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M
olecular self-assembly represents
a powerful bottom-up approach
to build nanoscaled functional

materials.1,2 It rests on the autonomous
organization of molecular components de-
fined by their shape, charge, polarizability,
etc. and takes advantage of kinetically labile
supramolecular bonds to interact and pro-
duce systems of increasing complexity.3�6

This intrinsic supramolecular mobility leads
to ordered nanostructures upon equilibra-
tion between aggregated and nonaggre-
gated states, thus providing a number of
interesting properties such as error correc-
tion, self-healing, and high sensitivity to
external stimuli.7,8

The resulting soft materials are typically
characterized by multiscaled organization
based on hierarchically arranged meso-

structures.9�12 Their distinctive feature is a
limited disorder: the structures are well-
ordered at a microscale, but, because of

symmetry conflicts or kinetic reasons, are
organized differently at larger length-scales.
Understanding of correlations between the
chemical structure of the primary molecular
constituents and the protocol of system
preparation on one side, and the resulting
hierarchical organization and its macro-
scopic characteristics on the other side, is
a challenging and rarely feasible task.13�16

The extreme complexity of such soft ma-
terials prohibits direct simulation of their
properties starting from the atomistic level.17

However, one can adopt a different approach
involving target-oriented experiments com-
bined with hierarchical analysis18,19 of the
system including (1) atomistic simulations
at short scales, (2) statistical physics meth-
ods at mesoscales and (3) materials physics
models atmacroscale. This approach is used
here to study self-organization of chem-
ically tailored derivatives of triarylamines
(TAA) capable to fibrillize upon simple
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ABSTRACT By using a combination of experimental and theoretical tools,

we elucidate unique physical characteristics of supramolecular triarylamine

nanowires (STANWs), their packed structure, as well as the entire kinetics of

the associated radical-controlled supramolecular polymerization process. AFM,

small-angle X-ray scattering, and all-atomic computer modeling reveal the

two-columnar “snowflake” internal structure of the fibers involving the

π-stacking of triarylamines with alternating handedness. The polymerization

process and the kinetics of triarylammonium radicals formation and decay are

studied by UV�vis spectroscopy, nuclear magnetic resonance and electronic paramagnetic resonance. We fully describe these experimental data with

theoretical models demonstrating that the supramolecular self-assembly starts by the production of radicals that are required for nucleation of double-

columnar fibrils followed by their growth in double-strand filaments. We also elucidate nontrivial kinetics of this self-assembly process revealing sigmoid

time dependency and complex self-replicating behavior. The hierarchical approach and other ideas proposed here provide a general tool to study kinetics in

a large number of self-assembling fibrillar systems.

KEYWORDS: supramolecular polymers . fibrils . self-replication . triarylamines . light-triggered self-assembly
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exposure to visible light producing highly conductive
supramolecular triarylamine nanowires (STANWs),
Figure 1.20,21 In particular, we explore in detail the
hypothesis that this structuring process can occur as
a result of highly intriguing synergistic phenomena
that start with the light-induced formation of triaryl-
ammonium cationic radicals.
More generally, we explore three alternative ways of

provoking the fibrillization from initially stable mono-
meric TAA1 solutions: (a) by light exposure, (b) by
chemical oxidation and (c) by seedingwith similar fibril
fragments. The characteristic sigmoid self-replicating
curves and surprisingly long memory effects are regis-
tered in all the cases. To elucidate these effects, we
perform detailed structural and kinetic analysis of
model TAA systems, establish the underlying autoca-
talytic reactions and obtain their main parameters. In
particular, we uncover the stimuli-induced multistage
mechanisms of the radical-controlled TAA polymeriza-
tion and predict quantitatively the long-time kinetics
and stability of radicals in excellent agreement with
EPR data. These goals are achieved by combining
experimental techniques, atomistic simulations and
continuum statistical and kinetic models.
The properties and performance of functional self-

assembling organic materials are defined by their
molecular organization. Here we deal with such com-
plex organization involving both neutral TAA mol-
ecules and their cationic radicals forming columnar
aggregates. We performed extensive atomistic simula-
tions revealing their full structure, which is shown to be
in agreement with AFM and XRD experimental data.

It turns out that the radicals can aggregate with
themselves and with neutral triarylamines by charge
transfer in conjunction with hydrogen bonding, π�π
stacking, dipole�dipole and van der Waals interac-
tions. This coalition of interactions leads to formation of
molecular double “snowflake”wires, which can combine
into very strongly packed bundles of larger and stiffer
fibers.
The light-induced aggregation is marked by drastic

changes of the 1H NMR spectra and of the solution
color attributed both to the presence of the radicals
and to the structuring. The radical-controlled TAA self-
assembly yielding very stable fibers can be controlled
by a combination of light and electric field triggers.22,23

It has been used for spatially precise interconnection
of electrodes producing outstanding conductivity of
metallic character.24,25 As we show below, it is likely
that this high charge conduction is related to the
natural presence of cationic radicals stabilized in the
fibrils and providing its autodoping. Importantly, the
obtained interatomic distances between the neighbor-
ing stacked molecules are compatible with continuous
pathways of overlapping π-orbitals allowing an effi-
cient charge transfer along the nanowires. Therefore,
the present detailed study regarding the radical con-
tent, theways to control it in STANWs, and other results
could facilitate construction of advanced functional
and dynamic electroactive materials.

RESULTS AND DISCUSSION

Autocatalytic Self-Replication of Fibrils: Initiation and Kinetics.
AsolutionofTAA1 in chloroform is light-yellow right after

Figure 1. (a) Schematic representation of the supramolecular self-assembly obtained from an amide-modified triarylamine
upon light irradiation. (b) The corresponding AFM image of the self-assembled fiber. (c) The amine molecules used in
experiments (TAA1) and in modeling (TAA2, TAA3) and (d) the oxidant TBQ.
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purification. It proved stable for a long time if kept in the
dark in the absence of oxidation. However, when ex-
posed to visible white light for a few minutes, it changes
color to light-green. This transition is marked by a full
disappearance of the NMR signal from the aromatic,
aliphatic ether and acetamide protons, while the main
aliphatic chain signal remains intact. These changes
persist for a few weeks in the dark and are attributed to
the self-assembly of TAA (see section SI.2 in the Support-
ing Information, SI), which thus can be conveniently
monitored by NMR.20

The aggregation process turns out to be very fast
in the case of light exposure for more than 5 s: in this
case, the first NMR spectrum already shows a complete
transformation from monomeric resonance signals to
those characteristic of the aggregated state. Interest-
ingly, the situation is different with a short irradiation
pulse, which has a long-time impact on the solution:
Upon just 1 s of irradiation, no noticeable change
occurs during the first 15�20 min. The aggregation

then starts in the TAA1 solution and it finally transforms
into the fully aggregated state in about 2 h (Figure 2.Ia).
The self-assembly curve thus shows a sigmoid shape,
which is typical for an autocatalytic process.

