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In this Supplementary Information, we provide additional details on the absorption spectra of neutral PBTTT and
the F4,TCNQ molecules and on the quantum chemistry calculations used to obtain the transition dipole moments of
PBTTT" and the anion F,TCNQ~. We also provide the details of the calculations to determine the strength of the
Coulomb interaction in the ion-pair. In addition, we describe the two-dimensional (2D) correlation analysis of the
measured 2D electronic spectra. Finally, we elaborate on our theoretical modeling and on the calculations used to
simulate the 2D electronic spectra which have been compared to the experimental data.

I. STEADY STATE ABSORPTION SPECTRA OF PBTTT, F,TCNQ AND THE ION-PAIR

We have measured the absorption spectra of PBTTT, of F4,/TCNQ, and of the ion-pair in chlorobenzene. The
measured spectra are shown in Fig.
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FIG. S1. Absorption spectra of neutral PBTTT (red), F4TCNQ (blue) and their ion-pair (purple) in chlorobenzene.

II. MOLECULAR STRUCTURE CALCULATION OF THE ION-PAIR

In this section, we describe the quantum chemistry calculation used for the structural optimization and the calcu-
lation of the Coulomb interaction of the PBTTT cation and the F;TCNQ anion using the Gaussian09 package [1].
At the beginning, the molecular structures of the PBTTT cation and the F4TCNQ anion are initially optimized by
semi-empirical methods. The obtained structures are further optimized by DFT calculations (CAM-B3LYP /cc-pvdz).
Subsequently, the transition dipole moments between the ground and the excited states are calculated by the TDDFT
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approach which provided the magnitude of 3.3 Debye for the PBTTT cation and 6.5 Debye for the F4TCNQ anion.
The corresponding directions of the transition dipole moments are shown in Fig.

On the basis of the theoretical modeling which is described below in Section IV, we obtain the strength of the
Coulomb interaction of ~ 250 cm™!. Thus, we can determine the distance between the cation and the anion based
on the calculation of the distribution of the atomic partial charges. The calculational details can be found in Ref.
E] The initial parallel 7m-stacked configuration for the ion-pair has been chosen in light of the proposed orientation
in films using solid-state NMR measurements [3]. With varying distance between the ions, we find that the distance
of 4.5 A fits best to rationalize the Coulomb interaction of 250 cm ™' between the cation and the anion.

FIG. S2. Molecular structures of the PBTTT cation (a) and the F4TCNQ anion (b). The directions of their respective
transition dipole moments are indicated by the blue arrows.

III. 2D CORRELATION ANALYSIS

To verify the origin of the oscillations observed in the 2D electronic spectra, we have performed a cross-correlation
analysis of the residuals across w, = w;. The residual R(wy, w-, T) is obtained by subtracting the globally fitted kinetics
from the real part of the total 2D electronic spectra. Then, we calculate the correlation coefficients C' between two
residuals of a pair of conjugated spectral positions in the delay time window up to 2 ps. The delay time steps are
equally distributed with intervals of 10 fs. The correlation coefficients are defined as

C(wt, wy) = corrr{R(wy, wr, T), R(wr, wi, T)}, (S1)

where the correlation is evaluated with the respect to T.

IV. THEORETICAL MODELING AND SPECTROSCOPIC CALCULATIONS
A. Time-nonlocal quantum master equation

For the numerical simulations of the linear and 2D spectra, we have applied the time non-local quantum master
equation M, B] The method is well established and we briefly summarize it here for the benefit of the reader. The
time evolution of the total density matrix p(t), which includes system and bath, is governed by the Liouville-von
Neumann equation with the Liouville superoperator £ according to (i = 1)

p = —i[Ht0t7p] = £p (82)

The total Hamiltonian Hi, = Hy + Hy, + AHg, + A2H,o,, includes the system, the bath, and the interaction and
renormalization terms. For the system with a single degree of freedom x and the bath consisting of an ensemble
of harmonic oscillators Hy, = Zjvzl [p3/(2m;) + mjwix? /2], the coupling between them is expressed in the form
Hg, = f(2) Z;v=1 c;jx; with some real function f(-).

