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Probing the Solvent-Assisted
Nucleation Pathway in Chemical
Self-Assembly
Pascal Jonkheijm,1* Paul van der Schoot,2 Albertus P. H. J. Schenning,1† E. W. Meijer1†

Hierarchical self-assembly offers a powerful strategy for producing molecular nanostructures.
Although widely used, the mechanistic details of self-assembly processes are poorly understood. We
spectroscopically monitored a nucleation process in the self-assembly of p-conjugated molecules
into helical supramolecular fibrillar structures. The data support a nucleation-growth pathway that
gives rise to a remarkably high degree of cooperativity. Furthermore, we characterize a helical
transition in the nucleating species before growth. The self-assembly process depends strongly on
solvent structure, suggesting that an organized shell of solvent molecules plays an explicit role in
rigidifying the aggregates and guiding them toward further assembly into bundles and/or gels.

C
hemical self-assembly offers a very at-

tractive approach for constructing com-

plex, supramolecular nanostructures.

Hierarchical processes, typical of chemical self-

assembly, spontaneously produce ordered ensem-

bles of single or multiple molecular components

and are ubiquitous in chemistry, physics, mate-

rials science, and biology (1). For example, a

large variety of molecules has been reported that

form gels through three-dimensional networks

of (bundles of) fibers (2). Highly versatile bio-

materials have been produced by self-assembly

of peptide amphiphiles (3), and (semi)conducting

tubes and rods have been achieved from prop-

erly chosen p-conjugated oligomeric building

blocks (4). In many cases, the resulting fibrillar

structures are helical, and a preferred handed-

ness is obtained by the introduction of stereo-

centers into the building blocks (5). Ensuring

that the components aggregate in a specific

motif, however, remains a formidable task; mo-

lecular components are easily trapped in kinet-

ically stable arrangements of varying topology

(6). The application of spectroscopy in combi-

nation with scattering and microscopy tech-

niques has provided a reasonable view of the

final self-assembled structures, yet a thorough

understanding of the processes leading up to

these structures remains elusive. Unravelling such

structural pathways is crucial for the widely

sought goal of extending rational synthesis into

the nanoscale regime (7).

Although the growth of fibrillar structures

typically requires nucleation, prior studies have

not focused on the nature and properties of the

nuclei. This lack of data is in sharp contrast to

the abundant studies on the crystallization of

small molecules (8) or polymers (9), and on the

aggregation of proteins (10). For instance,

notable insight into the formation of actin fil-

aments, microtubules, and viral capsids by a

nucleation-growth mechanism was obtained

after the pioneering work of Klug (11) and

Caspar (12). More recently, this insight was

used to study pathologies stemming from am-

yloid deposits and diseases related to protein

aggregation (13). Phenomenologically, the dif-

ferent phases of protein aggregation should be

very similar to those involved in chemical self-

assembly. Two models are commonly invoked

to describe protein aggregation. Isodesmic self-

assembly (10), also called multistage open as-

sociation or ladder- or free-association model,

is noncooperative, and the association constant

is independent of the size of the object. Nu-

cleated self-assembly, also called nucleation

growth or initiation elongation, is characterized

by a size-dependent association constant that

gives rise to cooperative kinetics. We have

sought to characterize such processes in chem-

ical synthetic systems.

The fibrillar structures we examined com-

prise oligo( p-phenylenevinylene) derivatives

(OPV-x) with chiral side chains capped on

one end by a tridodecyloxybenzene and on

the other by a ureidotriazine tailored for self-

complementary fourfold hydrogen bonding

(structure shown in Fig. 1) (14, 15). Previous
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nology, Post Office Box 513, 5600 MB Eindhoven,
Netherlands.

*Present address: Chemical Biology, Max Planck Institute
for Molecular Physiology, Otto Hahnstrasse 11, 44227
Dortmund, Germany.
†To whom correspondence should be addressed. E-mail:
e.w.meijer@tue.nl (E.W.M.); a.p.h.j.schenning@tue.nl (A.P.H.J.S.)

