; the particular form does not impact any of the main
conclusions reached in the present paper.

At T = 0 K, PL originates from just the lowest-energy
eigenstate, ¥, ), of the Hamiltonian in eq 15 with energy, E,,,
Emission consists of a series of transitions, with each transition
distinguished by its terminal electronic ground state,
llPG,nqzu,nqq,ns,c)f specified by the number of fast- and slow-

mode vibrational quanta in the ground-state potential wells.
The PL spectrum takes the form

@) = 2 20 XMW JAITP

M=o Mg=r s

X W(w - E,, + EG’”q:O’"q:m"s,G) (23)
eq 23 is referred to as the reduced PL spectrum since it omits
the cubic transition frequency term normally found in the
Einstein expression for spontaneous emission. In this way, the
vibronic peaks are dictated entirely by FC factors, allowing for
simple vibronic ratio rules.”>~*> For higher temperatures, the
absorption spectrum in eq 21 is averaged over a Boltzmann
distribution of “hot” ground states, while the PL spectrum in
eq 23 is averaged over a Boltzmann distribution of thermally
relaxed excited states; see eqs S.1 and S.2.

Finally, we consider the radiative decay rate. In general, the
radiative decay rate for the dimer, yp, is computed by
evaluating the Einstein radiative rate for each emission
transition and then summing over all transitions. At T = 0
K! 1) is

= 3”E:h453 Z Z - Z
X |< A,

)3
G Mg=01"g=n",G

2
Ng=0"" —m”s,c>
(24)

where 7 is the index of refraction, & is the permittivity of free
space, and c is the speed of light. The expression for a general
temperature T is given in eq S.3. Furthermore, for a single
chromophore (monomer), the radiative decay rate, 7y is given

by
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Figure 6. Calculated (T = 0 K) absorption and PL spectra for J-dimers with ] = =500 cm™" and gy = 100 cm™" (left) and H-dimers with J = 500
em™" and gy = —100 cm™ (right) from eqs 21 and 23 based on the Hamiltonian in eq 10 with @, = 100 cm™. Spectra are shown for several values
of local coupling, g The H-/J-dependent signs of gy, as well as positive values for g are consistent with a stretching mode (see text). The
“reduced” spectra are calculated without the transition frequency factor; for example, the cubic dependence on the transition frequency is omitted
in the PL spectra in order to better focus on the vibronic contributions. Fast-mode EV coupling is neglected. In order to resolve the slow-mode

vibronic structure, the homogeneous line width is set to oy = 40 cm™.

™M= 5 s h43 Z (E —va)f)

3”80 v=0,1,2,. (25)
For the dimer, we further define the dimensionless emission

strength, I, as

=00 2 s, OF

M=o Mg=r MsG (26)

Defined as such, I, = 1 for noninteracting chromophores. A
conventional H-dimer takes on values in the range 0 < I, < 1,
while in a J-dimer, 1 < I, < 2. Maximal superradiance requires
I, = 2; however, the ratio yp/yy is less than 2 in red-shifted
PL because of the cubic transition frequency dependence in
eqs 24 and 25. Note that the emission strength is proportional
to the integrated area of the reduced PL spectrum, i.e.

= (VZmot)! f S(w)dw o

In what follows, we evaluate the absorption and PL spectra
of dimers, beginning with the simplest case where only the
slow mode is included, followed by the general case where
both slow and fast modes are included. The monomer
transition frequency is taken to be Ey = 20,000 cm™’, and
for simplicity, we set D = 0. (Increasing IDI to several hundred
wave numbers will have negligible impact since D < Ey.) To
be as general as possible, we treat a broad range of g; and gy,
values, realizing that all spectra are invariant to (g,gn.) —

(—gu—gny)- Finally, the fast mode is characterized by w; =
1400 cm™" and 47 = 1, while the slow-mode frequency is much
smaller, @, = 100 cm™".

