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1 Theoretical Model
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Figure S1: (a) A representative 5x5x4 tetrgaonal COF structure highlighting the impor-
tant electronic interactions. (b) Schematic showing coupled units hosting a positively charged
“hole” polaron. (c). Nuclear potential wells corresponding to the aromatic-quinoidal stretch-
ing mode, Q, in the ground and excited electronic states for each isolated molecular unit.

We introduce a three dimensional Holstein model for polarons for our analysis of the
mid-IR absorption spectrum of COF's in the presence (or absence) of chemical dopants. A
simplified 5x5x4 COF structure highlighting the important electronic interactions is shown
in Fig. Sla. The COF 2D plane is taken to be along the x and y axes respectively while the
2D layers are m-stacked along the z-axis. Every unit in the three dimensional framework is
identified by a coordinate (m,n,0). Our treatment of polarons in 2D-COFs is coarse-grained,
retaining the local HOMO of each molecular unit as depicted in Fig. S1b. A polaron/hole on
any site is a half-filled HOMO, which is coupled to the neighboring units in the 2D x-y plane

via the charge transfer (CT) integrals, tintrq—s and tiuq—y respectively. Similarly, inter-
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framework coupling via through space m-7 interactions, which arises from the wave function
overlap between the HOMOs of neighboring units on adjacent layers, is governed by t;er—»-
Hence, vibronically mediated electronic coupling induces three dimensional delocalization
of the hole over the entire 3D framework. The creation of a (hole)-polaron on a particular
site is accompanied by significant nuclear relaxation along the dominant aromatic-quinoidal
stretching coordinate which is responsible for the pronounced vibronic progression in the
UV-vis spectrum of most conjugated organic materials.!™ The associated vibrational fre-
quency, wyp, is approximately 0.17 eV/h with a Huang-Rhys factor, A2, of approximately
one. In order to model chemically doped COF films, we also include the Coulomb interaction
between the dopant counter-anion and the hole. In the vector subspace containing a single
hole and one counter-anion within a NxN XN disordered framework, the total Hamiltonian

can be written as,*®

Htotal = HO + Hdisorder + Hcoulomb (]‘)

The first term in the Hamiltonian is the Holstein Hamiltonian and is given by,
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The first three terms in H, represents the local hole’s kinetic energy and A is taken

to be 1. The operators df, , , and d,, n, respectively create and annihilate a hole on the

o

m nt" o™ unit in the 3D framework. The last three terms in H, account for the local

vibronic coupling involving the symmetric aromatic/quinoidal vibration with energy, hw,;, =



0.17eV. The operators by, . ,(bymn.0) Tespectively create (annihilate) a vibrational quantum
on the m™ n' ot" unit in the framework- the unit at (m,n,o) - within the ground (Sp)
potential well. The Huang-Rhys (HR) factor, \?, represents the geometric relaxation energy
experienced by a single repeat unit upon oxidation (in units of hw,;). The HR factor is
nonzero whenever the ground and cationic potential wells are shifted relative to each other
as shown in Fig.S1b. In all the calculations we have set A?>=1. Finally, the Hamiltonian
omits a constant term representing the zero-point vibrational energy as well as the on-site
polaron energy. As we are interested only in the transition energy between the eigenstates,
such terms are not important for our analysis.

The Hamiltonian is modified to include spatially uncorrelated energetic site disorder
which arises due to in and out of the plane fluctuations in the torsional angles, chemical
defects in the framework, presence of inhomogeneous electric fields etc. Disorder in polymeric

materials can be efficiently represented as random fluctuations in the hole’s site energy,

Apnno, when the hole is located on the (m,n,0) unit.”
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The deviations, A,, ,, o, are randomly selected from a Gaussian distribution with standard

deviation o:

P(Apno) = (270%) 7 exp(— A2 00/202) (4)

For undoped COFs, we only consider the first two terms in eq.1. For doped COFs, we
also consider the third term, i.e, the electrostatic attraction between the dopant counter-
anion and the hole. In the simplest manifestation, the anion is considered to be a negative

point charge. Treating the holes as point charges, the Coulomb attraction is given by,
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where 7,,,,, is the position vector identifying the m® n' o' unit while 740, is the

position of the dopant anion. Finally, in Eq.5, € is the vacuum permitivity and e is the

(unitless) relative permittivity.