Fig. 1. Molecular structure of the oligo(p-phenylenevinylene) derivatives OPV-x [for OPV-3, y
(number of dialkoxybenzene units) 0 1; OPV-4, y 0 2; and OPV-5, y 0 3] and schematic
representation of the self-assembly process, with blue blocks representing the OPV backbone and
red wedges representing the hydrogen-bonding end groups.
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temperature-dependent ultraviolet and visible

absorption (UV/vis), fluorescence, and circu-

lar dichroism (CD) measurements (fig. S1)

(14, 15) revealed two different states of the

p-conjugated chromophores in dodecane solu-

tion: discrete monomeric or hydrogen-bonded

dimeric species at high temperature and helical

aggregates at low temperature (Fig. 1). The

hydrogen-bonded dimers have been studied in

detail with scanning tunneling microscopy

(STM) (16) and 1H nuclear magnetic reso-

nance (NMR) spectroscopy (14), whereas

the fibrillar structural dimensions have been

measured by small angle neutron scattering

(SANS) and atomic force microscopy (AFM)

(15). For example, OPV-4 exhibited a fibril

persistence length of 150 nm and diameter

of 5.8 nm in dodecane (table S1). The di-

ameters of the fibrils were in close agree-

ment with molecular modeling studies (table

S1). Fluorescence microscopy revealed a per-

pendicular chromophore orientation within the

fibrils (17).

By improving our spectroscopic sensitiv-

ity, we reveal in this study distinct hierarchi-

cal stages that govern the formation process of

helical OPV-4 aggregates. Optical probing is a

powerful technique on account of the extreme

sensitivity of the p-conjugated chromophore to

conformational, orientational, and supramolec-

ular states of the OPV compound. We have

analyzed the data with a model similar to the

Oosawa-Kasai model for helical assembly of

proteins in solution (18–21), which yields ther-

modynamic information such as the mean size

of the assemblies as well as the equilibrium

constants. Moreover, we uncovered the explicit

role of the solvent molecules in the formation

of the supramolecular stacks. Our findings

can be generally applied to many chemical

self-assembly processes of ordered quasi-one-

dimensional stacks.

By using CD spectroscopy at a specific

wavelength, we could monitor the optical

changes characterizing the crossover from the

monomeric state of OPV-4 to the aggregated

state in dodecane. A Peltier-temperature pro-

grammer for thermostatting the samples was

used to cool the solution slowly in small steps

(from 375 K to 275 K, with a rate of 0.5 K/min

and a resolution of one data point per 0.1 K).

The slow cooling is necessary to suppress ki-

netic (i.e., nonequilibrium) effects on the self-

assembly (fig. S2, A and B). We tracked the

growth in the intensity of the l 0 466 nm CD

band for four different OPV-4 concentrations

and consistently observed a sharp increase at a

specific temperature (fig. S2C), indicative of

the transition from monomers into helical ag-

gregates with a preferred handedness. This

curve is not sigmoidal, and hence it cannot be

described by an isodesmic model. However, it

does follow expected Oosawa-Kasai behavior

Fig. 2. (A) Normalized CD intensities (fn)
monitored at l 0 466 nm upon cooling for
four OPV-4 concentrations in dodecane
(symbols) and one-parameter fits to the data
are displayed (lines) (5.4 � 10j6 M, black
squares and line; 1.1 � 10j5 M, red spheres
and line; 4.8 � 10j5 M, green triangles and
line; and 2.4 � 10j4 M, blue diamonds and
line). A vertical offset of the curves of 0.25 is
applied for reasons of clarity. (B) Prediction of
the average number of OPV-4 chromophores
participating in the aggregation process (N)
versus temperature at the four different
concentrations in dodecane [same coding as
in (A)]. (C) Plot as in (B) for OPV-3 (4.6� 10j5