The projection scheme of Nakajima and Zwanzig ﬂa] separates the dynamics of the system and the bath. The bath
is assumed to be in a thermal state represented by the canonical density operator pf)q = exp(—SHy) with a given
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temperature 7' = (kpB)~!. Applying the projector P = pERtrb with trppp? = 1 and its orthogonal complement
@ = 1 — P yields a formally exact quantum master equation for the time evolution of the reduced system density
operator pg(t) = trpp(t) [4] in the form of

t
ps(t) = L py(t) +/ K(t,t)ps(t") + T(t),
0
LT = Lo+ M, Lappp® + A2 Lrens
K(t,t') = MrpLgy (Teftt’ Qﬁdt”) Q(Ly + A ap)pps

T(t) = A try Lo (Tefo‘ Qﬁdt”) Qprot (0) .

Here, piot(0) is the total density operator of system and bath at initial time ¢ = 0. The Liouville superoperators Ls,
Ly and Lo, are associated with corresponding Hamiltonian operators. Moreover, L’;?H - = —i[Hy + Hyen,] and T
is the time ordering operator ﬂﬂ] Next, we expand the correlated thermal equilibrium state up to first order in the
overall system-bath coupling strength A. This yields

B !
pa o L mptmem) 11T (e ) B e )

S (54)
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with the respective partition functions Ziox = trexp(—SHiot), Zp = trp exp(—SHy), and Zg = trgexp(—FGHy). Next,
we take the trace over the system degrees of freedom on both sides of Eq. (84]) and obtain

N
peq _ ie—ﬁHb + )‘7X /,8 dﬂ/e_('g_ﬁ,)Hb Zcimi e—ﬂ/Hb . (85)
b Zy Zy 0 i=1

Here, x = (1/Z)trs [ f(z)e #H:] with the coupling function f(z) defined below Eq. (§2). The well-known bath
correlation function

< dw Bw % dw . - .
c(t) = [m gJ(w) cos(wt) coth <2) — [m gJ(w) sin(wt) = a(t) — ib(t) (S6)
is given in terms of the standard bath spectral density J(w) and has the real part a(t) and imaginary part b(t). After
inserting Eqgs. (§4)) and (S3) into Eq. (S3)), we can express the last three terms of Eq. (S3) in terms of a(¢) and b(¢)
in form

LT = Lo+ N pLrens + Nxpl™,

K(tt) = L~ (a(t — )Tl Lo L= bt — )Tl ﬁsﬁ) , -

0
T(t) = AL~ / at’ [a(t — )T el £ £7 e 4 bt — ') Tl £ ¥ pa] |

with £~ = —i[Hgp,, -] and LT = [Hgp,, -]+ — 2x. The potential renormalization is given in terms of the spectral density
o0
as = [ 2 J(w)/w.

In order to obtain a closed analytic form of the bath correlation function, any given spectral density (in our
articular case, we use the standard Ohmic form) can be approximated by a sum of Lorentzian-like spectral terms

E, 9] according to the decomposition

n

™ Prw

Jw) =3 ; [(w+ 2+ T3][w — Q2 + T3]

(S8)

The spectral amplitudes py, the frequencies € and the widths 'y, follow from the expansion of the original function
in terms of the Lorentzian shapes. Inserting the expanded form of J(w) into Eq. (S)) results in

NP B oy ioneerit] N~ P B N X
a(t) = Z ST coth {2 (Q + i) ™+ } + Z SO,L, coth {2 (Qp — ily) e~ 8 nt=Tut ] 4 3 ZJ(ZVk)e Kt
k=1 — P s
~ Dk iQut— it
b(t) = Z ST (6 Qut =Tyt _ ,—iQxt Fkt) ,

k=1
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with the Matsubara frequencies given by v, = 27k /(.