1.1 Basis Set

Under the two-particle approximation, the single-hole basis set used to represent H, in
Eq.2 is truncated to include one- and two-particle states, analogous to the one and two-
particle states used in treating neutral excitons.'™!° In a single-particle state, denoted as

th oth ynit in the framework with ¢ vibrational quanta

|m, n, 0,7, a hole resides on the m** n
in its shifted S, potential well. The remaining N® — 1 monomers are in their vibrationless
ground states (filled HOMO with no vibrations in the Sy well). In a two particle state,
denoted |m,n,o,9;m’,n’,0,v"), the monomer (m,n,o) is vibronically excited with ¥ vi-
brational quanta in its shifted S, potential well while monomer (m’,n’,0') is vibrationally
excited with v > 0 vibrational quanta in the unshifted Sy potential. The remaining N° — 2
monomers are in their vibrationless ground states. The Holstein Hamiltonina represented
in the multiparticle basis set has been very successful in accounting for the spectral proper-
ties of molecular aggregates as well as conjugated polymers in the mid-IR* ! and UV-Vis

regions. '3

2 Infrared Absorption and Polaron Coherence

We begin with the expression for the spectrum polarized along the direction j

A1) = { S g Wislhe = (B - Eg>]>c (6)

Here, the index j(= x,y, z) indicates the polarization, with x and y lying in the COF
plane and z is along the stacking (interframework) axis. The sum in Eq.6 is over all the

polaron excited states and < ... >, represents an average over many site-energy disorder



configurations. For our analysis, we typically employ 5000 disorder configurations to obtain
spectral convergence. The oscillator strength, f7*, involving the transition between the
polaron ground state, |V > and an excited state |¥,, > (both of which generally dependent

upon the disorder configuration) is given by the oscillator strength,

2me

B ser

(Eex - Eg)|<¢G|lij|¢ex>|2 (7)

where the vector dipole moment operator in Eq.7 is given by,

[:l’ =€ Z Tm,n,od;rn,n,odmyn,o (8>

arises from the interaction of the infrared electric field E and the hole, through the

interaction term given by,

H’interaction = l:l'E (9)

In Eq.8, Tmno = Mdintra® + Ndintray + Ndintery is the position vector locating the (m,n, o)
unit, z, ¢, and Z are the unit vectors along the x, y and z-axes, respectively, and d;s-, and
dinter are the nearest neighbor distances between repeat units in and out of the COF plane
respectively. Finally, Wpg in Eq.6 is the homogeneous line shape function having a narrow
Gaussian with a standard deviation of 0.05 eV, much less than the inhomogeneous width, o
= 0.25-0.3 eV that has been used through out this work.

The mid-IR spectrum for the light polarized along each axis (x,y,z) is calculated along
with the corresponding polaron coherence function. By quantitatively fitting the measured
infrared spectrum, we can extract information about the polaron delocalization lengths, i.e.,
how far the hole delocalizes along the intraframework (x,y) and interframework(z) directions.
We have developed a direct relationship between the mid-IR infrared spectrum and the hole

coherence function which is given by,
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where dintra—z(fintra—z)s dintra—y(fintra—y)s a0d dinter— (finie,_,) are the nearest neighbor

distances(total absorption) along the x,y and z directions respectively. C,(r) is the three-

dimensional coherence function describing hole delocalization and is given by,

Cp(r) = <<‘I’G| > dhdrir |‘I’G>> (13)
R c

Here, R = (m,n,o0) is a dimensionless position vector. When r=0 the coherence reduces
to unity, C'p[(0,0,0)] = 1, since > deR is the operator for the total number of holes, which
is taken to be unity. ’

Eq.’s 10, 11 and 12 show that the total oscillator strength for light polarized along the
direction j(= z,y, 2) scales as the polaron coherence for a separation of one unit along
that direction (x,y,z). Since Cp[(0,0)] is unity independent of disorder, we can begin to
appreciate the width of the coherence function in each direction using Eq.s 10, 11 and 12.

These equations therefore provide a direct link between the polarized components of the
infrared absorption spectrum and the spatial coherence lengths in the intraframework(z, y)
and interframework (z) directions, respectively. In the limit of highly mobile holes along

(z,y, z), where Cp[(1,0,0)] (Cp[(0,1,0)]) (Cp[(0,0,1)]) approaches unity, f Lot

intra—x> Jintra—y>

fﬁepy are largest, while in the opposite extreme of completely trapped holes, Cp(r) =

and
Cp[(0,0,0)]0,,0,0,0) , the oscillator strength vanishes in either direction. This makes sense,

as the polaron transitions induced by infrared excitation involve a moving charge. Fig.1d,f



in the main text show the two extreme scenarios; in the case of an ideal polymer with no
site disorder, all the repeat units have the same site energy. As a result, the hole can easily
delocalize from the one side of the chain to the other. On the other hand, in the presence of
high site disorder, (¢ = 0.3 V), the hole gets trapped on a site having sufficiently low energy.
If a polaron is trapped on a site with sufficiently low energy, it cannot respond to the external
electric field and the oscillator strength vanishes. Interestingly, the total oscillator strength
for polaron absorption is not conserved with changing disorder, in marked contrast to exciton
absorption, where a loss of oscillator strength in one spectral region is compensated by an

increase in oscillator strength in another region. %3

3 Origin of Peaks A and B
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Figure S2: Energy level diagrams for peaks A and B.