M), OPV-4 (4.8 � 10j5 M), and OPV-5 (3.5 �
10j5 M) assembled in dodecane. (D to F)
Tapping-mode AFM images of self-assemblies
of OPV-4 on graphite surfaces showing differ-
ent degree of clustering depending on the
concentration of the drop cast solution: (D) 7 �
10j4 M, (E) 1.3 � 10j4 M, and (F) 1.3 �
10j5 M. The scale bars (white) represent 1 mm.
(G) DSC thermodiagram of 0.514 ml of 2.4 �
10j4 M (heating rate of 1.5 K/min) of OPV-4
in dodecane. The melting endotherm shows
transition temperatures at 351.0 K and 361.7 K. (H) Transition curves based
on UV/vis [l 0 490 nm (green) and l 0 335 nm (blue)], fluorescence (l 0
500 nm), and CD (l 0 466 nm) spectra for OPV-4 (1.1 � 10j5 M). Fits to

the data are shown on the basis of isodesmic or cooperative self-
assembly. (I) A closer view of the nucleation regime based on the UV-vis
(l 0 335 nm) and CD data.
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for thermally activated equilibrium polymeriza-

tion (19), in which the non-isodesmic helical

assembly (characterized by an activation step

and subsequent propagation steps) is preceded

by the isodesmic assembly of nonhelical struc-

tures. The modified model is a mathematically

more tractable version of a self-assembled Ising

chain theory introduced to describe the helix-coil

transition in supramolecular polymers (22, 23).

In the simplified model, the two kinds of as-

semblies are linked through equilibrium be-

tween nonhelical and helical assemblies of a

critical size (19). According to the model, the

number average aggregation number of the

helical assemblies N obeys the following

relationship:

Ke 0 expEheðT j TeÞ=RT 2
e ^

0 1jNj1 þ KaNðN j 1Þ ð1Þ

with K
e

as the equilibrium constant of the elon-

gation process, K
a

the equilibrium constant of

the activation step, T the absolute tempera-

ture, h
e

the molecular enthalpy of the elon-

gation process, and R the gas constant. The

fraction of molecules in assemblies, f
n
, obeys

approximately

A1 j expEheðT j TeÞ=RTe
2^Z ð2Þ

in the helical polymerized regime T G T
e

and

approximates

AKa
1=3expEð2=3Kj1=3

a j 1ÞheðT j TeÞ=RTe
2^Z

ð3Þ

near the polymerization temperature T
e
ESup-

porting Online Material (SOM) Text^. Apply-

ing this model to our data, we can estimate N,

the mean number of dimers in the aggregate,

from Eq. 1; T
e
, the temperature at which elon-

gation sets in, f
n
, the normalized fraction of

molecules in the aggregate, and h
e
, the enthalpy

of bond formation from both Eqs. 2 and 3; and

K
a
, the equilibrium constant between the active

and nonactive state, from Eq. 3; active meaning

the state that can initiate the elongation.

The normalized CD curves (Fig. 2A) are

well fit by Eqs. 2 and 3, showing unambigu-

ously that our model description is internally

consistent and that helical aggregates are not

present above the characteristic T
e

(i.e., for

values of T/T
e

in excess of unity) but form

only after the sharp nucleation step. The T
e

decreases upon diluting the sample, revealing

a linear relationship in the Van_t Hoff plot

(fig. S2D), with DH 0 –100 kJ/mol and DS 0
–215 J/mol K. Although there is a good cor-

relation between experiment and theory in the

case of the most dilute solution (5.4 mM) (Fig.

2A), at higher concentrations the theory under-

estimates the CD data at low temperatures (i.e.,

low T/T
e
) (Fig. 2A). This result suggests an

additional process that is not considered in the

current polymerization theory. Interestingly, the

fits for the different concentrations show that

the temperature at which theory deviates from

experiment (T
sat

) rises with increasing concen-

tration. This deviation is also visible in a plot of

N versus temperature (Fig. 2B). At lower tem-

peratures, the average columnar length esti-

mated from the fitted model is remarkably

constant for N values from 410 to 470. As-

suming a p-p stacking distance of 0.35 nm (15),

this N range corresponds to a length of 145 to

165 nm. These values are comparable with

the values found by SANS and AFM E150 and

125 nm, respectively (table S1)^. With these data

in hand, the deviation from one-dimensional

growth at higher concentrations can be attributed

as the clustering of stacks (both laterally and

along the growing direction, Fig. 2, D to F).

The data suggest this clustering is isodesmic in

nature (fig. S3).