Next, we rewrite the correlation functions as a(t) = 3,7, afe?* and b(t) = 3", a};e”ﬁvt with n; = 2n, n, = 2n+n/,
where n’ is the number of Matsubara frequencies used. Then, we define new auxiliary ‘density matrices’ which
incorporate both memory effects and initial correlations according to

pr(t) = A (Tefo 'L it / dt'e“t ekt E_peq—i-/ dt =) el Le g ps(t )>

(S10)
P(t) =X (T elo @' e it / dt'e st Y £ pa / (=) Tl dt'Ls ot ps(t’)> :
0 0
The time-retarded Eq. (S3) (first term) can be then deconvoluted into a set of coupled first-order equations as
40 = E21000) 430+ 3k 0.
=t (S11)

F0) = (£alt) +ADPLO - A pult), K= L.
ALt = (L) F AP + AL o), k=1,....m

This set of coupled time non-local quantum master equations was used for the calculations of the quantum dynamics
and the resulting spectra.

B. Linear absorption spectrum

We have used the first-order transition dipole moment correlation function to calculate the absorption and circular
dichroism spectra defined by

+oo
Iw) o [ dte (). (812)

Here, p is the transition dipole moment and the subscript g refers to performing the trace over a thermally equilibrated
bath distribution and R,, , is the distance vector between the monomers m and n. The correlation functions can be

calculated as (u(t)p(0)), = trs{ptrpe =t pup, et}

C. Calculation of 2D electronic spectrum

For the calculation of two-dimensional electronic spectra, we have applied the equation of motion-phase matching
approach (EOM-PMA) established in Ref. [10]. In the EOM-PMA, the induced polarization in the direction of the
photon-echo signal is calculated by the simultaneous propagation of three auxiliary density matrices (p1(t), p2(t), and
p3(t)), each of which obeys a modified effective equation of motion according to

pr(t) = —i[Hy — Vi(t, t1) — V3 (t,t2) — Vi (t,13), p1(t)] — R(£)pu (L),
pa(t) = —i[H, — Vit t1) — V3 (£, t2), p2(t)] — R(t)pa(t), (S13)
—i[Hy — Vi(t,t) — V4 (£, t3), p3(t)] — R(t)ps (1),
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where V,,(t,t,) = )(zﬁlfa_(t_ta)z/ﬂze“"t7 X is the transition dipole operator, I' is the pulse duration, and R is a
relaxation superoperator. All three above master equations were calculated by adopting the TNL method Eq. (SII))
to the auxiliary density operators with the corresponding different time-dependent Hamiltonians. Then, the third-
order induced polarization is obtained as

Ppp(ty,ta, t3, 1) = ™" (X (p1(t) — pa(t) — ps(t))) + c.c., (514)

where the brackets (...) indicate the evaluation of the trace.
The total 2D Fourier-transformed spectrum is then given by the double Fourier transform of the photon-echo
polarization signal with respect to the delay time 7 = t5 — ¢; and t according to

+o0 o0 ) )
SPE(WT, T, wt) ~ / dT/ dteiw}"TelwttPPE (T, T, t) . (815)
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Here, w; is the “coherence” frequency, w; is the detection frequency, and T is “waiting” time given by the difference
between t3 and ts.

For the concrete simulations of the 2D spectra, a multi-processing interface (MPI) has been used to minimize the
simulation time. The coherence time window [—300 fs, 300 fs] was separated into time slices of length dr=2 fs and
each specified time was sent to one CPU core for the calculation. Furthermore, 500 realizations have been used to
account for the static disorder and the average of the interaction between the laser and the molecular transition dipole
moment.

V. MODEL HAMILTONIAN

In this section, we describe the model Hamiltonian used for the calculation of the 2D spectra of the ion-pair. The
total Hamiltonian is separated into the system and environmental part, i.e.,

H = Hmol + Hel’lV7 (816)

where H.,) is the molecular Hamiltonian and H,,, is the part to describe the dissipation from the environment. In
the molecular part, the electronic state of the F,/TCNQ™ anion interacts the PBTTT cation via Coulomb coupling.
Additionally, to fit the feature of the vibrational progression observed in the absorption spectrum, one effective mode
has been assumed which couples linearly to the electronic state of F4,TCNQ™. Thus, the molecular Hamiltonian can
be written as

1 1
Hor = 1g) Qoo+ 2) (gl + ler) | Ep + ofa+ o+ Ma' + )| (er| + lep) Ep {ep| + (ler) V (ep| + H.c.) .(S17)

Here, |g), |er) and |ep) denote the electronic ground state and the excited states of F;/TCNQ™ and PBTTTT,
respectively. € is the vibrational frequency of the effective mode which vibronically couples to the electronic state
ler) with the coupling strength A. Er and Ep are the site energies of the cation PBTTT and the anion F,TCNQ),
which are excitonically coupled with the strength V.