3.1. Slow Mode Only. Figure 6a—d shows the T = 0 K
absorption and emission spectra for J- and H-dimers including
only slow-mode vibronic coupling, as governed by the
Hamiltonian in eq 10. For all spectra, the homogeneous line
width 6y (=40 cm™") is chosen to be small enough to resolve
the slow-mode transitions. For the J-dimer in Figure 6a, the
spectra are evaluated for a physically reasonable value of gy =
+100 cm ™" and for several g values, starting at —100 cm ™" and
increasing to +700 cm ™. For the H-dimer in Figure 6b, gy, =
—100 cm ™. The opposing signs of gy, for H- and J-dimers and
positive values for g are consistent with a slow stretching
mode, as discussed earlier.

For both J- and H-dimers, the absorption spectrum is
governed by the k = 0 PES in Figure 3 and therefore depends
only on gy + gl; hence, we do not display the spectral series
for a larger range of negative g values. As shown in Figure
6a,b, for both H- and J-dimers, the peak of the absorption
spectrum appears at (or near) Ey + Jc. The spectrum is
narrowest when the local and nonlocal couplings interfere
destructively with gy + g¢ = 0. In this limit, the k = 0 PES lies
directly above the ground-state PES with no relative shift—see
Figure 4a. Hence, the transition is entirely due to the 0—0
excitation with a line width of 26y As Igy + gl increases, the k
= 0 well shifts relative to the ground-state well, causing the
spectrum to substantially broaden as the 0—n transitions with n

https://doi.org/10.1021/acs.jctc.4c00299
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00299?fig=fig6&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

> 0 begin to appear. When the shift is large enough, the
Poisson distribution of 0—n intensities becomes approximately
Gaussian. Identifying the slow-mode effective HR factor as A7 =
[(gnw + g1)/2w,]? the evolution of the Poisson distribution to
a normal distribution with increasing As” is described as

2n
AT L i
|
n: N 27[/152 (28)

In this limit, the overall line width can be represented by the
standard deviation

2
o= \/[—gL+gNL) +UI_ZI
2 (29)

which accurately describes the broadening observed in Figure
6a,b. Interestingly, the peak absorption frequency is essentially
constant, independent of gy, + gl. The peak absorption
frequency is determined by the vertical transition energy, from
the ground to the k = 0 PES, in accordance with the Franck—
Condon principle (see blue arrow in Figures 3 and 4).

The k = 0 PES is also responsible for PL in the J-dimer. The
PL spectrum in Figure 6¢ significantly red-shifts and broadens
with increasing gy + gl, similar to what occurs in excimers.
This is because, as in excimers, emission derives from the
relaxed excited state. The magnitude of the Stokes red shift
(g &)’

pION
the level diagram in Figure 3. The broadening of the PL
spectrum with increasing lgy; + gl is also well described by o
in eq 29.

Closer analysis shows that the integrated area of the reduced
PL spectrum in Figure 6¢ for the J-dimer remains constant,
independent of g and gy;, with the emission strength, I,
from eq 26 equal to its maximum value of 2. This means that if
the cubic frequency factors in yp and ¥y, in eqs 24 and 25 are
neglected (equivalent to the limit of taking Ey to be very
large), the radiative rate of the dimer would be exactly twice
that of the monomer. The inset of Figure 6¢ shows that yp/yy
~ 1.85 when there is no local or nonlocal coupling, which is
exactly equivalent to the spectra when gy + g = 0. The
reduction of yp/yy below 2 is due entirely to the 500 cm™ red
shift in the dimer versus monomer emission. Figure 6¢ also
shows that yp/yy diminishes as the PL red-shifts and is only
slightly greater than unity when gy, + g reaches 800 cm™.
Interestingly, all of the J-dimers in Figure 6¢ are superradiant
(yn/vm > 1) despite the excimer-like appearance of the PL
spectral line shape. Note that because g and gy remain in-
phase in Figure 6c, there is no possibility for the nonemissive J-
aggregate discussed in Figure Sa.