At the helical polymerization temperature

T 0 T
e
, the theory allows for the calculation

of K
a
: We find values of 2.0 � 10j4, 0.46 �

10j4, 0.31 � 10j4, and 0.15 � 10j4, in order

from lowest to highest starting OPV concentra-

Fig. 3. Schematic representation of the hierarchical self-assembly of OPV-4 in solution based on
the measurements presented in Fig. 2. First, monomers form dimers via quadruple hydrogen
bonding. Upon cooling, about 10 to 15 dimers are brought together via an isodesmic pathway,
forming disordered stacks. Upon further cooling, the molecules in the preaggregates become more
restricted in relative position via a cooperative process (Te 0 328 K). In the next step, the
preaggregates undergo a coil-helix transition to form a chiral nucleus of about 28 dimers, at which
point the elongation-growth pathway sets in. Lastly, the cooperative stack length is reached and
clustering of the assemblies occurs.

Fig. 4. Solvent-dependent
CD measurements of OPV-4
in eight alkane solvents. (A)
The normalized aggregate
fraction of self-assembled
OPV-4 in alkane solvents
versus T/Te [4.5 � 10j5 M
C2nH2nþ2, where n values
were 7 (black), 8 (red), 9
(green), 10 (blue), 11 (cyan),
12 (magenta), 13 (yellow),
and 14 (dark yellow)] based
on monitoring CD intensity
at l 0 466 nm upon cooling.

Data are fitted with Eq. 2. (B) Self-assembly of OPV-4 versus temperature at two
different concentrations in heptane (4.5 � 10j5 M, squares, and 4.5 � 10j6 M,
spheres) with one-dimensional nucleation-growth fits. (C) Cooperative length (L)
for OPV-4 in the different solvents, (D) Te (accuracy is 0.1 K based on the fit), (E)

Ka (error based on the determination of fsat), and (F) N are plotted versus number of carbons in alkane solvent (fig. S9). Error bars are based on the fit.
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tion (Fig. 2A). The transition from the non-

helical state to the helical preaggregates is a

prerequisite for spontaneous growth of the helix

at temperatures below T
e

(below T/T
e
0 1) (fig.

S2C); this behavior underlies the cooperative

effect. From the plot in fig. S2E it is possible to

estimate the average size of preaggregates or

nuclei at T 0 T
e
. The size of these nuclei, given

by N È K
a
–1/3, thus yields chiral nuclei of 17 to

41 hydrogen-bonded dimers in order of ascend-

ing concentration at T
e
. Computer simulations

of the photophysical properties of the stacks

suggested rotation angles between adjacent

stacked dimers in the range of 6- to 12- (24).

Intriguingly, in order to complete one helical

pitch (180-), 15 to 30 stacked hydrogen-bonded

dimers are needed. The rapid growth from these

helical nuclei is caused by the many reinforcing

noncovalent interactions and is enthalpy-driven,

with an excess bond formation enthalpy of h
e
0

–56 kJ/mol estimated from the slope at T
e
. The

stability of the preaggregates is expected to

increase when additional p-p interactions are

provided by extending the chromophore length.

Consistent with this reasoning, we observed

that the T
e

shifts from 317.5 K for OPV-3 to

325.0 K for OPV-4 and then to 356.5 K for

OPV-5 (Fig. 2C) for comparable concentra-

tions. Also, the length of the different molec-

ular stacks can be estimated. The values of

circa (ca.) 125 nm for the OPV-3 stack and ca.

175 nm for the OPV-5 stack bracket that of the

OPV-4 stack (150 nm) and are in agreement

with SANS data (table S1) (15).

The strong endotherm measured with ultra-

sensitive differential scanning calorimetry (DSC)

confirms the high cooperativity of the polym-

erization. The DSC curve (Fig. 2G) shows the

presence of two transitions, one broad transition

from 340 to 365 K, coinciding with the absorp-

tion data (see below), and one sharp transition

at 351 K. The latter coincides with the T
e

ex-

tracted from the CD measurements. At these

transition temperatures, we also observe the

largest volume changes in preliminary pressure

perturbation calorimetric experiments. Further

research is needed to correlate the thermody-

namic parameters, acquired with the different

techniques, to the individual steps in the self-

assembly process (Fig. 3). To obtain a more

detailed picture of the characteristics of the

nuclei, we turned to fluorescence and UV/vis

spectroscopy, again using the same slow

cooling rate of 0.5 K/min to suppress kinetic

(nonequilibrium) effects (Fig. 2H). Careful

analysis of the UV/vis and fluorescence data

(Fig. 2, H and I, and SOM Text) reveals

experimental evidence for both isodesmic (by

using eq. S3) and cooperative transitions (by

using Eqs. 2 and 3) at different temperatures

(figs. S4 to S6).