The fundamental nature and origin of peaks A and B and the full mathematical deriva-



tions can be found in Refs. 6, 7, 8. In the absence of disorder and vibronic coupling, Peak B
in any direction (x,y,z) is an electronic transition from the polaron ground state to the next
higher electronic state in that direction. The transition energy along any direction (x,y,z)
is determined by the strength of the electronic couplings (tintra—z;tintra—y:tinter—y) along that
direction. However, in the presence of disorder and vibronic coupling, the initially dark
state, having an energy close to a vibrational quantum of the vinyl stretching mode becomes
optically active as it borrows intensity from the dominant peak B, a property that can be
understood in terms of Herzberg-Teller coupling mechanism.%” Even in the presence of high
site disorder, peak A remains surprisingly narrow while peak B broadens due to pertur-
bation theory and Herzberg-Teller coupling mechanism. The spectral intensity of peak A
relative to B is a very important signature of polaron coherence consistent with experimental

observations.

3.1 Effect of Strong Coulomb Binding on peak B

When the anion (dgpion < 0.4 nm) is placed in very close proximity to the framework, the
strength of Coulomb binding is very strong and overrides disorder induced effects. In this
regime of very strong Coulomb binding, even slight changes in the dgui., value results in
significant blue shift of peak B as shown in Fig.S3b. Strong Coulomb binding between the
electron and hole impacts the energy of the nearby repeat unit and isolates it energetically
thus resulting in a drastic drop of the polaron ground state energy as shown schematically
in Fig.S3a. Hence, the transition energy, from the polaron ground state to the first excited
state is quite high in this regime. The ground state energy does not drop drastically when
the strength of Coulomb binding is not in the very strong regime (dunion > 0.4 nm) or

comparable to disorder induced effects.
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Figure S3: (a) Energy level diagram for peak B. (b) Infrared absorption spectrum as a
function of dgyi0n in the very strong Coulomb binding regime.

4 Crystalline vs Amorphous Frameworks
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Figure S4: (a-b) Schematic representations of crystalline and amorphous frameworks having
delocalized and localized polaron cloud, respectively. (c) Hole absorption spectrum in the
mid-IR energy range for a hole in a 9x9 tetragonal COF framework having a pore size of
3 nm for different values of 0. An average over 5000 disorder configurations was performed
for each spectrum to guarantee convergence.

In Fig. S4, we characterize the impact of increasing disorder on the total absorption
spectrum for a hole in a 9x9 2D tetragonal lattice. As the disorder width (o) is gradually
increased, i.e, as we transition from a perfectly crystalline(Fig. S4a) framework to an amor-

phous framework(Fig. S4b), the spectral signatures follow the same trend as discussed in
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the main text. Increasing o results in a dramatic loss of oscillator strength, blue shift and
broadening of peak B, reduction of the coherence lengths, and a decrease in A/B peak ratio.
The total polaron coherence numbers N, (approximately equal to the product of N, and

N,) as a function of ¢ are reported in the inset of Fig.S4c.

5 Importance of Polarized Measurements on Oriented

COF films
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Figure S5: Schematic representations of 5x5x4 frameworks with: (a) perfect 3D order, (b)
inter-framework /columnar defects; (c) intra-framework/in-plane defects, and (d) both inter-
and intra-framework defects. The associated hole absorption spectra for all the four scenarios
are shown in (e-h).

We focus on the impact of electronic defects on the IR spectrum of a 5x5x4 framework

hosting a single hole and having a pore size of 3 nm with each repeat unit in the COF plane
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separated by a distance of 1.5 nm. The 7 stacking distance between the 2D sheets is taken
to be 0.4 nm. In our simulations, we consider four different scenarios as illustrated in Fig.
SH(a-d).