In marked contrast to the J-dimer, there is no emission at all
for the H-dimer when T = 0 K. In the H-dimer, the lowest-
energy PES has k = 7+ In line with the Kasha theory,”' ™ the
emission is symmetry-forbidden. The presence of the
symmetric slow-mode vibrations maintains the forbidden
nature of the transition. Figure S.1 shows that the H-dimer
can weakly emit if the higher-energy k = 0 well is excited
thermally, which occurs if the interwell separation is on the
order of k,T. The figure also shows the additional broadening
of both the absorption and PL spectra with increasing
temperature.

Finally, we show in Figure 7 the absorption and PL spectra
corresponding to the highly unusual superemissive H-dimer for

agrees well with the expression, || + , deduced from

Emissive H-aggregate
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2015
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Figure 7. Calculated absorption and PL spectra for H-dimers with J =
500 em™ and gy, = —100 cm™! from egs 21 and 23 based on the
Hamiltonian in eq 10 with @, = 100 cm™. Spectra are shown for
several values of local coupling, g. Fast-mode EV coupling is
neglected. In order to resolve the slow-mode vibronic structure, the

homogeneous line width is set to oy = 40 cm™.

in-phase values of g and gy which satisfy eq 14b. Absorption
is blue-shifted relative to the monomer, as is characteristic of
H-aggregates. However, emission is now strongly allowed since
the k = 0 PES is shifted below the k = & PES, as depicted in
Figure 5b. Moreover, the PL spectrum is strongly red-shifted as
it is derived from the relaxed (k = 0) PES. The peak of the PL
spectrum occurs at

Ey + ). — (g +8,)° /20,

which is readily deduced from Figure 3. Interestingly, the
emission strength, I, from eq 26 is exactly 2, as for the J-
dimers in Figure 6¢. Such unusual H-dimers are referred to as
superemissive, even though yp/y; can drop below unity due to
the large PL red shift. (Note that such unusual behavior cannot
be induced by a slow stretching mode since gy and g, are out-
of-phase.)

3.2. Fast and Slow Modes. We now incorporate both fast
and slow vibrations through the FHP Hamiltonian in eq 1. The
fast-mode energy is taken to be w; = 1400 cm™, as is typical
for a vinyl stretching mode and therefore much greater than
the slow-mode energy. The HR factor, 47, is taken to be unity
(AF = 1) such that the first two vibronic peaks, A; and A,, in the
vibronic progression characterizing the absorption spectrum of
the monomer are equal, as depicted in Figure 8. The 0—0 and
0—1 vibronic peaks in the (reduced) PL spectrum of the
monomer are also equal when the HR factor is unity.

Figure 9 shows the absorption and PL spectra for J- and H-
dimers based on the chromophore in Figure 8, with J¢ and gy
being identical to the values of Figure 6 and for a range of
positive g values. Figure 10 shows the negative g; values. In
both figures, we have increased the homogeneous line width to
0 = 400 cm™, in order to simplify the spectra so that only the
fast-mode structure is observed. The vibronic progression (A,
A,, ...) in the absorption spectra is clearly discerned but with
vibronic intensities which differ substantially from those in the
monomer of Figure 8. Figures 9a and 9b (as well as Figure
10a,b) clearly show an enhancement and reduction,
respectively, of the A;/A, intensity ratio, consistent with
what has been established for J- and H-aggregates in the
absence of slow-mode coupling.””** Figure 11 shows that the
A,/A, ratio, evaluated from the spectral area of each peak, is
independent of slow-mode coupling. The ratio is practically
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Figure 8. Absorption spectrum and (reduced) PL spectrum for a
monomer showing vibronic progression with mode energy of 1400
cm™ and HR factor A} = 1. The line width is oy = 400 cm™.

identical to that obtained when there is no slow-mode coupling
at all, gnp = g = 0, as shown in Figure S.2. The above analysis
shows that the A;/A, ratio can be computed using the
perturbative expressions derived earlier in the absence of the
slow-mode coupling.””**

The PL spectra in Figures 9¢,d and 10¢,d are more complex.
For the J-dimer, the PL spectra in Figures 9c and 10c also
display a clear fast-mode vibronic progression, dominated by
the 0—0 peak. In the absence of the slow-mode coupling, the
0—0/0—1 ratio for the reduced PL spectrum in a disorder-free

