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From single molecules to aggregates to gels in dilute solution:
Self-organization of nanoscale rodlike molecules
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A transition from a fluid to a constrained phase, in dilute solutions of a rodlike molecule,
poly(2,5-dinonyparaphenylene ethynylens (PPE in toluene has been studied, exploring the
dynamics and the structure of the PPE molecules and the solvent in both phases. The transition is
characterized by visual changes in the viscosity of the system and in its color, where a transparent
liquid transforms into a yellow glassy phase. Nuclear magnetic resonance relaxation measurements
indicated that significant restriction of motion of the solvent and of the polymeric molecule take
place as the gel-like phase is formed. Small angle neutron scattering studies have shown that in the
liquid phase, PPE forms molecular solutions where the molecules are fully extended. Upon
transition into the constrained phase, aggregation of PPE molecules into large flat clusters occurs.
When the aggregates are too large to freely move in the solution, a transition into a constrained
phase takes place. The interaction between the highly conjugated PPE molecules and the solvent
results in constraint of the motion of the solvent as well. 2602 American Institute of Physics.
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I. INTRODUCTION chains into aggregates and the dynamics of the entire aggre-
gate define the overall properties of the complex fluid. The
A wide range of soft materials such as colloids, emul-3ssociation of macromolecules is strongly affected by their
sions and foams undergo constraint of their motion at lowgonformation. For flexible polymers the conformation of the
temperatures or high volume fractiohis. The constrained  ¢pains is governed by its degree of polymerization and their
gel-like phase, or “jammed” phase, is characterized by gperaction with the immediate surrounding, including sol-

Sﬁ“?" in Intﬁontdr;e;st ';O nSOI'SS’ mlith(ljs ti/rpe OfV\];irﬁlngI? mattetrr,l factor in their collective behavior. The stiffness affects the
changing the direction ot appiled stress clease eviscosity of a polymeric solution, and may induce phase
constraintt These characteristics are typical to numerous . . o .

separation, gelation and liquid crystallinfty?

systems, from macroscopic granular systems to microscopic . . . .
Y pic g Y P The present study utilizes rodlike oligomers of dinonyl

molecular clusteré.n colloidal systemsrigid particles with | henvl thynylene (PPB, in tol to stud
no electrostatic interactionthe balance between the thermal PO y(parap_ enylenee ynye 8 ( ’ !n oluene 1o §u y
the formation of constrained phases in complex fluids. The

energy of a system at a given temperaturéT (wherek is . L
the Boltzmann constant ari is the temperatuje and the molecular structure of the PPE under consideration is shown

attractive interaction between particles determines the stafe® @0 inset in Fig. 1. Dilute solutions of PPE in toluene
of the system, i.e., fluid or constrained. The same phenomer{%i(h'b't fluid rheological characterlst|c§ above room tempera-
have been observed in solutions of some polymeric micelle&e. When cooled down a glass-like transparent phase,
and star polymers, where cooling or heating leads to formawhich does not flow, is formed, referred to herein as a gel-
tion of gel-like phase8:® Similarly to colloidal systems, the like phase. In contrast to most physical gels, a gentle shear is
energy balance in complex fluids that consist of clusters ofufficient to break the gel-like phase and form a liquid.
molecules and solvents, controls the state of the system. PPE molecules are neutral, long, linear objects. They are
However, changing the temperature in a complex systenf}ighly conjugated, thus attractive— interaction contrib-
which consists of aggregates, is not merely changing the indtes to the interparticle interaction. The strengthmefr in-
terparticle interactions anéT. Temperature changes over teraction varies from~2-6 KCal/mole, depending on the
relatively small intervals may be accompanied by significanoverlap between the aromatic groupsAt high concentra-
changes in the microstructure of the system, thus the formaion solutions as well as in melts, phenylene—ethynylenes
tion of a constrained phase is a combination of multiple(PE), depending on their topology, show multiple modes of
factors’ fine-tuned association. Helical, tubular, and lamellar nano-
The assembling of particles, in particular, polymeric structures have been observéd:® The manner in which the
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FIG. 1. (@ *H NMR spectra of a solution of a 2.13 wt. % PPEdgtoluene, measured on a Bruker AC-200 operating at 200 MHz upon heating, starting with
samples which were cooled to 5 °C for 10 min prior to the first measurert®ritH NMR of dg toluene in the same solution, measured upon heating.