Similar sigmoid aggregation curves are produced
on addition of catalytic quantities of chemical oxidant,
or when the solution was “seeded” with an already
fibrillized TAA1 material, Figure 2.Ib,c. These observa-
tions confirm the idea that while the presence of
radicals may trigger the aggregation, the fibrils in
TAA1 solutions are absolutely stable thermodynami-
cally even in the absence of radicals.

We showbelow that the aggregation curves Figure 2.I
are a valuable source of information on the kinetic path-
ways and the final self-assembled structure. For the first
illustration we choose the case of the oxidant trigger,
2,3,5,6-tetrabromobenzoquinone (TBQ) (Figure 2.Ic). In-
deed, this additive strongly oxidizes TAA producing the
radicals, TAA•þ and TBQ•�. The reverse reaction is sup-
pressed energetically and can be neglected. Therefore,

Figure 2. Autocatalytic fibrillization of TAA in chloroform solutions. (I) Time-resolved NMR data on the fraction w of self-
assembled TAA1molecules in CDCl3: (a)w vs time t in a fresh solution (cA = 10mM) after a short (1 s) light pulse at t = 0. (b) The
data on aggregation in a nonirradiated fresh solutions (cA = 1mM) initiated by “seeding”with 10, 0.1 and 0.01% of irradiated
molecules added at t = 0. (c) w vs t for TAA1 solutions (cA = 10 mM) prepared with added TBQ oxidant and the theory curves
(t1 and γ are treated as the fitting parameters for each curve). Oxidantmolar fractions are (from the left to the right) pO = 10, 5,
1, 0.5, 0.1, 0.01%. (II) Analysis of the TBQ-induced fibrillization data from the panel Ic: (a) The characteristic fibril growth time t1
vs pO

�1/2, where pO = cO/cA is the relative concentration of the oxidant. (b) The dependence of the reduced nucleation rate γ on
pO deduced from the NMR data (black curve); the theoretical dependence for n = 3 (red line). (c) The degree of aggregation
w vs reduced time t/t1�Δτ. The NMR data (symbols as in (Ic)) are compared with the master theory curve, eq 5 with constτ ≈
�12.8 (black solid).
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the number of radical aminesmust be nearly equal to the
number of oxidant molecules.

The early stages of aggregation are studied by all-
atomic calculations based on TAA3 model shortcut
molecules (see section SI.8 in the SI). The radicals TAA•þ

and oxidant anions form stable charge-transfer (CT)
complexes TAA•þTBQ•� (Figure 3a) with high dissocia-
tion energy, Eca ≈ 58kBT, meaning that in practice the
dissociation is prohibited.26,27 Being electric dipoles,
the charge-transfer complexes can effectively assem-
ble in supramolecular stacks: the scission energy sta-
bilizing these stacks is ≈28kBT for dimers and ≈31kBT
for long stacks (Figure 3b). Moreover, the initial cation�
anion columns attract neutral TAAs at their ends via

aromatic stacking and H-bond interactions (Figure 3c).
The long enough single columns eventually form double
columnar (DC) structures (Figure 3d) stabilized mainly
by the intercolumnar H-bonding and side-to-side van
derWaals attractions (the lateral attraction energy gain
is ≈14kBT per neutral TAA molecule involved in the
H-bonding). The DC aggregates are very stable: they
can effectively trap new TAA molecules at their ends
(the corresponding energy gain is Eas

(2) ≈ 18kBT)
27

serving as nuclei for the further end-growth of the
fibrils, Figure 3e. As long as free TAA•þTBQ•� com-
plexes are still present in the solution, they can also
enter into the growing fibrils producing defects, which
are weak points in the fibril structure (see Figure 3f). On
a long time scale it tends to break at a defect (see
Figure 3g);28 the fibril scission energies are ≈55 and
≈41kBT, respectively, for the regular double stack and
for a defect point (corresponding to∼106 times higher
probability to break at a defect).

The kinetics of this multistage self-assembly pro-
cess can be described in terms of two basic quantities:
the number of fibrilsm =m(t) and the total number of
aggregated amines M = M(t). If cA and cO are the total
molar concentrations of TAA and TBQ in solution
(pO � cO/cA is the oxidant fraction, which is supposed

to be low), and c, cþ are concentrations of free TAA
molecules and of free cation�anion complexes, re-
spectively, then cþM = cA; cþ ≈ cpO. The kinetic
equations are

dM
dt

¼ k(c � c�)m,
dm
dt

¼ λMpO þΓn (1)

Here kc is the rate of association of dissolved TAA
molecules at a fibril end and kc* = const is the fibril
dissociation rate, which is neglected hereafter since
the critical association concentration c* is extremely
low: c* , cA (see the next section). The λ-term in the
second equation accounts for the formation of new
fibrils by scission at the defects (MpO is the total
number of radical-defects in the fibrils), Γn = k0cþ

n cν is
the fibril nucleation rate, and k, k0 and λ are the relevant
rate constants (the critical nucleus (TAA•þ)nTAAν is
assumed to involve both radical cations and neutral
amines, cf. Figure 3d).

The phenomenon of fibril self-replication is pro-
nounced if the initial nucleation rate Γn ≈ k0pO

ncA
nþν is

much lower than the maximum scission rate λcApO:

γ, 1, γ � Γn=(λcApO) � (k0=λ)pn � 1
O cnþ ν � 1

A (2)

In this case the self-assembly in accordance with eq 1
follows the universal curve:

w=1 � exp( �μ), τ ¼ arcosh(1þ μ=γ)þj(μ) (3)

where the weight fraction of the aggregated amines
w � M/cA and the reduced time

τ � t=t1, t1 ¼ (kλpOcA)
�1=2 (4)

are related implicitly via an auxiliary variable μ and the
universal function j(μ):

j(μ) ¼
Z μ

0

1ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μþ exp( �μ) � 1

p � 1
μ

 !
dμ

This model reproduces very well (with fitted t1
and γ) all the experimental NMR data on the kinetics

Figure 3. Oxidant-induced aggregation kinetics in TAA solutions: (a) Oxidation of monomeric TAA by TBQ produces the
radical ion pair TAA•þTBQ•�. (b�g) The main stages of the critical nuclei formation and subsequent fibril multiplication in
TAA solutions with added TBQ: (b) Association of TAA•þTBQ•� ion pairs. (c) End-attachment of neutral TAAmolecules. (d) The
critical nucleus formationwith n= 3 TAA•þ radicals, and (e,f) further growth of the bicolumnar fibril by end-attachment of free
amines. (g) Self-replication by scission at defect points.

A
RTIC

LE



NYRKOVA ET AL. VOL. 8 ’ NO. 10 ’ 10111–10124 ’ 2014

www.acsnano.org

10115

of the TAA aggregation for various oxidant concentra-
tions, pO (cf. Figure 2.Ic).

The dependence of the obtained growth time t1 on
the oxidant concentration pO is shown in Figure 2.IIa.
We plot pO

�1/2 along the horizontal axis as our theory
predicts that t1� pO

�1/2. The plot shows that t1 is indeed
nearly linear in pO

�1/2. However, the experimental de-
pendence t1 vs pO is weaker than the theoretical
prediction. In particular, it seems that t1 tends to a
finite constant rather than to 0 at high pO. This devia-
tion is expected since the theory is valid for small
γ , 1, while this condition is violated at high pO (see
Figure 2.IIb). The latter regime corresponds to a high
nucleation rate, γ J 0.1, when the self-replication of
fibrils is less important and the dependence of t1 on pO
becomes weaker. A similar effect is also expected at
very low pO j 10�5: in this regime the homogeneous
scission of fibrils is competitive with the scission at the
extremely rare defects associated with the radicals.

