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Supplementary Notel: Persistence lengti{axial rigidity) of PBDT double helix rods

Based on theoriedeveloped by Onsadeand Flory that describe the formation of
nematic liquid crystalline phases by rodlike particles (which were concisely summarized
by Samulski), we can extract the aspect rdlith. of the rodlike particles and thusethxial
rigidity persistence length, from the critical volume fraction of rods.ematicat which a

nematic phase forms.

Onsager used an athermal model of rods to d&ipplementary¥Equation 1
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in whichD is the diameter and s the length of the rods.

In our earlier study of PBDT in solutidrgn PBDT witha measuret,, = 17,300,
we found that the weight fraction at which the nematic phase forms was 0.015 (1.5 wt%).
Since the bulk polymer has a density of 1.8w°, wederivethat the volume fraction of
polymer will be even lower than the mass fractidine aspect rati®/L would be 300.If
we assume that the effective diameter of our double helixisd@8 nm, as given by our
XRD studies (the present paper and our previous Papleen the length of theds will
be > 240 nm. This then represents the most conservative value of the axial rigidity

persistence leng (L = L) of PBDT.

Flory later used a lattice model to der®@pplementaryEquation 22
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In this case, the aspect ratio of the rods would be Idrg880 and the corresponding

persistence length is > 670 nm.



With the higher weight average molecular weight, M 100 kgmol! PBDT that
we have synthesized recenfsee also below)ve have observed that the nematic phase
forms at a concentration of 0.3 wt%. Thislymer thusyields a persistence length of >
1200 nmbased orOnsager theory and > 3300 nm from Flory theoiyhese findings
suggest that the persistence lengthtigastas long as the contour length of thdividual
polyme chains, and further sugge#itsit thel, for these double helicatructures may be
significantly longer than the values reported heladeed,L, may encompass multiple
individual polymer chains that entwine (or interleave) axially to form longer double helices

than can be achieved with a simple combination of two chains.

Here we note that molecular weight determinatiorrigid and chargegolymes
such asPBDT is rarely reliable(using any available methqddnd so we areigorously
searching for new ways to improve such measuremerits. a point of additioal
information and comparisonith our original My determination for PBDT stated abdbe,
we recently determined th@ a b s orholecularoweight using a Wyatt MiniDawn LS
detectorto be 78kg mol! (with R, = 34 nm) for our original polymers, and we observed
an apparerit80kg mot! (R, = 60 nm) for the higher molecular weight polymers that show
aisotropicnematictransition at 0.3 wt% in watewhere R is the length of the polymer
chain At this point, we cannot be certain of any absolute numbers based on the difficulties
in determining molecular weights for highly rigid and charged polymers, as mentioned

above.



SupplementaryFigure 1: (a) X-ray diffraction pattern for 20 wt% PBDAqueous solution.
(b) X-ray diffraction pattern for bD. (c) Subtracted diffraction pattern with scale fadibr

= 0.6 The subtracted figure @igurea) i (Ux Figureb). (Matlatf)

Supplementary Note 2 Simulation of X-ray diffraction pattern

We have employed th@ HEL | X0 s i mu | ¥drsiom h94-0d.aThek a g e
AHELI X0 package i s(http:/wevedcpl3.aa.uialtiisldavbloped by r o m
Carlo Knupp and John M. Squire. The detailed information about this software is also

available in the software package.

The simulation parameters used in this papelisteel andshown in theHELIX parameter

setting interface adisplayed inSupplementaryrigure 2.

The axial separation of subunity € 5.6 A;

The rotation angle between subunfiy £ 60

The monomer centre radial positia) € 4 A;

The subunit size = 2 A;

The azimuthal shift of second strand = 480

The pitchlength$* 360/ b = 33.6 | ;

= =4 -4 -4 A A


http://www.ccp13.ac.uk/

"~ HELIX ver. 05.04.2004
Open Save Exit Help

Comment line: |

Calculate Fourier

Display Structure e B

1

Filament Image Parameters

Scale factor 50 e P
Offset along X (pixels)  [300 4 /\O — b
H o o
Offset along Y (pixels) 500 B - d = OV X
v View Radial Projection from Dutside "
the Filament e
— A N -e—
G—o—
o—E
FT Image Parameters — — — —_ &
No of Pixels 100 o
Max Resolution 25 o—<
— o—o—P
FT Image Greyscale Parameters S )|
Max Intensity [20 g
d Min tensit ]i Nl
in Intensity |5 g H
Fat V¥
T o
&—o—O
24 Number of Subunit Levels 60 Rotation Angle between Subunits (degrees)
56 Axial Separation of Subunits [Angstroms) 4 Monomer Centre Radial Position (Angstroms)
2 Number of Strands 2 Subunit Size (Radius - Angstroms)
[180— [V Helix is Right Handed
Azimuthal Shift of Second Strand (degrees)

Supplementary Figure 2. The simulation parameters used in the HELIX to get the

simulated Xray diffraction pattern.