In the first scenario, we consider an ideal defect-free 3D framework (Fig.S5a), i.e., all the
sites have been given the same random energy. We assume slightly different values of ¢4
(0.25 eV) and tptrq—y (0.22 €V) in order to distinguish between the x and y components of
the IR spectrum. The disorder width (o) in all the four cases is taken to 0.3 eV. The total
absorption is shown in black while the z, y, and z components are shown in blue, violet,
and red, respectively. The polaron wavefunction is approximately spread over N, = 4.0,
N, = 3.82, and N, = 3.58 units along the x, y and z directions, respectively. In the
second scenario, we consider only inter-framework columnar disorder(Fig.S5b), with perfect
crystalline connectivity and planar arrangement of the monomers within the 2D sheets, and
disorder only exists between the molecular stacks. As shown in Fig. S5f, gradual increase in
the inter-framework disorder results in the selective attenuation of the spectral intensity and
drop in coherence length only along the z component (red) compared to the disorder-free
spectrum (Fig. Sbe). While the polaron delocalization lengths along = (N, = 3.93) and y
(N, = 3.73) remain relatively unchanged, the polaron delocalization lengths along z drops to
N, = 2.03 units. In the third scenario, disorder only exists in the 2D sheets and the perfectly
aligned stacks are essentially defect-free(Fig.S5c). As shown in Fig.S5g, disorder selectively
attenuates the x and y components in the 2D plane, while leaving the z component relatively
unchanged. The coherence lengths follow the same trend as shown in the inset of Fig.SHg.
Finally, in the fourth and most realistic scenario, we consider both intra- and inter-framework
disorder(Fig.S5d) which lead to spectral attenuation of all the three components. The overall
polaron cloud further contracts and is now found to approximately spread over N, = 2.19,
Ny, = 1.93, and N, = 1.78 units along the x, y, and z directions, respectively. Increasing
disorder along any axis results in the shrinking of the coherence function, attenuation of

the spectral intensity, blue shift and broadening of peak B, and a decrease in the A/B peak
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ratio along the same axis. Therefore, the relative position of the peak B maximum and the
ratio of the A/B peak directly correlates with polaron coherence. This implies that a small
(large) A /B peak ratio along any axis (z, y, and z) can be readily interpreted as a measure of
polaron delocalization lengths along that axis, thus highlighting the importance of polarized

infrared absorption measurements in 2D organic materials.

6 Parameters for Figures

We report the parameters that have been used to simulate the mid-IR absorption spectrum
for each figure within the main text as summarized in the tables below.

In Fig. 1(a-c), we have taken a 9x9 tetragonal COF structure, i.e, having 9 and 5 units
along x and y directions in the COF plane alternatively and having a pore size of 3 nm. The
difference between the three structures is the manner in which disorder has been introduced
in the lattice. In long range domains, we have taken a perfectly crystalline lattice, i.e,
having no disorder and all the units in the lattice have the same site energy. In medium
range domains, within each disorder configuration, every site starting from the 6 repeat
unit, as illustrated in the main text, is give a site disorder having a random energy, A, 0,
with standard deviation (o) of 0.3 eV. Finally, in short range domain, all the units within
each disorder configurations are given a site disorder having a random energy, A, ,, ,, with
standard deviation (o) of 0.3 eV. In order to obtain absolute spectral convergence, 5000
disorder configurations were done for all the panels. All the remaining parameters are given

in the table below.
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Table S1: Parameters for the Holstein Hamiltonian in Figure 1g,1h,1i.

Figurel(g,h,i) | Long/Medium/Short Range Domains
Lattice dimension 9%x9
tintra—z 0.20 eV
Lintra—y 0.20 eV
o 0.3 eV
r 0.05 eV
Woib 1400 cm ™t
A2 1

In Fig.2 we show how changing the position of the anion relative to the framework
anisotropically impacts the intra- and interframework components of the absorption spec-
trum and the polaron coherence numbers. Therefore the only changing parameter is the

relative position of the anion. All the remaining parameters are given below.

Table S2: Parameters for the Holstein Hamiltonian in Figure 2.

Figure2 Effect of dopants
Lattice dimension 3x3%xH
tintra—a 0.14 eV
Lintra—y 0.14 eV
tinter—z 0.025 eV
o 0.25eV
r 0.05 eV
Waib 1400 cm ™!
A2 1
€o

7 Comparison to Experiments

The parameters used for all our comparison to experiments is shown in TableS3.
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Table S3: Parameters for the Holstein Hamiltonian in Figure 3b,4b,5

Figure3b,4b,5 | Comparison to Experiments
Lattice dimension 3x3x5
Lintra—z 0.14 eV
Lintra—y 0.14 eV
Linter—» 0.025 eV
o 0.25eV
r 0.05 eV
Waib 1400 cm ™t
A2 1
€0 2