The dependence of the parameter γ on pO is shown
in Figure 2.IIb. It is obvious that it is close to γ � pO

2 ,
which points to n = 3, eq 2. We thus deduce that the
critical nucleus in the systemswith TBQ oxidant should
typically involve n = 3 radical cations (TAA•þ).

To perform a more detailed comparison, we note
that the theoretical curves w(τ) eq 3 for various γ have
nearly the same shape as long as γ, 1: the curves are
simply shifted one with respect to another along τ
giving the universal dependence

w ¼ wuniv(τ �Δτ), with Δτ ¼ constτ � lnγ (5)

where wuniv(τ) is a universal function, independent of
any material constant. Therefore, we predict an essen-
tially universal growth of the aggregated fraction w in
terms of the appropriate time parameter τ~ = t/t1 �Δτ
(i.e., with appropriately shifted and rescaled time). In
other words, the fibril growth time t1 is nearly inde-
pendent of γ; it is just the lag-time before the growth
that crucially depends on the nucleation rate, tdelay= t1
ln 1/γ. The master curve representation, eq 5, of the
NMR data is shown in Figure 2.IIc.

Finally, returning to the systemwithout oxidant, we
note that the same kinetic mechanism (fibril end-
growth þ scission) can explain the kinetics of TAA
self-assembly in pure chloroform solutions triggered
by a short pulse of light, or, alternatively, by a small
amount of added fibril “seeds” (cf. Figure 2.Ia,b). In this
case, both the scission rate and the end-growth rate
constants are independent of the irradiation dose I, or
of the amount of seeds, cs. The TAA self-assembly in
these systems can be described by the same eq 1, but
withΓn replaced by const� δ(t) (here const� I, cs andδ
is the Dirac's delta), and λpO replaced with the homo-
geneous scission rate constant λh. Therefore, the char-
acteristic aggregation time t1, eq 4, is predicted to be
constant (independent of I or cs) and similar to the
time t1 for low oxidant fraction pO, in agreement with

the NMR kinetic data giving t1 ∼ (2 ÷ 3) 3 10
3 s

(cf. Figure 2.Ia,b). By contrast, cs still defines the
delay time for the seeded systems (cf. Figure 2.Ib).

Photoinduced TAA Aggregation: Nucleation and Structure.
Almost perfect fibrillar TAA structures, Figure 4.I, were
produced by long-time white-light irradiation of freshly
prepared solutions of monomeric TAA in chloroform. The
UV spectra taken in the course of the irradiation (Figure 5a)
show a slow growth of new absorption bands indicating
production of triarylammonium radicals,29 TAA•þ. The for-
mationof the radicals is alsodirectly confirmedby the time-
resolved EPR data (see Figure 5a,b). The radicals therefore
seem to be a prerequisite for aggregation as it was never
observed in those solvents that do not allow for photo-
oxidation of TAA (see section SI.3 in SI). A solvent with
sufficient oxidizing ability (like chloroform) is thus indispen-
sable for the self-assembly, although the solvent itself does
not induce chemical oxidation of the TAA in the dark.

The principal early stages of the light-induced
aggregation can be elucidated by all-atomic simula-
tions of model TAA2 and TAA3 molecules Figure 1c
(see section SI.8). The key elements defining the stack-
ing ability of TAA molecules are their conformation and
charge distribution. Our quantum mechanics analysis
demonstrates a major geometrical change associated
with theTAA radical formation: Theneutral TAAmolecules
adopt a pyramidal conformationwith strong out-of-plane
rotation of the aromatic rings. However, the TAA amine
pyramid becomes flat and the ring rotation angles de-
crease significantly after oxidation. The flat TAA radicals
facilitate stacking, in agreement with the experimental
evidence that the associationof TAAmolecules in solution
is correlated with the TAA radical cation formation.

The basic reaction stages of this light-induced
oxidation process are30 (Figure 4.IIb):

TAA f
hν

TAA� (6)

TAA�þCHCl3 f TAA•þ þCl� þCHCl•2 (7)

and for reduction (Figure 6.II):

2(TAA•þ þCl�) f 2TAAþCl2 (8)

Noteworthy, TAA•þ and Cl� ions form a rather stable
cation�anion complex. The ion-bond energy, Eca, ob-
tained by the simulation technique is Eca ≈ 55kBT. This
energy is high enough to practically suppress the
dissociation: the fraction of dissociated radicals is
about e�Eca/2kBT ∼ 10�12.

TAA•þCl� ion pairs are electric dipoles that can
effectively assemble in supramolecular stacks. The
optimal configuration of the stack depends on the
number of TAA•þCl� pairs in it (see Figure 4.IIc�i).
Formation of the supramolecular pile of dipoles starts
with association of just two cation�anion pairs, the
attraction energy stabilizing such dimers (Figure 4.IId)
is E11≈ 15.5kBT. The energy gain for end-attachment of
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a dipole to a long stack of dipoles is even higher: ~E1
(l) ≈

16.5kBT (Figure 4.IIf). Hence, the dimers associate read-
ily if their concentration is above ∼10�7 M.

Simulations suggest two principal arrangements
of TAA•þCl� pairs in long supramolecular stacks: a
loose chain with symmetrically positioned chlorides
(Figure 4.IIf), and a tight chain with chloride counter-
ions in the off-axis positions (Figure 4.IIh), the latter
being much more stable (as direct contacts between
neighboring TAAs allow for their correct π-stacking
and optimal van-der-Waals attraction). Indeed, the
scission energy of the tight stack, ~Esc, is higher by
≈12.7kBT and its overall association energy (per
charge-transfer complex) ~E1 is stronger by ≈6.7kBT in
comparisonwith the values for the loosechain. However,
a transformation from the “loose” to the more favored
“tight” structure demands multiple rearrangements

(Figure 4.IIg) of chloride ions. The corresponding acti-
vation energy is on the order of ΔEa ∼ 8.6kBT. Such
transformation is only possible for chains longer than a
trimer since an isolated “tight” dimer is less favorable
than a “loose” dimer (while the energies of the corre-
sponding trimers are roughly the same).

Long aggregates of TAA•þCl� pairs tend to form
double columns stabilized by significant lateral attrac-
tion energy (including the H-bond energy). The mini-
mal stable double-columnar aggregate involves n*∼ 3
charge-transfer pairs per column (Figure 4.IIi). Its en-
ergy is lower by ∼15 ( 5 kBT than that of a single-
columnar “tight” stack of 2n* dipoles.