Supplementary Note 3 Rod-rod distance

According to our previous stufjywe introduceda hexagonal lattice modidor
PBDT aqueous solutiorfsWe emplogd a two-parameteteast square regssion tdind
the relationship betweeathe rigid rod-rod distancgr) and the weight percentag€) of

PBDT polymersolutions.
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Thefitted resultis shown as followwith A = 1.0, B = 0.96 and meaquare error = 078
in SupplementanEquation 4 Compared to the fitting results in tpeevious study,the
equation is updated basedaur new SAXS results at higher concentration, including
15 wt% and 20 wt% We have used the procedure definedupplementaryeference 4,
and have simply used these new fitted A and B values in our analysis?3K&dMR

data.
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Supplementary Note 4 NMR spin relaxation and Na*" dynamics(T1 and T2)

SupplementaryFigure 3 shows the longitudinalT¢) and transverse T2) spin

relaxation times for Nacounterions in PBDT polymer solutions. As reported previously

by Bull et al, the equality ofT: and T for 2Na in ionic polymer (polyion) solutions

originates from fast motionsuch adast internalrotations and librationscounterion

exchange, change of direction of the polyion segments, and counterion diffusion along a

polyion rod® Similarly, we have not found any apparent difference betwieand T>
relaxationfor 2°Na in PBDT solutionsThus, we demonstrate that thexéast N& motion
(fast exchange)along a rod or betweernds on at leastthe 22Na quadrupolar splitting
timescale (< 1 s)This demonstratiotends further support tihe proposed model, where
there exists abalance and averagingbetween intehelical and intrehelical Nda

exchange$?
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SupplementaryFigure 3: T1 andT: spinrelaxation of Nacounterions in PBDT aqueous
sdutionsas function of the polymer weight percentage in the PBDT polymer soltian.
error bars are based on averaging at least three successive measurerapraseftative
relaxation times using this range of experimental parametaisfinding the standard
deviation which in this case gives error bars of +2% of the measured. \&duece data

are provided aa Source Data File.

Supplementary Note 5 MD simulation equilibrations and double helix selfassembly

in water.

We performed two analyses to confirm that the double helical structure is stable

and equilibrium was reached in our simulations.

First, we calculated the rooteansquare deviation (RMSD) of the double helical
structure of PBDTs using that at30 ns as aeference structure (the double helical

structure was formed kty= 30 ns). Supplementaryrigure 4 below shows that the RMSD



is stable and oscillates around0=25 nm in a narrow range. The magnitude of the

oscillation is similar to prior reports of DNgelf-assembly in watef.
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SupplementaryFigure 4. The RMSD of the structure formed by the two PBDT monomers
in the NPT simulations. The double helical structure was formed bg,3hd the structure

at this time is taken as the reference structboeirce data are provided as a Source Data

File.

Second, for the seissembled double helix structure, we compute the distance
between the S©groups at the two ends of the flikk structure as function of time. This
distance shows little drift over a time period of '@ (seeSupplementaryFigure 5), thus

supporting that the assembled structure has reached equilibrium.
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Supplementary figure5: The distance between the $@roupsat the two ends of the self
assembled double helical PBDT structure in the NPT simulation system during the last 90
ns of the 12@slong simulation. The double helical structure was formed hys3Bource

data are provided as a Source Data File.

We compited the distribution of the Na@ounterions around the sulfonate groups
in the PBDT. The results are shown in BwgplementaryFigure 6a. As a reference, the
distribution of water molecules around the sulfonate group is also sh@&upplementary

Figure6b.
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SupplementaryFigure 6. The density distribution of Naons @) and water molecule®)
around the sulfur atoms of PBDTO6s sulfonate
90 ns of the NPT simulation. The position of water molecules is based on their oxygen

atom.Source data are provided as a Source Data File.

Finally, we mention that two simulations were performed in water with the OPLS
AA force field (NVT ensemble) and withe AMBER force field (NPT ensemble). In both

of these other cases, double helices also formed for PBDT as described in the main paper.
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SupplementaryFigure 7: Selfassembly of PBDT monomers into a double helix structure.
(a) Two PBDT monomers amifially packed sidgo-side in water with Naions. (b) After

a 30 ns, the two monomers intertwine with each other to form a double helix structure. The
red and black balls denote the backbohthe two PBDT monomers artde yellow balls
denote thesulfonate groups. The cyan dots and the blue balls denote the water molecules
and the Naions, respectively. Only a portion of the simulation box and the water/ions in

the box are shown for clarity.
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Supplementary Figure 8: Snapshotsat 30 ns and 70 ndf two representative framé®p
and side viewlisedwhencalculating the radial density of Nmns around the sulfur atoms
of the PBDTsulfonate groups shown iBupplementaryFigure 6. Blue balls denote Na
ions, which in these snapshots are locate@pgroximately the most probable radial

distance from theSQOs™ anions(first peak inSupplementaryigure6).

Supplementary Figure 9: Simulation result for two oligomers with 4 monomers in water
at T = 300 Kwith simulationtimes of 40 ns, 50 ns, 60 ns, 70 ns, 80 ns, 90 ns, 100 ns,

and 110ns.

Supplementary Note 6:Initial simulationsin vacuum.
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Another set osimulations were done in the NVT ensemble (constant temperature
and volume)under vacuum conditionss an initial pilot study on this materidVe first
obtain the optimized structure of the PBDT monomer shov@ugplementaryigure10a.
Starting with polymer chains three monomer units long, we ran simulations lasting 100 ps
for two and three chains, with the backbones initially placed at 12 A distance from each
other att = 0. Multiple configurations for these polymers are initially observed in these gas
phase simulations, but substantially before 100 ps, we observe ordgsed hydrogen
bonding formed between the amide and sulfonate ¢8mpplementaryrigure10b) and a
selfassembled double hel{®upplementaryFigure 10c, d) Building on Supplementary
Figure 10e, f, SupplementaryFigure 11 shows that when three chains are placed in the
simulation box, the third chain drifts around the box and does not assemble with the other

two chains that form the double helix.

13