7.1 Transfer Integrals

For our comparison with experimental measurements, we have used the intra-framework and
inter-framework nearest neighbor coupling values calculated for prototypical iodine doped
COFs.'9 In Ref. 19, the in and out of plane integrals were calculated for a series of doped COF
structures having different building blocks and functional groups and most of the calculated
values are similar to what we have used for our analysis. In Fig.S6, we report our comparison
to experiment with slight variations in the parameters. Keeping all the parameters defining
the hamiltonian as shown in TableS3 fixed, the intra-framework coupling was changed to 0.12
eV. The corresponding simulation is shown in Fig.S6a. Even decreasing the intra-framework
coupling by half (¢;,4rq—z, = 0.07 €V) results in a slightly bad fit (Fig.S6b), in the sense, we
do not get the ratio of A/B to agree perfectly with the measured spectrum. However, all
our conclusions discussed in the main text remain unchanged. We get similar agreements or

slight differences when varying the inter-framework couplings.

7.2 Vibronic coupling

Most conjugated organic materials vibrate along the prominent aromatic to quinoidal stretch-
ing mode that occurs around 1300-1400 cm™!. Keeping all the parameters as shown in Table

S3 fixed, we repeated the simulations using 1300 cm ™! which gives an equally good fit with
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Figure S6: (a) tintra—zy = 0.12 €V. (b) tintra—zy = 0.07 eV. (¢) wyp = 1300 cm™ (d)
Simulated spectrum as a function of HR Factor(s).

the experimental measurement as shown in Fig. S6c.

7.2.1 Huang Rhys Factor

The Huang-Rhys (HR) factor (\?) represents the geometric relaxation energy experienced
by a single repeat unit in the framework upon oxidation (in units of fw,;). The HR factor is
nonzero whenever the ground and cationic potential wells are shifted relative to each other
as shown in Fig. S1b. We have used a HR factor of one for our simulations. In Fig.S6d,
we show how the simulations respond to varying A2. Gradually increasing the value of \?
results in a drop in the spectral intensity. However, the most important features relevant for
our analysis, i.e., the relative positions of peak A and B and the ratio of peak A/B remain

relatively unchanged and our conclusions still hold.
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7.3 Effect of topology

Figure S7: Schematic showing localized polaron wavefuction due to very strong Coulomb
binding with the counter-anion that resides in close proximity to the backbone.

Our quantitative comparison with the measured absorption spectrum involves the config-
uration where the presence of the anion greatly localizes the polaron wavefunction to slightly
greater than one unit along the x and z axes. This subspace is inherently present in all COF
topologies as shown schematically in Fig. S7. Had we used a different topology (for eg.
hexagonal /trigonal /kagome) and kept all the remaining parameters defining the Hamilto-
nian unchanged (Table. S3), we would still get very similar agreements with the measured
absorption spectrum. We anticipate the trigonal arrangement to exhibit slightly different
spectral signatures and this will be reported in a forthcoming study. However, none of the
comparisons to experiments in this study involve a COF which has a trigonal topology. The
effect of topology may become more prominent in the case of unbound holes which, being free
to delocalize over the entire framework, can take advantage of the 3D topological arrange-
ment. In such scenarios, the spectrum may slightly vary and the inter- and intra-framework
components will be different. Additional experiments and theoretical studies are needed to

completely characterize the impact of topology on charge migration in 2D-COF's.

7.4 Effect of d ..,

When the anion is placed at a distance of 0.36 nm from the framework backbone (1.14
nm from the center of the pore, Fig. S8b), the simulated spectrum is in good agreement
with experimental measurement (Fig. S8a). However, the anions are not fixed and they

are moving around in the COF matrix. Therefore, placing the anion just at one position
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is unrealistic and the anion can be present at various locations inside the pore. In our
simulations, when we place the counter-anion at distances between 0.30 nm and 0.45 nm
from the framework and take the average, the simulated absorption spectrum gives an even
better fit as shown in Fig. S8d. Commenting on the precise location of the anion inside the
framework is beyond the scope of our theory. However, our analysis shows that the anions
preferentially reside at a distance of 0.3 nm -0.45 nm from the framework backbone such

that the the polaron wavefunction is greatly localized.
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Figure S8: (a) The total absorption spectrum (inter-intra) fitted to the measured spectra
of iodine doped TANG-COF using one anion position as illustrated in (b). (b). The anion is
positioned between the second and third layer at a distance of 0.36 nm from the framework
backbone (x axis) and 1.14 nm from the pore. (c) The total spectrum (inter-intra) for
several anion positions. (d) The averaged absoprtion spectrum from different anion positions
as shown in (c) quantitatively agrees with the measured spectrum. The inter- and intra-
framework components are also shown.
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