Once a double-columnar nucleus (Figure 4.IIi) is
formed, it attracts neutral TAA molecules that attach
at its ends by aromatic stacking and H-bonding, thus
initiating proliferation of TAA aggregation without

Figure 4. TAA fibrils in chloroform after 1 h exposition to white light. (I) (a,b) AFM height image (dry phase) of maize-like
structures formed in 1 mM solution of TAA1 in chloroform. (c) The original XRD pattern from 10 mM TAA1 sample (bottom,
black) accompanied by its magnification in the WAXS range (top, black) and in the SAXS range (top, blue) registered on the
high-flux line. (d) The proposed internalmolecular organization of TAA1 fibrils (in the plane normal to the c-axis) based on the
XRD: the lattice cells are shown by rectangles; each crystalline cell consists of 8 molecules and includes two layers (TAA
molecules belonging to different layers are shownwith green and blue colors, respectively). Amide bonds are shownwith red
segments, and alkyl side chainswith brown curly lines. (e) The simulated all-atomic structure of snowflake double column: the
conducting pathways formed between nearest-neighboring carbons (marked with violet color) of adjacent TAA molecules
(RCC = 0.36�0.37 nm) aremarkedwith violet arrows (hydrogens are not shown). (II) Light-induced aggregation kinetics in TAA
solutions. (a) Highly improbable spontaneous flattening of isolated neutral TAA molecule (transition TAAf TAA0). (b) Light
induces oxidation of a neutral TAAmolecule producing TAA•þ radical and Cl� anion. (c,d) Two free radicals TAA•þ complexed
with the Cl� counterions attract each other head-to-tail. (e,f) A growing stack of radical dipoles. (f,g,h) Tightening of the stack:
chloride ions move sideways (g); aromatic rings of TAA molecules benefit from closer contacts, while chloride anions are
finally accommodated in thegapsbetweenether tails of TAAmolecules (h). (i) Formationof double-columnar nuclei stabilized
by H-bonds between the columns. (j) Growth of the structure by attachment of neutral TAA molecules. (III) Molecular
arrangements in bicolumnar “snowflake” stacks of neutral TAA3: (a) A cartoon showing alternating molecular orientation in
the columns. (b) The top view (along the main axis), and (c) the side view of the structure. (d) A cartoon with zigzag chain of
H-bonds connecting the columns.
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any further molecular oxidation (Figure 4.IIj). The total
energy gainedwhen a neutral TAAmolecule enters the

most energetically favorable double-columnar “snow-
flake” TAA fibril (Figure 4.III) is Eas

(2) ≈ 18kBT;
27 it corre-

sponds to an extremely low critical association con-
centration c* ∼ 10�8 M. Therefore, practically all TAA
molecules should eventually aggregate. On the other
hand, the activation energy to transform a free TAA
molecule into the association-ready state TAA0 (flat and
solvent-dissociated) is high, Eact ≈ 16kBT (Figure 4.IIa),
so neutral TAAs cannot start the self-assembly on their
own, hence a nucleus formed by radicals is required for
that (otherwise, at least eight activated neutral mol-
ecules are needed to nucleate a fibril leading to a
prohibitive energy barrier of ∼128kBT).

In accordancewith our all-atomic simulations based
on TAA3 shortcutmolecules (section SI.8 in SI), the TAA
fibril structure involves the “snowflake” double colum-
nar arrangement, Figure 4.III (another single columnar
structure, called “Mercedes-Benz”, is less favorable: its
energy is higher by ∼5kBT per TAA). While isolated
neutral TAA has a pyramidal conformation with strong
out-of-plane rotation of rings, the molecule adopts
“propeller-like” conformation TAA0 after entering the
stack: the pyramid becomes flat and the ring rotation

Figure 5. Kinetics of light-induced radical formation and decay in the dark. (a) Time evolution of the UV absorbance at
5 different wavelengths and of the fraction f of the triarylammonium radical (quantitative EPR data) for TAA1 solutions in
chloroform (at 1mM) during both 1 h irradiation (I= 0.06W/cm2) and overnight relaxation in the dark. (b) Time dependence of
the number fraction of radicals, f vs t� t0 for 10 mM TAA solution irradiated for 1 h at t < t0 = 3765 s: EPR data (squares) and
theoretical curves in accordancewith eqs 23, 26 (blue curve for t > t0) andwith eq 22 (green curve for t < t0 corresponds to the
green curve in graph (d)). The fraction of radicals at the beginning of the dark stage F0 = f(t0)≈ 0.111; the solutionwas heated
up at t>62000 s. (c�e): Radical formation in solutions of initiallymonomeric TAA1during 1 h irradiation stage (I= 0.06W/cm2)
in chloroform: EPR data for the fraction of radicals, f vs t at cA = 10 mM (black squares) and at cA = 1 mM (red crosses). The
solid curves comes from the theory with f2 = 0.024 (cA = 10 mM) and f2 = 0.032 (cA = 1 mM). (c) The early stage data and
the theory according to eq 18 with n* = 3, tc = 60 s (brown curve) for cA = 10 mM. (d) The excess relative number of radicals,
f � f2 vs t: the theory, eq 22, with pe � f2 = 0.088, tm = 1150 s and tf = 150 s (green curve); the corresponding theoretical
asymptote, f� f2 = 0.00187((t� tf)/s)

1/2 (blue curve). (e) The same data and the theoretical curves from (d) for the time range
t = 150 ÷ 1500 s: the square of the excess radical amount, (f � f2)

2, vs t. (f) Radical decay in the dark after 1 h of irradiation:
1/f vs t. EPR data sets (symbols) and the corresponding linear regression approximations for t> 2� 104 s (solid lines, eq 25) for
cA = 10mM (blue, data as in the plot (b)), 1 mM (two independent experiments, red (the data as in the plot (a)) and magenta),
and for another solution, cA = 1mM, sonicated in the dark (brown, the data of the experiment of Figure 7a); in the latter case
the experimental time is multiplied by 10 for better visibility.

Figure 6. (I) Photo-oxidation of a TAA molecule at a fibril
end (a) followed by diffusion of the new-born cation�anion
pair inside the fibril (b). The chloride anionmoves physically
(see violet arrows), the TAA radical diffuses via electronic
exchange with neighboring neutral TAA molecules (red
arrows). (II) Pairwise annihilation of two free cation�anion
complexes, eq 8. (III) Annihilation of a radical at the end of a
fibril aided by a free radical (see the text above eq 20). (IV)
Self-assisted reduction of two radicals at the end of a two-
columnar fibril.
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angles decrease. Two chiral geometries (L, D) are pos-
sible depending on the propeller twirl sense. In each
single snowflake column, the twirl sense alternate
(see Figure 4.IIIa,c), so the aryl rings from neighboring
TAAmolecules closely approach each other. The amide
groups facilitate stackingby intercolumnarH-bonds form-
ing the double-columnar pattern (see Figure 4.IIIc,d). The
primitive crystalline lattice cell for the double-columnar
“snowflake” structure thus corresponds to at least 4 TAA
molecules (thedashedbrown line inFigure 4.IIIc separates
the structure in two such cells).