Combining all data, it is possible to postulate

a hierarchical pathway for the self-assembly of

OPV-4 into fibrillar structures upon cooling a

solution of molecularly dissolved monomers at

high temperature (Fig. 3). First, the monomers

form dimers via quadruple hydrogen bonding.

The association of the very first hydrogen-

bonded dimers into short stacks having disorder

both inside the molecules as well as in the

stacking direction follows an isodesmic path-

way. This isodesmic equilibrium state continues

to shift upon cooling until 10 to 15 stacked di-

mers are brought together, characterized by sig-

moidal transitions in the UV/vis spectrum ET
m
0

334.4 K, absorption at l 0 490 nm, S
0
Y S

1

transition (Fig. 2H)^ and fluorescence data (first

part of the melting curve in Fig. 2H). Upon

further cooling, the molecules in the preaggre-

gates become more restricted in their relative

positions, characterized by the abrupt change

at T
e
0 328 K in the absorption at l 0 335 nm

Emore localized S
0
Y S

2
transition (25) (Fig.

2, H and I)^ and in the fluorescence spectra

E(Fig. 2H) quenching is presumably related to

faster diffusion of excitons to trap sites (26)

due to improved ordering (fig. S6)^. This

cooperative transition is close to the onset of

chiroptical activity in the preaggregates (Fig.

2I). Helix formation transforms the preaggre-

gate into a chiral nucleus of 28 dimers (fig. S4)

(at a concentration of 1.1 � 10j5 M, K
a
0 0.46 �

10j4) before the elongation-growth pathway sets

in, as detected by the cooperative CD transition.

The persistence length of the structures is inde-

pendent of concentration but depends on the size

of the molecule. Concentration, on the other hand,

determines the temperature at which the onset of

clustering occurs.

We have found that solvent structure dra-

matically influences the stability of the nuclei

and stacks (Fig. 4). Upon changing the length

of the alkane solvent in the self-assembly pro-

cess (fig. S7), the T
e

shifts from 322.5 (tetra-

decane) to 332.7 K (heptane) as measured at

constant chromophore concentration (Fig. 4A).

The observed change is not linear but shows an

oscillatory dependence on whether the solvent

contains an odd or even number of carbons

(Fig. 4D). When K
a

as well as N is plotted ver-

sus the number of C atoms in the solvent, a

strong odd-even effect again is observed (Fig.

4, E and F). Nearly all physical parameters in

alkane solvents depend linearly on the number

of carbons in the alkane chain except for prop-

erties related to ordering, such as the density

and melting points of the alkanes. It therefore

appears that coorganization of the solvent at

the periphery of the aggregates plays a direct

role in the assembly process, evident even dur-

ing the formation of the preaggregates. Whereas

the full assembly curve measured in tetradecane

can be fitted with a one-dimensional growth

model, this model underestimates the experi-

mental data measured in other solvents. The

point of deviation, however, occurs at different

temperatures depending on the length of the

solvent molecule. In the shortest solvent chains,

the self-assembly is apparently by far the most

sensitive for clustering, and the average colum-

nar length is shortest (Fig. 4C and fig. S8). This

finding has important consequences for under-

standing the different properties found for the

same molecular stacks formed in different sol-

vents and suggests that the solvent does not play

a passive role in supramolecular assembly, but

rather must be considered explicitly.

On one hand, our study shows that the ex-

pected nucleation-growth mechanism is appli-

cable to chemical self-assembly structures. On

the other hand, unexpected details about the

nucleating species and persistency and the role

of the solvent have become visible. All of these

findings are potentially relevant to the forma-

tion processes of fibers, gels, and other supra-

molecular structures in general.
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