PE units are joinedi.e., para, ortho, metaand the nature of periments were carried out at NIST on NG3\at6 A. One-

the substituents on the aromatic ring, determines the strudimensional patterns were obtained by integrating over the
ture and the association of PEs. Introduction of polar groupsletector area. The over ajlrange was attained by combin-
for example, such as oligoethyleneglycol substituents tang the scattering from two configurations, where the detec-
drive self-assembly ofnetaphenylene—ethynylenes into he- tor was placed at 3 and 13 m from the samples. The patterns
lical structures® The tendency of PE molecules to associatepresented are normalized to the scattering of the solvent. The
and form regular structures has been further demonstrated samples were encapsulateda 2 mmthick, 1 cm diameter,

the solid air interface. Surface studiéave shown that PPE quartz cells. The temperature was controlled using a water
molecules spontaneously arrange in periodic array of singlbath to*= 0.5°C.

molecule wirelike structures on a single crystal carbon sup-

port (HOPG) When cast from toluene solution, PPE formS“L RESULTS AND DISCUSSION

nanometer length cablelike aggregafedhese large orga-

nized features may either preform in solution, or PPE mol- ~ The formation of a gel-like phase in dilute solutions of
ecules self-assemble during the casting process onto the sitPEs was first observed on a phenomenological level for
face, similar to the process that occurs upon crystallization ofhort oligomers(30—100 monomejsin toluene, at concen-
p0|ymers from solution. The structure of dilute PPE So|u-trati0ns as low as 0.1 wt. %. A clear transition from a fU”y
tions is addressed in the present study by small angle neutrdiguidlike solution into a gel-like phase, which does not flow
scattering(SANS) and the dynamics of the solvent and the On the time scale of weeks, has been observed when the
molecule are studied by nuclear magnetic resonaN4R). solutions are cooled below room temperature. Further mani-
These measurements have been accompanied by differentfgstation has been attained from shifts in UV-VIS spectra of
Scanning Ca|0rimetr)(DSC) studies across the temperature PPE solutions. With ianeaSing ViSCOSity, a transformation

range in which a transition from a liquid to a constrainedfrom a colorless solution to a yellow gel-like phase takes
phase, takes place. place. It has been suggested that following aggregation of the

PPE molecules, the rotational motion around the aryl-
ethynyl—single bond is hindered. This allows further cou-
pling of electronic states, resulting in emission of yellow
PPE molecules with a polymerization number=R2, light.}” The yellow gel-like phase becomes a transparent fluid
andM,,/M,=2,'® have been dissolved i toluene(Cam-  upon either increase in temperature or vibration of the
bridge Isotope LaboratorigsThe polymerization number sample. The nature of the phase transition and the dynamics
has been determined by gel permeation chromatographyf the molecules in both phases have been studied by NMR,
(GPO, Lfésizng a 1saturated analog of the conjugatedDSC, and SANS.
molecule:” “H and “H NMR measurements have been car- .
ried out on a Bruker AC200 spectrometer at 30 and 2000" NMR and DSC studies
MHz, respectively, using one pulse with2=15 us for pro- The 'H NMR spectra of dinonyl-PPEP,,=82) and the
tons andw/2=45 us for deuterium. NMR relaxation time 2H NMR spectra ofdg toluene, used as a solvent, have been
measurements were carried out on a Joel500, at 500 MHmeasured between 5°C and 45°C in a 1.06 wt. % and 2.13
using m—7m—m/2—echq sequence and a&/2=12.7 us. The wt. % PPE solutions. Representative spectra for a 2.13 wt.%
temperature was controlled t00.5 °C. Differential scanning solution, of the high(34°C) and low temperature phases
calorimetry measurements were carried out on a Mettler<20 °C) are shown in Figs.(®) and Xb) for the PPE*H) and
Toledo DSC820 system. Small angle neutron scattering exor dg toluene(*H), respectively. The linewidth of the PPE