This picture is confirmed by the AFM images reveal-
ing that TAA1molecules form the characteristic maize-
like aggregates, their main motif being based on the
columnar arrangement of “grains” of ca. 1.3 nm dia-
meter, with in-columnar period of ca. 1.0 nm, Figure 4.
Ia,b. These parameters are consistent with the “snow-
flake”morphology (Figure 4.IIIb,c) obtained by simula-
tions of the model TAA3 molecules: the sizes of one
“snowflake” are ≈1.5 and ≈1.15 nm in two directions
perpendicular to themain axis, and the LD-period along
the column is 2h = 1.0 nm.31

An analysis of X-ray diffractograms (Figure 4.Ic) from
self-assembled structures of TAA1 in chloroform yields
on its own the possibility of 2 slightly different atomic
arrangements corresponding to the same 2D lattice in
the reciprocal space, which is well-characterized by a
large number of well-resolved (hk0) reflections. Both
atomic arrangements point to monoclinic cells of Z = 8
molecules. The columns are oriented along the mono-
clinic c vector with the lattice parameter of 1.00 or
1.05 nm, and are arranged laterally in a rectangular
3.34 nm � 2.14 nm sublattice, as shown in Figure 4.Id
(see section SI.5 in the SI for details). These lattice periods
agree very well with the main period (2h = 1.0 nm), the
width (2.3 nm) and the double depth (1.5 nm� 2) of the
double-columnar snowflake aggregates yielded by simu-
lations (Figure 4.III). Moreover, the presence of a glide
plane and strings of H-bonds (as deducted from the XRD,
see section SI.5) also agrees with the simulated picture of
the double columnar snowflake organization.

Both the simulation results and the X-ray diffraction
analysis point to a columnar arrangement of TAA units
involving many H-bonds stabilizing the structure. The
alkyl tails fill the energetically unfavorable voids be-
tween the knobby “snowflake” columns, which other-
wise would not form a dense phase (as found
experimentally in the structure�property study where
alkyl chains were shortcut20).

Noteworthy, the packing within the columns is
quite dense: the minimal distances between the near-
est-neighboring atoms from the adjacent triaryl mol-
ecules is in the range of (or even shorter than) the
corresponding distances in semiconductive polycyclic
aromatic hydrocarbons (Figure 4.Ie). Such dense pack-
ing can be the basis of the high electric conductivity
observed experimentally in STANWs. It is certainly

expected that the conductivity along the columns
(Figure 4.Ie) is much higher than that in the perpendi-
cular direction where the columnar cores are rather
separated by the side alkyl chains, thus giving rise to a
monodimensional transport of charges, in agreementwith
the conductivity behavior that was reported previously.23

Fibril Growth and Radical Content Evolution during Irradia-
tion and the Follow-up Incubation in the Dark. The TAA1
fibrils produced by a long-time white-light irradiation
are remarkably well-organized and are characterized
by a high radical content. The radicals are stable for a
long-time after the lightwas switchedoff (cf. Figure 5b),
while the fibrils themselves remain stable long after the
radicals had decayed.32 Below we consider a model
rationalizing these findings, first, for the irradiation
phase, and then for the dark phase.

Growth of Fibrils. Equations 6�8 define how the
concentration cþ of free radicals depends on the light
intensity I and on the concentration c of nonaggregated
TAA. eq 6 says that concentration of TAA* is cA* � cI,
hence the TAA•þ production rate is proportional to cI

as well eq 7. The radical annihilation rate is proportional
to cþ

2 (see eq 8 noting that TAA•þ and Cl� are paired).
The two rates must be equal at equilibrium, hence

cþ ¼ k1(cI)
1=2, f1 � cþ =c ¼ k1(I=c)

1=2 (9)

where k1 is a constant: the fraction f1 of nonaggregated
radicals increases at low concentration of TAA.

In accordance with the established mechanisms of
fibril nucleation and growth under irradiation (see
Figure 4.II), the kinetic equations are

dm
dt

¼ knc
2n�
þ ,

dM
dt

¼ kcm (10)

wherem,M and c = cA�M have the samemeanings as
in eq 1. The first equation describes formation of the
critical double-filament nuclei, (TAA•þ)2n*, with n* > 2,33

kn is the corresponding nucleation rate constant. The
second equation comes from eq 1 (c* is neglected).

Equation 10 was solved in a standard way yielding
the time-dependence of the number of aggregates

m(t) ¼ [2=(kn�t �)] tanh(t=t�) (11)

the fraction of self-assembled molecules

w(t) � M(t)=cA ¼ 1 � c(t)=cA ¼
¼ 1 � (cosh(tn�=tc))�2=n� (12)

and the current concentration of free radicals

cþ (t) ¼ k1(cAI)
1=2 cosh

tn�
tc

� ��1=n�
(13)

(cf. eq 9), where

1=t
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kknn

�=2
q

kn
�

1 In
�
=2c

n
�
=2

A , tc ¼ n
�
t
�

(14)

Note that the nucleation rate dm/dt decreases rapidly
with time, so that m(t) = m(¥) = 2/(kn*t*) for t . t*.
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The analogous time for concentration of free amines,
c(t), is longer, ∼ tc = n*t*. This means that nucleation
virtually stops before the reservoir of amines is de-
pleted, and for t. t* all fibrils should have roughly the
same length L(t) = hN/2 (h = 0.5 nm, see Figure 4.IIIc),
where N = M(t)/m(t) is the mean fibril aggregation
number. It saturates at N = N¥ = cA/m(¥) for t . tc,
where

N¥ ¼ k�n
�

1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kn�=2kn

q
I�n

�
=2c

1 � n
�
=2

A (15)

Thus, the nucleation stage (t*) is always shorter than
the growth stage (tc). A lower nucleation rate constant
(kn) implies less but longer fibrils, leading to longer
characteristic times t* and tc. A decrease of the light
intensity I or of the amine concentration cA leads to a
similar effect (if n* > 2). The physical origin of this effect
is simple: doubling of cA or I leads to a dramatic
increase of the nucleation rate (by a factor of 8 or
more), so that much more fibrils are formed, hence
they have to be shorter eventually.

The number of fibrils grows nearly linearly in time,
m(t) � t for tj t*, while the aggregated massM(t) � t2

for t j t* and M(t) � t for t* j t j tc (the last regime
reflects the linear growth of fibril length with nearly
constant number of fibrils). The NMR data on TAA
solutions (cA = 10mM), both classical and magic-angle
NMR spectra, indicate that the aggregation time tc is
shorter than 10 min.20

Trapped Radicals (Irradiation Stage). Upon turning on
the light, some free TAA molecules convert into free
radicals (see eqs 6, 7) whose fraction rapidly rises and
saturates at f1 = k1(I/c)

1/2 eq 9. This initial stage is not
resolved by the EPR as the free radicals disappear faster
than the time of one EPR measurement requiring the
system to be in the dark. Therefore, in what follows we
discuss only the radicals that are trapped in the aggre-
gated structure (their lifetime is much longer). Their
total fraction is f =Mþ/cA, whereMþ is the total amount
of trapped radicals.