J-aggregate (at 0 K) containing N chromophores was shown to
abide by

Iy_o/Ip_y = NMf2 (30)

which is exactly 2 for the dimer (N = 2) in Figure 9 with A7 =
1. Figure 9c shows that the PL ratio rule also holds in the
presence of local and nonlocal couplings to the slow mode.
Although the line width increases substantially with increasing
g + gnu, the 0—0/0—1 ratio remains steadfast at the value of 2
(after accounting for the effect of overlapping peaks). An
exception is the subradiant J-aggregate in Figure 10c which
occurs for sufficiently large and out-of-phase g; and gy values
(see eq 14a). The PL spectrum lacks the 0—0 peak entirely
(although difficult to appreciate from the figure due to
excessive line broadening). Figure S.2 further shows the
dependence of the entire spectrum on particular values of g
and gy in the limit that the sum is zero.

As shown in Figures 9d and 10d, photoluminescence for the
H-dimer is no longer forbidden at T = 0 K when the fast mode
is activated. This result is well-known”*** in the absence of
slow-mode coupling. For the H-dimer, PL is made possible by
the last term in the Hamiltonian in eq 15 which allows for
coupling between states in the k = 0 well and states in the k= &
well, as long as the overall state symmetries are the same, as in
the case of Herzberg—Teller (HT) coupling.”® Hence, the k =
7 lowest-energy exciton with no fast-mode vibrational quanta
can mix with the higher energy k = 0 exciton with a single
quantum of the fast-mode antisymmetric (q = x) vibrational
mode; see eq 19. Subsequent emission is symmetry-allowed if
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Figure 9. Absorption and (reduced) PL spectra at T = 0 K for J-dimers (left) and H-dimers (right) evaluated from eqs 21 and 23 based on the
Hpyp Hamiltonian in eq 1S. Spectra are shown for a range of g (>0) values, with gy, held constant at 100 cm™ in the J-dimer and —100 cm™" in
the H-dimer, with the sign consistent with a symmetric stretch; see text. In all cases, the interwell separation increases with g; as indicated by the
gray arrows. This requires gy g; to be in-phase for J-dimers and out-of-phase for H-dimers (see eq 13a and 13b). The reduced PL spectrum is
evaluated without the cubic transition frequency term. In all cases, @, = 100 cm™, and the fast mode is parametrized using @¢ = 1400 cm™" and A7 =

1. The homogeneous line width is 6 = 400 cm™.
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Figure 10. Absorption and (reduced) PL spectra at T = 0 K for J-dimers (left) and H-dimers (right) evaluated from eqs 21 and 23 based on the
Hpyyp Hamiltonian in eq 15. Spectra are shown for a range of g (< 0) values, with gy; held constant at 100 cm™" in the J-dimer and —100 cm™" in
the H-dimer, with the sign consistent with a symmetric stretch; see text. In all cases, the interwell separation decreases with increasing |g;| as
indicated by the red arrows, until the two wells become degenerate when g = —1000 cm™". This requires gy g to be out-of-phase for J-dimers and
in-phase for H-dimers (see eqs 13a and 13b). The reduced PL spectrum is evaluated without the cubic transition frequency term. In all cases, w, =
100 cm™, and the fast mode is parametrized using w; = 1400 cm™ and A} = 1. The homogeneous line width is 6y = 400 cm™.
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Figure 11. Absorption spectral ratio A,/A, from Figures 9 and 10 as a
function of lg; + gl

it terminates on the ground state containing a single
antisymmetric fast-mode (q = &) vibration, i.e,, 0—1 emission.
A more general analysis shows that PL emission from an ideal
H-aggregate (no disorder, T = 0 K) is entirely devoid of 0—0
emission but generally contains satellite emission (0—1, 0—2,
.).”7** When slow-mode coupling is activated, the 0—0
emission remains forbidden since the slow mode is fully
symmetric. This is clear from Figure 9d, which further shows
that increased slow-mode coupling causes increased line
broadening and increased red-shifting. Importantly, the PL
intensity in Figure 9d is greatly diminished relative to the J-
dimer in Figure 9c. The conventional H-aggregate emission is

subradiant; a glaring exception is the highly unusual super-
emissive H-aggregate shown in Figure 10d which results from
the energetic reversal of the k = 0 and & wells (see Figure Sb)
for sufficiently large and in-phase g and gy values (see eq
14b). Spectra at T = 300 K are shown in Figure S.3.