For simplicity, we assume that the dissipative fluctuations are generated by an infinity number of harmonic oscillators
with the Hamiltonian

()2 @), (02 (i) ?
_ P; m; Y @, ¢ lei) teil
Ho= Y 3|25+ A Lt | 519)
2m; 2

(@), (02
i=F/P My ¥j

Here, the momenta of the bath oscillators are denoted by pgl), while their coordinates, masses and vibrational frequen-
cies are denoted by xgl), mgl) and wj(-l), respectively. We assume that the two excited states each couple to their own
bath, but the two baths are assumed to have equal characteristics. The coupling strengths between system and baths
are denoted as cg.z). The baths are characterized by the Ohmic spectral densities Jr/p(w) = np/pwexp(—w/w. r/p)
with the coupling strengths ng/p and the cutoff frequencies w, r,p.

On the basis of this model Hamiltonian, we calculate the linear absorption and 2D electronic spectra. To fit the
experimental results, we optimize the parameters as follows. First, the site energies are calculated based on a quantum
chemistry calculation and then further optimized based on the fitting to the measured data, er = 11450 cm~! and
ep = 12300 cm~!. The frequency of the effective mode is obtained from the absorption spectrum of F4TCNQ ﬂ1_1|] as
Q) = 1500 cm~!. The dimensionless displacement A is refined and optimized by fitting of the vibrational progression.

This yields A = 0.528, and by this, the coupling strength A\ = % = 560 cm~'. In order to obtain the stable
eigenbasis sufficient for numerical convergence, 8 vibrational levels are included to construct the Hamiltonian matrix.
Based on the fitting, we refine the strength of the electronic coupling to the value V = 250 cm™! according to the
parallel transition dipole moments of the ion-pair, which was proposed in the Ref. B] To fit the line broadening in
the absorption and 2D spectra, the parameters of the spectral density are optimized. We find np = 1.0, w r = 400
cm™ ! for the anion FyTCNQ and np = 1.0, w. p = 800 cm™! for the cation PBTTT. In addition, inhomogeneous
broadening is included by site energies which are Gaussian distributed. We have AEr = 70 ecm™! and AEp = 350
cm~'. Moreover, in order to account for the ultrafast deactivation dynamics between the excited state of F;TCNQ
and the electronic ground state, the Lindblad equation is applied to mimic the decay dynamics of the electronic wave
packet via the conical intersection. The Lindblad damping constant v = 50 fs is assumed for the vibrational damping
of all the vibronic states in F4TCNQ to the ground state to fit the kinetics revealed in the measurements.
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VI. LIFETIME OF THE ELECTRONIC COHERENCE BETWEEN CATION AND ANION

In this section, we show the kinetic trace of the peak E (as labeled in the main text) and the corresponding fitting
trace. Both are shown in Fig. It clearly shows strong and rapid dephasing and the electronic coherence completely
disappears within the initial waiting time. We can determine the frequency resolved information by performing the
Fourier transform of the residuals after subtracting the global exponential kinetics from the raw data. We find a
broadband peak located at ~750 cm ™! which clearly manifests the short lifetime of the electronic coherence, which
caused by the strong static disorder of the PBTTT cation and the deactivation of the wave packet via the conical
intersection of the excited state and the ground state of the F,TCNQ anion.
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FIG. S3. (a) Kinetic trace (red) extracted for the peak E at (wr,w;) = (12250, 13000) cm™', which is fitted by the black
dotted line. (b) Oscillatory information superimposed on the kinetics obtained by performing the Fourier transformation of
the residual after subtracting the exponential decay. One broad peak is observed at ~750 cm ™', which perfectly matches the
electronic energy gap between peak B and C.
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