Il. EXPERIMENT
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FIG. 2. Temperature dependenceTgbf CH; end group and CHof the
nonyl side group of PPE in solutions of 1.06 and 2.13 wt. % of PP&in 10 o e
toluene, measured upon heating. Samples were cooled down to 52 for i eny! group of toluene
min prior to the first measurement. The solid lines describe trends. 9F
!
8 5
. i 7t
and the solvent increase as the system forms a gel-like phase. 3
The NMR linewidth is inversely proportional to the molecu- L 6}
lar relaxation times, which are dependent on the rotational [ s |
and transnational motion of the molecules. The increase of I C (We%)
. . . . . . 0
the width with decreasing temperature indicates slowing 4 _
down of the motion of the molecul@$While the motion has . [ o
peep h|.ndered, beyond the changes expected from _decrlease I iPure Tolusne
in kinetic effects[see measurements of the solvent in Fig. 2 M, S S S
3(a)] as the temperature is reduced, the line width and shape 20 25 30 35 40 45

between 5°C and 45 °C, remained consistent with those of
viscous liquids’®=?? No evidence of liquid crystallinity or
any anisotropy expressed as quadrgpole Spllttlng Oor powdefiG. 3. Temperature dependenceTafof residual protonated toluene in the
characteristics, have been detected intHespectral® Polar-  deuterated solvent in the PPE solutions shown in FigaPT, of the CH

ized optical microscopy further confirmed that the gel phasearoup;(b) of the phenyl group. Samples were cooled down to 5 °C-fa0
is iSOtl’Opi023 min prior to the first measurement. The lines represent trends. The depen-

. . . . . dence of the same groups in pure toluene is shown for comparison for both
The spin lattice relaxation time$,; of the nonyl side  groyps.

chain and the solvent have been measured as a function of

temperature for two concentrations. The temperature depen-

dence ofT; of the protons of the CHand CH; groups of the The relaxation time of the solvent is of the order of 7—8
nonyl side chains is presented in Fig. 2 and that of residuadeconds in the liquid phase and it drops to 1-2 seconds be-
protonated solvent inlg toluene is shown in Figs.(8 and low room temperature, as a phase transition into the gel-like
3(b) at concentrations as indicated in the figures. The relaxphase takes place. Comparison with the value of the relax-
ation time of the nonyl side chain of the PPE is of the orderation time in pure toluene suggest that at high temperatures,
of 1 to 2 seconds in the liquid phase and decreases in thea the liquid phase limited association takes place between
gel-like phase.T, of the aromatic component of the PPE the solvent and the PPE molecules. While the change in the
molecule was undetectable on the time scale of the NMRslope of the relaxation time of the nonyl side chain is dis-
measurement. The short relaxation times are consistent wittontinuous, the change iy, of the solvent takes place over

a rather rigid molecule even in the liquid pha3g.of both  a temperature range ef8 °C. The concentration of the PPE
CH; and the CH groups increases with temperature. Themolecules has no effect on the relaxation time of the side
rate of the change, which corresponds to the slope of the linehains of the PPE molecules while the relaxation time of the
changes discontinuously upon transition from the gel-like tasolvent is invariant to concentration, in the liquid phase and
the liquid phase. We note that the change is more pronouncedversely proportional to the concentration of the PPE mol-
for the CH; group than the CH Both curves display a dis- ecules, in the gel-like phase. The concentration dependence
continuity in the relaxation time at the transition. Being theof the relaxation time indicate that increasing concentration
terminal group, CH is less constrained in the liquid state increases the area of contact between the PPE molecules and
than CH. Therefore constraining effects are morethe toluene, thus increasing the confinement of the solvent.
pronounced®?2 The NMR measurements have shown that the motion of