3.3. Slow-Mode Impact on the Radiative Decay Rate.
With the fast mode present, activating EV coupling to the slow
mode can diminish or enhance the radiative decay rate in J- and
H-dimers, depending on the sign of the product g gy;. The
latter impacts the interwell energy gap (AJ or Ay) according to
eqs 13a and 13b, which, in turn, affects the interwell
Herzberg—Teller (HT) coupling induced by the presence of
the fast mode, as represented by the last term in the
Hamiltonian in eq 15. For a J-dimer, an increase in A; lessens
the HT-induced mixing of the emissive k = 0 state with the
higher-energy nonemissive k = 7 states, leading to an enhanced
radiative rate. For H-dimers, an increase in Ay lessens the HT-
induced mixing between the nonemissive k = 7 state and the
higher-energy emissive k = O states, leading to an attenuated
radiative decay rate.

We consider first the J-dimer. When the slow-mode coupling
is neglected entirely, the radiative decay rate yp, from eq 24 is
calculated to be about 1.85yp——almost fully superradiant.
Figure 12a shows the effect of increasing g on yp/yy and I,
while holding gy, at 100 cm™ (as in Figures 9c and 10c). For a
J-dimer, increasing the product g;gy; increases the interwell
separation, Aj, as indicated by the black solid arrow. The
vertical dash line in Figure 12a indicates the value at which A,
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Figure 12. Relative radiative decay rate (yp/yy) and normalized emission strength I, from eqs 24 and 26, respectively, as a function of g for J-

dimers (left) and H-dimers (right) based on the Hpyp Hamiltonian in eq 15. For the J-dimer, gy is held constant at 100 cm ™" in (a) and 200 cm™

1

in (b). The values are negated for the H-dimer in (c,d). Blue (red) curves correspond to T = 0 K (T = 300 K). The interwell separation increases in
the direction indicated with the black arrow. The vertical dash line indicates the point at which the interwell separation is zero—i.e., degenerate k =
0 and k = 7 wells. Encircled points indicate gy + g = 0. In all cases, w, = 100 cm™, D = 0, w¢ = 1400 cm™, and A} = 1.

is zero; below this value, one has the unusual subradiant J-
aggregate discussed earlier, where the k = 7 well drops below
the k = 0 well. Increasing g; beyond the vertical line leads to a
steady increase in the emission strength, I, (dashed curves),
as well as yp/yy (solid curves) due to the resulting HT-
decoupling of the two wells. When g + gy = O (indicated by
the oval), yp/yy is approximately 1.75 at T = 0 K and slightly
lower at 300 K. These values are essentially equal to those
obtained when there is no slow-mode coupling at all (see
Figure S.2). Surprisingly, yp slightly increases with g + gn
beyond this value (especially at 300 K) before peaking and
then diminishing. The latter is due to the cubic frequency
dependence on yp and the strong red-shifting of the PL
spectrum, as shown in Figure 9c. Note that I, which lacks the
cubic frequency dependence, maintains a monotonic increase
with g + gy, eventually converging to the maximum value of
I, = 2, indicative of uncoupled wells. Figure 12b shows the
effect of increasing gy to 200 cm™'. The increase in
superradiance with g + gy, beyond zero is even more
pronounced. The increase in superradiance induced by slow-
mode coupling is quite unusual, as nuclear motion is intuitively
expected to disrupt the superradiance.