Early Irradiation Stage: Aggregation of Monomeric

Radicals. As discussed above, the fibril growth (see
eqs 11, 12, 15) implies trapping of some free radicals:

dMþ =dt ¼ ~f (t)dM=dt (16)

where ~f (t) is the fraction of radicals among the molec-
ular units aggregated during dt. We adopt a natural
assumption that ~f is simply proportional to the fraction
of free radicals, f1, defined by the current concentration
c = cA � M of free TAA:

~f ¼ kaf1 ¼ kak1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I=(cA �M)

p
(17)

Then, by integrating eqs 16, 17 and using eq 12 we get

f � Mþ
cA

¼ f2[1 � (cosh(tn
�
=tc))

�1=n
�
],

f2 � 2kak1
ffiffiffiffiffiffiffiffi
I=cA

p (18)

The predicted f(t) grows first as f � t2 (for t , t*) and
then as f� t before a saturation at t. tc = n*t*, where f
approaches the constant f2. The first two stages are
indeed visible in the experimental data (Figure 5c):
there is a very short “quadratic” stage (at t j t*)
followed by a roughly linear growth of f, which slows
down at tc ∼ 1 min. However, f does not saturate at
longer times (as eq 18would suggest): rather, the linear
stage is followed by a very significant regime of non-
linear growth where f increases by a factor of 10
(Figure 5d). A remnant of a saturation is still visible as
a shoulder of the f(t) plot at t∼ 100÷ 150 s, Figure 5c),
where we also show a theoretical fit of the relevant
initial part of the EPR curve using eq 18 with n* = 3 (the
nucleus size n* was obtained above, cf. Figure 4.IIi). The
fit works well up to t ∼ 100 s and yields tc ≈ 60 s and
f2≈ 2.4% for cA= 10mM (we get nearly the same tc, but
f2 ≈ 3.2% for cA = 1 mM).

Intermediate Stage: Radicals Are Light-Pumped at the

Fibril Ends. The observed nonlinear growth of f at tJ tc
indicates that a new mechanism of radical formation
becomes effective at longer t. The most reasonable con-
jecture is that the radicals are produced also among the
aggregated amines (in addition to the free radicals).
However, as photo-oxidation process implies an electron
transfer fromanamine toa solventmolecule eq7, it seems
highly improbable that it is effective for the amines buried
inside STANW (the minimum distance, N to Cl, between
TAA and CHCl3 molecules is about 5 Å, see Figure SF10).
Among all TAA units aggregated in STANW, only the
terminalunits are in closeenoughcontactwith the solvent,
hencetheycanbeconverted to radical cations, Figure6.Ia.34

The rate of radical production (the probability that an
amine unit at a given fibril end transforms to radical
state in unit time) is Wþ = kþI.

Let us turn to the reverse reaction of radical decay.
The direct reaction

TAA 3þ þ Cl� f TAAþ Cl• (19)

is prohibited energetically. The following channel is
possible, however, Figure 6.III: a free radical complex
TAA•þCl� approaches the radical at the fibril end,
and they annihilate with the rate W� = k�cþ similarly
to the mechanism of eq 8, Figure 6.II.35 The balance of
the two rates

Wþ (1 � p) ¼ W�p (20)

defines the probability p of the radical state at the fibril
end: p�1 = k�cþ/(kþI) þ 1. As cþ decreases exponen-
tially for t . tc (cf. eq 13), the linear radical decay rate
k�cþ rapidly vanishes leading to a significant growth of
p. However, precisely in this regime, t J tc, another,
second-order, radical decay reaction comes into play.
This reaction channel is related to the double-colum-
nar structure of TAA aggregates, Figure 4.III. If p is not
too small, there is a significant probability (p2) that both
neighboring end-units of a double fibril are in the
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radical state, so the two radicals can annihilate, Figure 6.IV.
The rate of this reaction is k2�p

2, where k2� is ex-
pected to be rather small (as compared with k�/d

3).36

The detailed balance gives now: Wþ(1 � p) = k2�p
2

(instead of eq 20). This equation reads

pþ (k2�=kþ I)p2 ¼ 1 (21)

It defines the probability p = pe of a radical at a column
end for t. tc. As k2� is small as argued above, pe can be
high enough, so we can assume pe. f2 (recall that f2 is
the mean number concentration of trapped radicals in
the fibrils right after their self-assembly, eq 18). The
overall fraction of radicals in the system changes then
to f≈ f2þ 4pe/N, where 4 stands for the number of end-
amines in a double-columnar aggregate, and the total
aggregation number is N = N¥ for t . tc.

Late Stage: Radicals Invade the Fibrils by Diffusion.

So far we assumed that concentration of radicals inside
an aggregate does not change. This is, however, not
the case as the radicals can hop from one amine site to
a neighbor (Figure 6.Ib); such radical hopping was
observed in the literature.37,38 The hopping process
leads to radical diffusion with diffusivity D = h2/2th,
where th is the radical hopping time. The terminal
relaxation time of this process is tm = L2/(π2D), where
L= L¥ = hN¥/2 is the fibril length. The mean fraction of
radicals at a time t > tf (tf is the effective onset time of
radical formation at the fibril ends, tf ∼ tc) is

f (t) � f2 þ (pe � f2) j
t � tf
tm

� �
,

j(τ) � 8
π2 ∑

n¼ 1, 3, 5:::

1
n2
(1 � e�τn2 )

(22)

Noting the asymptotes ofj, we predict f� f2� (t� tf)
1/2

for tc , t , tm. The meaning of this square-root
dependence is simple: The radicals created at the
fibril ends diffuse inside the fibril on a distance Δx ∼
(D(t � tf))

1/2. The length fraction Δx/L of the end-
regionswith high radical concentration (F∼ Fe) defines
the excess amount of radicals, f � f2, which is thus
proportional to (t � tf)

1/2.
The kinetics of the radical content measured in two

independent EPR experiments are compared with
the predictions in Figure 5d,e. A good agreement is
obtained for cA = 10 mM with tm = 1150 s, pe = 0.112.
One can observe that (f� f2)

2 is indeed nearly linear in
time in a considerable time-window above tf ≈ 150 s.
The EPR data thus support ourmodel of radical kinetics.

Relaxation of Radicals (Dark Stage). From the results
presented just above it is clear that after 1 h of illumina-
tion the amount of trapped radicals approaches the
saturation level (i.e., f ≈ pe). Indeed, the data shown in
Figure 5d demonstrate an apparent saturation for
t > 2000 s (note also that the best fit time param-
eter tm = 1150 s). If the light is then switched off,
the equilibrium concentration of radicals jumps to 0,
pef 0 eq 21, so the amount of radicals starts decreasing.