T(°C)
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the solvent as well of the PPE molecules has been con- 1000 -
strained as the transition into the gel-like phase takes place. :
The solvent, which is rather free to move in the liquid phase,
similarly to the motion of the molecules in pure toluene is 100 ¢
significantly confined in the gel-like phase. The rheological :
response of the system suggests that the translation motion is
constrained in the gel-like phase. The NMR lines of both the
aromatic and aliphatic parts of the PPE as well as that of the
solvent are relatively narrow. The relaxation times for the il
side chains as well as the solvent are in the range expected :
for a liquid suggesting that while some coupling between the i
aromatic parts takes place as the gel-like is formed, signifi- 0.1}
cant rotational freedom is retained. The slow down of the ;
motion to a higher degree than expected from a decrease of
kinetic energy due to cooling indicate that further constraint
occurs. The decrease in relaxation time is consistent with the
formation of larger clusters that limit the motion of the PPE
molecules. When the clusters are sufficiently large they can S50
no longer move freely, resulting in a transition to a con- .
strained phase. -5.5¢
DSC measurements have shown that the transition is 0
characterized by a broad line centered about 28 °C, corre-
sponding to enthalpy changes-e81 and 7Q(+3) J/mole for
1.06 and 2.13 wt. % solutions, respectively. The change in
enthalpy, which accompanies the significant changes in the
magnetic relaxation times of the PPE molecule and the sol-
vent, indicates that further microstructural changes take
place, resulting in a transition to a constrained phase.

T C(Wt.%)'

L
'
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I(cm )
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_8.0Blllllllnl||||I|||||||||Ixxll|||||||||| 3
0.2 0.4 0.6 0.8 1.0x10°

The structure of the PPE molecules in the fluid and gel-
like phases have been further explored by small angle neu- q2 (A‘z)
tron scattering!~2° Neutron scattering allows the direct
study of the dimensions of the molecule without includingFIG. 4. (&) Neutron scattering intensity), normalized to the scattering of

any associated solvent molecules or being affected by th%e solvent, as function of momentum trangfgivhereq=44/\ sin 6; \ is
the neutron wavelength ardlis the incident anglefor a 2.13 wt. % at the

florescence observed upon a§500|at|on of the .m0|eCU|e§Tdicated temperatures. The patterns were obtained by combining the scat-
Measurements have been carried out as a function of temering from two configurations where the detector was placed at 3 and 13 m

perature for 1.06 and 2.13 wt. % PPEdp toluene. Patterns from the samples. The symbols correspond to experimental data, and the

for the thr ifferent regim he isotropic liguito © solid lines represent different fittings. The insert corresponds to comparison
or the three different regimes, the isotropic liqui0 °C), between 1.06 and 2.13 wt. % at 25 °@®) A plot of the low g range of the

the transition regime30 °C) and the gel-like phas&5 °C) patterns presented in Fig(a}, showing the linear line obtained at 30 °C and
for 2.13 wt. % are shown in Fig.(d) for a 2.13 wt. % solu- 25 °C characteristics of flat large objects. Cylindrical characteristics are ob-
tions of PPE indg toluene at different temperatures. At served at 40°C.