For the H-dimer, the situation is reversed. As captured in
Figure 12¢,d both yp/yy and I, initially decrease as g
increases beyond the vertical line. This is associated with an
increase in the interwell separation, Ay, which reduces the HT
coupling required to make emission symmetry-allowed from
the k = 7 well. Hence, slow-mode coupling leads to enhanced

subradiance relative to the case with no slow-mode coupling.
The figure also shows that below the vertical line—when the k
= 0 well is energetically shifted below the k = 7 well——the
radiation rate dramatically increases, with yp/yy becoming a
substantial fraction of the monomer rate and even super-
radiant.

Before concluding, we briefly discuss the important limiting
case, gigne = 0. In this limit, there is no change in the interwell
gap; both A; and Ay remain equal to the exciton bandwidth 2l
Jcl. When only local coupling to the slow mode is active (i.e.,
gL # 0,gn = 0), analysis of the emission strength I, from eq
26 shows that it does not change at all with g;. In this case,
both wells are shifted in the same direction with equal
relaxation energies. Hence, the HT coupling between wells is
unchanged. However, when only nonlocal coupling is operative
(ie, gao # 0,g. = 0), there is a substantial change in the
horizontal interwell separation, since the wells are shifted in
opposite directions (see Figure 3). This also induces interwell
HT decoupling for large values of gy > 400 cm™, as shown in
Figure S.4. In this case, L, increases (decreases) with Igy;| in J-
dimers (H-dimers).

4. DISCUSSION/CONCLUSIONS

Utilizing a Frenkel—Holstein—Peierls Hamiltonian, a fully
quantum-mechanical analysis of absorption and emission in H-
and J-dimers is presented, incorporating both local and
nonlocal EV coupling to a slow intermolecular vibration (i.e.,
lattice phonon) as well as local coupling to the fast vinyl-
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stretching intramolecular mode. The latter is responsible for
pronounced vibronic progressions observed in many organic
chromophores with mode energies of approximately 1400
cm L Generally, both local and nonlocal slow-mode coupling
lead to spectral broadening and red-shifted emission spectra for
J- and H-dimers, as is characteristic of self-trapped excitons and
excimers. For a slow mode which preserves symmetry, such as
a simple intermolecular stretching mode, it is found that the
vibronic ratio rules®~>° for describing J- and H-aggregation,
remain valid in the presence of both local and nonlocal
coupling. Since the vibronic peak ratio A,/A, responds directly
to the free-exciton bandwidth 2IJl, the insensitivity to slow-
mode coupling is at first surprising, since nonlocal coupling
alters the Coulomb coupling. However, absorption is a vertical
FC excitation process which is sensitive to the Coulomb
coupling, J., corresponding to the ground-state geometry. In
contrast, the 0—0/0—1 PL ratio responds directly to the
exciton coherence number, which, for the dimer, remains at
the value of 2 since the slow mode preserves symmetry. Hence,
in the conventional J-dimer, the 0—0/0—1 ratio remains
independent of g and gy, as seen in Figure 9c. By marked
contrast, in the H-dimer, the 0—0 peak remains absent (at T =
0 K). In larger aggregates, the presence of nontotally
symmetric lattice phonons will of course impact the spectral
ratios, but in the adiabatic limit, slow-mode coupling can be
treated as a temperature-dependent site disorder,””*" and the
ratio rules already derived for static inhomogeneous dis-
order” > should be applicable for understanding general
lattice—phonon couplings.

Generally, we find that the absorption and emission spectra
respond to an interference between local and nonlocal
couplings. As demonstrated in Figure 3, in the presence of
slow-mode coupling alone, the k = 0 and k = 7 wells shift along
qs by — (gno + g1)/2w, and (gny — g1)/2w,, respectively, with
the corresponding relaxation energies (g, + gn)>/4®, and (g
— gnu)? /4w, Interference effects are manifest in the absorption
and PL spectral line widths as well as the PL red-shifts, as
summarized for J- and H-dimers in Figures 6, 9, and 10.
Interestingly, in the case of J-dimers, superradiance remains
operative as the PL increasingly red-shifts, as shown in Figure
12a,b, where the radiative decay rate exceeds the monomer
value for substantial values of lgi; + gil. Excimer-like emission
has been reported in J-aggregates of thiaminomethinecyanine
dyes®" and attributed to energy migration to dimer—trapgin
sites. There are also several works involving J-aggregates,” >
where the PL spectrum includes a broad, red-shifted
component which was attributed to exciton self-trapping due
to local slow-mode coupling. It would be interesting to see if
nonlocal coupling plays a role in such cases.