As explained above, a radical located well inside the
aggregate cannot disappear at once: it must first diffuse
down to an endof the column,where the diffusive current
(D/h) (∂F/∂x) of radicals coming from the inner part of the
fibrilmust bebalancedby theend-radical decay rate k2�F2

(see the definition just above eq 21). Here F(x,t) is the local
fraction of radicals within the fibril. The corresponding
diffusion process can be analyzed taking into account that
all the equations can be reduced to

Dy
Dτ

¼ D2y
Dξ2

; y(ξ, 0)j0<ξ<π ¼ 1;
Dy
Dξ

�����
ξ¼ 0

¼ � Dy
Dξ

�����
ξ¼π

¼ Ky2

(23)

using the substitution F(x,t) = F0y(ξ,τ) with ξ = πx/L,
τ = t/tm. The initial condition (at the beginning of the dark
stage, t=0) isF(x,0)≈F0,whereF0≈pe is defined in eq21.
Thus, the only essential parameter defining the relaxation
kinetics is the reduced end-decay rate constant:

K ¼ k2�F0Lh=(πD) (24)

An asymptotic analysis of eq 23 shows that at long
times, t . tm, the diffusion relaxation within the fibril
becomes faster than the reduction at its ends, so the
profile y(ξ,τ) becomes nearly uniform along the coor-
dinate ξ. Indeed, while the terminal diffusion relaxation
time τm is constant, the end-reduction rate κy2 slows
down significantly as the radical concentration de-
creases (y f 0). In this regime (for late stages t . tm,
when Æyæ j κ

�1) the asymptotic solution for the mean
fraction of trapped radicals inside the fibrils, f = F0Æyæ, is

1=f=constþ 2k2�(h=L)t, f < D=(k2�Lh) (25)

i.e., 1/f increases linearly in time. This prediction is
successfully verified using EPR data for several dark-
stage experiments (on samples with cA = 1 mM and
10 mM, with and without sonication) as demonstrated
in Figure 5f. Thus, f does not tend to a finite saturation
level at long times, rather it alwaysdecreases slowly as 1/t.

For a more detailed comparison with the experi-
ments, we solved eq 23 numerically. The calculated
radical relaxation function f(t) =F0Æyæwas compared with
the EPR data for cA = 10 mM in Figure 5b (here t = 0
corresponds to the experimental time t0 = 3765 s, F0 =
fexp(t0) = 0.111). A very good agreement is obtained with

K(10 mM) � 0:52, tm(10 mM) � 1660 s (26)

These results allow to determine (with the error of about
10%) the reduced decay constant (which does not
dependeitheron thefibril lengthor radical concentration):

Kh � K
F0

ffiffiffiffiffi
tm

p ¼ k2�hffiffiffiffi
D

p � 0:113 s�1=2 (27)

Note that eq 26 defines tm, which is about 40%
longer than tm obtained in the previous section based
on the radical growth data (irradiation stage). It is
possible to rationalize this discrepancy: The time
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reported experimentally for the irradiation stage is the
accumulated time during which the sample was ex-
posed to the light. On the other hand, the very EPR
measurements are taken in the dark, and this adds
about 50% to real time. The diffusion relaxation of
the radical distribution proceeds in real time, so the
correction factor of ≈1.5 should be applied to the
experimental characteristic time for the irradiation
stage. By contrast, there is no such correction for the
dark stage.

The EPR kinetic data for cA = 1 mM (Figure 7a
(triangles)) also agree very well with the predictions,
eqs 23, 27, with tm(1 mM) ≈ 3700, implying that

L(1 mM)=Lref ¼ (tm(1 mM)=tm(10 mM))0:5 � 1:5 (28)

where Lref � L(10 mM). Therefore, the fibril length
increases as cA is decreased. This is in line with our
conclusion that n* > 2, i.e., that the critical nucleus
consists of more than 4 amines eq 15.

Sonication. The analysis of eq 23 drives us to con-
clude that the dark-stage EPR data can be used to
determine the length of supramolecular filaments with
rather high precision, cf. eq 28. This approach is further
used to find how the fibril length decreases upon
sonication. The EPR data for the radical relaxation
accompanied by sonication are in good agreement
(Figure 7a (squares)) with the theory for F0≈ 0.093 and
tm= 17 s. The dramatic decrease of tm on sonication can
be attributed to a significantly diminished fibril length,
L ≈ 0.1Lref, which therefore becomes about 15 times

shorter than it was before eq 28. The consequences of
sonication on more concentrated samples are similar.

Repeated Irradiation of Self-Assembled TAA Solu-

tions. Let us turn to the EPR experiment that involves
7 cycles of 1 h irradiation (Figure 7b), each followed by
relaxation in the dark during 20 ÷ 90 h. The initial
number of radicals after each irradiation stage gradu-
ally decreases with the number of cycles. However, as
the light intensity is constant, the saturated fraction of
radicals, f = pe, must be the same in all the cycles. It
therefore appears that the number of radicals stays
well below the saturation level for later cycles. What is
the reason for this behavior? Our explanation is that a
slow fibril growth becomes significant at long time-
scales: the fibril length increases from cycle to cycle. In
fact, as we found just above, the fibril length at cA =
1 mM is L1 ≈ 1.5Lref; it corresponds to the radical
diffusion time tm ≈ 1 h. This time is barely sufficient
for the radical concentration to nearly reach the satura-
tion level pe along the whole fibril as a result of the first
irradiation stage (which lasted 1 h). However, this is not
the case any more if the fibrils are longer (i.e., at the
beginning of dark stages of cycles 2�7): only the end
portions of the fibrils (of length ∼L1/2) will be popu-
lated by the radicals after 1 h of irradiation if L. L1. The
initialmean fraction of radicals, f0, at the beginning of a
later dark stage (for the cycles 2�7) is therefore lower:
f0∼ FeL1/L, as shown in Figure 7c. We use this equation
to estimate the fibril length at the beginning at each dark

Figure 7. Radical decay in the dark in supplementary experiments highlighting the effect of fibril length: (a) The radical
relaxation, f vs t� t0, after 1 h of irradiation, cA = 1mM, t0 = 3765 s, F0 = f(t0) = 0.093. EPR data (triangles); theory for tm = 3700,
R = 1.5 (blue curve). EPR data for the same sample subjected to continuous sonication for t > t0 (squares). The same data vs
rescaled time =18t (black circles). The theory for the sonicated sample with tm = 17 s (brown curve). (b) The EPR data, f vs t, for
several cycles of 1 h irradiation followed by 20÷ 90 h of relaxation in the dark for a TAA1 solution at cA = 1mM. The solution
was monomeric before the first cycle, and the same sample was repeatedly used for each subsequent cycle. (c�e) Analysis of
the data of the experiment (b): (c) The fraction of radicals f(0) at the end of each 1 h irradiation stage vs the cycle number. (d)
Reducedfibril length, L/L1 vs total experimental time t. Red curve is basedon the initial fraction of radicals f(0) at thebeginning
of each dark stage: L/L1 ≈ 0.09/f(0). Black curve is based on the long-time slope of 1/f vs t, eq 25. (e) The inverse fraction of
radicals, 1/f vs t, for dark stages of cycles 1 (blue), 2 (red), 3 (green), 5 (black), after 1 h of irradiation in each cycle. Symbols: EPR
data; lines: linear regression fits.
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stage. The results shown in Figure 7d (red line) demon-
strate that the fibril length L indeed increases with time.