40 °C, the solution is clear and fluid. At this temperature, the

scattering profile is consistent with a cylindrical form

factor?l?*25For cylindrical objects, with no interparticle in- PPE molecule of~80 repeating units. This result is rather
teraction, the scattered intensity as a functioq @&f given by  surprising since in absence of strong electrostatic interac-
[(q)=L (7/q)1:.(q) whereL is the length of the cylinder, tions, even rodlike polymeric molecules are known to fold or
1(q)=(Ap?)AS27r dr v.o(r)Jo(ar). I.(q) is the intensity bend in solutior. It is consistent however with the short
related to the cross sectiofip is the scattering contrashis  relaxation times observed by NMR. It is also in agreement
the cross-section area,(r) is the correlation function of with the STM images of rodlike PPE molecules when they
the cross-section geometnj, is the zero order Bessel are captured from solution onto a carbon substfatecare-
function?*~2'The scattering length density for PPE moleculeful analysis of the smalfj region, at 40 °C show that some
is 3.97x10 7 A2 and fordg toluene is 5.64 10 ® A~2.  longer cylindrical objects are present in the liquid phase
Ap, the difference between the density of PPE and toluendg,~1000 A long and~17 A in diametey. No changes take
has been fitted to allow the presence of solvent in the vicinityplace in this regime with increasing temperature, indicating
of the PPE molecule. This was followed by fitting the dimen-that this contribution arises from longer oligomers in the
sions of the cylinders. This yields cylindrical objects with solution(note that the polydispersity of the polymer is 2
characteristic dimensions &f~641 A, and a radius-11 A. The dimensions of the PPE molecules in solution pro-
These dimensions are consistent with the size of a stretchadde further insight into the nature of the phases, formed by
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the molecules. While at higher concentrations, most of thalistinct line, suggesting that when a flat sheet is formed the
PEs and numerous other rodlike molecules and micellemolecules within are randomly displaced. We note that from
form liquid crystalline phases, the concentrations of PPEshis analysis the length and width of the aggregate cannot be
addressed in this study are below the threshold concentratiarbtained.
for a mesophase formation. An estimate of the threshold con- The data obtained from SANS, NMR and calorimetric
centration for liquid crystallinity can be obtained from meanstudies suggest that the liquid phase consists of mostly single
field approach as described by Onsager Thé&bmhe liquid  noninteracting molecules. The solvent molecules are as free
crystallinity threshold concentration for rigid rods is given to move as in pure toluene. As the temperature decreases,
by ¢,=4.49/L, whered corresponds to the diameter of the aggregation sets in over a temperature range-8fC, ac-
rod andL to its length. Based on the dimensions obtainedcompanied by changes in enthalpy. The association results in
from neutron scatteringy,=0.155 for the specific PPE mol- large flat aggregates, where the stacking of the aromatic rings
ecule under consideration. Therefore rods with dimensions daefines the direction of association of the molecules. When
the PPE molecules should occupy at least 15.5% of the vothese aggregates become large enough their motion is con-
ume of the solution to form a liquid crystalline phase, con-strained due to their size. According to the NMR studies, the
centrations which are an order of magnitude higher than th&otion of the solvent becomes highly constrained at this
concentrations in this study. stage as well. This may be explained by interactions
Cooling down below 40 °C, the line shape changes a®etween the increasing restricted highly conjugated surface
can be seen in the pattern measured at 30 °C. Although threas of the aggregates, which induce further arrest of the
solution still flows, this pattern cannot be fit with the cylin- motion of the toluene.
drical form factor. Further cooling leads to a formation of a
phase, which macroscopically does not flow exhibiting alV. CONCLUSIONS
neutron pattern similar to that obtained at 30 °C. In the gel-
like phase, the scattering intensity increases significantly an%

the Ii h h While th ¢ lik cular solutions of fully extended dimensions in toluene and
€ liné shape changes. lle Ine System appears 1K€ & 9&r 4ssemble into large flat structures at lower temperatures.
the neutron patterns cannot be fit to a simple physical thers

iol | in which sinale chains f work These structures are large enough to result in a gel-like phase
gore\éery ehgez in-whic smgef Ch ains orlm ahnelwor '3t relatively high temperatures and low concentrations. A
ased on the viscous nature of the sample, the layere ery light shear of the sample is sufficient to destroy its

structuré reported in thg SO“(_JI satg of PPE in absence Offragile texture. This fragility of the phase is rather distinc-
solvent in the bulk, and ribbonlike micron-length clusters hastive

been observed by AFM, a network of large flat aggregates rq translational diffusion of the aggregates is restricted

has been considered. but rotational motion of individual solvent molecules and the

For thin, flat aggregates, where the length and width ok;ye chains of the PPE molecules are maintained, allowing
the cluster are much larger than its thickness, the scatteringla getection of NMR signals using high-resolution NMR

H H H _ 2 2712 2D 2
function 'S given byl () =A(27/97)(Ap)“T* exp(=q %g’o methods. The aggregates are large enough to induce arrest of
whereR,=T/,12 andT is the thickness of flat particfe: the solvent most probably via— interactions, the mecha-

. 2 . 2 . .
Plotting In@1) as a function ofy®, shown in F|9. 40) pPro-  hism that drives aggregations in such systems. This is a
vides the thickness of the aggregate. At 40°C, no definegiher ynique behavior for a polymeric organic molecule,

aggregate is observed. Cooling down to 30°C, well definedypere fully extended chains and aggregates of these dimen-
aggregates, with a thickness of 46.1 A are observed. At thigjgns are found only in highly charged systems. Further stud-
temperature, NMR and DSC data show that some aggregdiss of the mechanism of the aggregation and the factors that

tion takes place, however the system is macroscopicallyffect the overall microstructure of both phases, are currently
fluid. Further cooling leads to the formation of the gel-like o the way.

phase revealing aggregatesTe$62.9 A, as shown at 25 °C.
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