Perhaps the most striking impact of the local/nonlocal slow-
mode coupling is its ability to alter the coupling between the k
= 0 and k = 7 potential energy wells caused by fast-mode EV
coupling (the last term in eq 15). Whenever the product g gur
is positive (negative), the energetic separation between the
wells initially decreases in H-dimers (J-dimers), as indicated in
Figure 3, leading to enhanced interwell coupling. For H-
dimers, bringing the two wells closer together enables more
efficient HT coupling, which increases the emission transition
dipole and radiative decay rate. For J-dimers, more efficient
coupling has the opposite effect. The overall behavior is
summarized in Figure 12. Perhaps most surprisingly, the
emission strength, I, in J-dimers (gy, > 0) increases as the
total coupling gy, + g increases beyond zero, as observed in

Figure 12a,b—i.e., superradiance can be induced by slow-mode
coupling. The coupling between the k = 0 and k = 7 wells also
depends on their relative horizontal shift. For example, when
only gy is present (g, = 0) the vertical shift remains at 2I]l,
independent of gy;. Increasing lgy;| leads to an increasing
horizontal separation between the oppositely-shifted wells,
leading to inter-well decoupling and changes to the emission
enhancement, as shown in Figure S.2. Generally, the interwell
coupling depends very much on the particular form of the
intermolecular mode from which g and gy, are derived. In this
work, we considered a simple stretching mode; other modes,
such as torsional modes and shearing modes, will be explored
in future works. We also expect similar interwell coupling
effects to exist in more physically realistic anharmonic wells or
between harmonic wells of different curvatures.

In the extreme case where the product g gy, exceeds 2Jcw,
in an H-dimer (Jc > 0), the k = 0 well relaxes below the k = &
well (see Figure Sb) leading to highly unconventional strongly
emissive or even superradiant H-dimers, despite a large PL red-
shift and broadening. For the J-dimer (J; < 0), the conversion
to a subradiant J-dimer, portrayed in Figure Sa, occurs when
gignL < 2Jcw,. (Note that unlike for the emissive H-dimer, g
and gy must now have opposite signs since J¢ is negative.)
Emission is characterized by a broad, red-shifted PL spectrum,
quite similar to that of an excimer. Such dramatic effects do,
however, require sizeable local and nonlocal couplings, which
are easier to physically justify when Frenkel-CT mixing is
included in a more generalized Hamiltonian. This can be
accomplished by replacing J¢ in the Frenkel Hamiltonian in eq
2 with Jc + Jor and D by D + Acr. Here, Jor and Acp are
derived from a perturbative treatment of Frenkel-CT mixing,
as is justified in the limit of well-separated (diabatic) Frenkel
and CT bands.”**® The local and nonlocal coupling
parameters are then determined from d(D + Acr)/dg, and
d(Jc + Jcor)/dqy respectively, which are expected to be quite
large due to the strong sensitivity of Acp and Jop to small
displacements in the relative positions of neighboring
chromophores.*® For the more general case where the diabatic
Frenkel and CT bands are closer in energy, one must expand
the basis set to include CT states as was done in ref 44.

Finally, the present work needs to be extended to one-
dimensional aggregates in order to determine how the
interference between local and nonlocal couplings impacts
the photophysical response as well as energy transport. The
inclusion of nontotally symmetric lattice modes which
accompany a larger aggregate with N > 2 leads to a more
complex picture, as shown by several recent works which
considered the impact of EV coupling on coherent energy
transfer in molecular trimers.'””" In larger systems, the effect
of local and nonlocal coupling on exciton self-trapping’ and
transport,”'* as well as charge transport,” has also been
addressed, but the impact on the photophysical response has
not received as much attention. In future works, we plan to
focus primarily on the spectral signatures of exciton self-
trapping due to local and nonlocal coupling in larger systems.
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