To further test this idea, we analyze the long-time
part of each decay curve using eq 25, which says that
the slope of the dependence 1/f vs t is inversely
proportional to L irrespective of the initial fraction of
radicals. Some relevant plots are shown in Figure 7e
(note that the data scattermore for later cycles due to a
lower signal there). The obtained fibril lengths are also
plotted vs time in Figure 7d (black line). One can
observe a reasonable agreement between the two
approaches yielding the fibril length time dependence.
It shows that the fibril length increases roughly linearly
in time. This dependence agrees with the theoretical
picture of fibril growth due to the reaction rate con-
trolled concatenation of fibrils. Another slow mechan-
ism of fibril growth by end attachment of free TAA
molecules (whose number is expected to be very low
as concentration c* , cA) is less likely to be dominant
(this mechanism leads to L �

√
t, see ref 39).

CONCLUSIONS

Although the understanding of organic supramole-
cular polymerization is of key importance in various
domains including the design of new self-assembled
materials and biomedical applications of protein fibril-
lization, the quantitative insight in the nature of these
processes remains limited. Most of the theories do not
go beyond either the simple isodesmic model13 or the
approaches developed by Asakura and Oosawa.40

Building on the classical concepts, we have elucidated
here the detailed supramolecular structure of chem-
ically tailored triarylamines in chloroform, their self-
assemblymechanisms and the kinetics of their cationic
radicals stabilized in the structure. We believe that
our comprehensive theoretical and experimental ap-
proaches to the radical-assisted kinetics of supramole-
cular polymerization can be extended to a large
number of other nucleation�growth processes.
The stacked fibrillar structures in the studied amine

solutions reveal the dense “snowflake” morphology
(Figure 4.III) with distances between the nearest-
neighboring atoms from adjacent triarylamine mol-
ecules in the range of those typical for semiconductive
aromatic hydrocarbons such as pentacene. The initia-
tion step in the nanowire formation normally requires
the presence of triarylammonium radical cations gen-
erated either by light irradiation or by external oxidant
(Figures 4.IIb, 3a). The radicals naturally display a nearly
flat and slightly chiral conformation (in contrast to
neutral free TAA molecules adopting more chiral pro-
peller-like prismoid shape) and produce nuclei of
double-columnar fibrils. The nucleation is mainly dri-
ven by dipole�dipole and π�π stacking interactions
of radical cations, but we found that both H-bonding
and van derWaals interactions of lateral chains are also
mandatory for the aggregation. It is demonstrated that

all these interactions together render the growing
double filaments thermodynamically stable.
Further, we established the kinetic mechanism of

the radical-controlled supramolecular self-assembly of
TAA molecules, which can eventually pile together up
to the development of one-dimensional stacks (STANWs)
revealing high metallic conductivity together with excel-
lent stability and dynamic properties. We predict that the
size of the critical nucleus to trigger the self-assembly
involves 2n* > 4 radicals (for light, Figure 4.IIi) and n≈ 3
radicals (for an external oxidant, Figure 4.IVe). The
strongly packed structures of double-strand fibrils
and their bundles presumably serve to protect the
radical cations from quenching. The nucleation step
is followed by the fibril growth involving one-by-one
end-attachment of neutral triarylamine molecules,
which in turn change their conformation from a pro-
peller-like prismoid to amore flat and less chiral object.
The use of light as a spatially precise and noninvasive

factor is of particular interest to trigger or modify
the self-assembled architectures and to design respon-
sive materials.41,42 We showed that, interestingly, both
the fraction of radical cations (f) and the final fibril
length (L) increase at lower triarylamine concentration.
In addition, we established that a significant growth of
the radical content in the course of light irradiation can
take place long after all of the triarylamine molecules
are aggregated: the characteristic time of the radical
growth is much longer (by a factor of ca. 20 or higher)
than the triarylamine aggregation time. Our analysis
shows that the radical growth and decay processes
occurring during the irradiation and dark stages, re-
spectively, are caused by formation/annihilation of
radicals at the fibril ends and their diffusion along the
fibrils (cf. Figure 6). In particular, radical decomposition
in the light-induced process occurs as a second order
reaction due to binary contacts of radical cation/
counteranion pairs. Regarding the measured metallic
characteristics of STANWs,23�25 it is likely that the
radicals also serve to dope the assembled nanowires
leading to their remarkably high conductivity43 based
on the revealed continuous pathways of overlapping
π-orbitals along the fibril (see Figure 4.Ie). Therefore,
the obtained results on the long-time radical kinetics
can suggest new means to achieve and control high
conductivity in organic fibrils. Recently, this new self-
assembly process was used by the group of Kumar to
improve the efficiency of organic solar cells.44 More-
over, the conductivity mechanism associated with
radical cationsmay be similar to that at work in organic
stacks doped by iodine45 or anions.46

Our theory of radical kinetics shows that the fraction
f of radicals continuously decreases in the dark follow-
ing a universal law, f ∼ 1/(t þ const) at long times,
eq 25, while the fibers remain stable independently
of the fraction of radicals (i.e., also in the fully neu-
tral state). The predicted kinetics are in excellent
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agreementwith our extensive EPR andNMRdata. Thus,
for the first time we obtain both qualitative and
quantitative insights into the kinetics of radical cations
in the self-assembling organic fibrils.
We also revealed that in addition to the nucleation

and growth processes, the fraction w of aggregated
molecules can increase due to a self-replication of
fibrils by a tandem of scission/end-growth mechan-
isms (Figure 3f,g). The resultant sigmoid growth ofw in
TAA systems with oxidant is characterized by the
growth time t1, which is inversely proportional to the
square root of the fibril scission rate defined by the
oxidant concentration, and by the delay time tdelay= t1
ln(1/γ), which gets longer for lower nucleation rate (γ).
The sigmoid growth is also characteristic of systems
where the TAA self-assembly is triggered by a small
amount of fibril seeds or by a short light pulse. These
results are of interest for other self-replicating systems
based on the fiber nucleation�growth processes.47�50

To summarize, by combining atomistic simulations
with continuum statistical and kinetic models, we have

uncovered the molecular structure (morphology) of
TAA aggregates and provide quantitative insights into
the self-assembly mechanisms and the kinetics of the
radical-assisted TAA aggregation induced by light,
oxidant additive or seeding, including the kinetics of
the amount of stabilized cationic radicals. Our experi-
mental and theoretical studies of the self-assembly of
STANWs reveal a system with very intriguing coopera-
tive properties strongly linking its supramolecular
structure and dynamics to its function as conducting
wire. Our research on the radical content and theways
to control it in the STANWs could facilitate construc-
tion of advanced functional materials with efficient
electronic transport. In addition, and going further,
our hierarchical approach to reveal kinetically driven
nucleation�growth mechanism highlighted here,
coupled to nonlinear effects emerging from self-
replication phenomena, provides very general tools
to study a large number of fibrillar self-assembled
systems that are of first importance inmaterial and life
sciences.

METHODS
The all-atomic modeling of TAAs was performed in two

stages. First, the geometry and charge distribution on isolated
molecules were optimized with quantum-mechanical algo-
rithms. Then, geometrical optimizations of molecules and their
ensembles were performed using molecular mechanics algo-
rithms. The following two analogues of TAA1 were used in
the all-atomic simulations: triphenylamine (TAA2) and TAA3
(Figure 1c). The choices of the algorithms and of the model
molecules are discussed in section SI.8 of the SI.
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